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Microbial nitrification rates in the primary nitrite 

maximum off southern California* 
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Akstraet--Autotrophic ammonium oxidation rates are highest (about 4x  10 -s mol 1 ~ d -I 
or 7.5 x 10-13 mol cell-I d-1) below the photic zone in the nitrite maximum layer in California 
coastal waters, with rates approaching zero at the surface. Cell numbers of ammonium-oxidizing 
bacteria, however, are approximately constant with depth (about 5 x 104 cells I ~, indicating 
greatly enhanced oxidation rates per cell below the photic zone. Light intensity in the water 
column may control the depth and formation of the primary nitrite maximum in this coastal regime. 

INTRODUCTION 

NITRIEI(;ATION is an important microbiologically mediated process in the ocean, 
freshwaters, and soils, and occupies a key position in the global nitrogen cycle. Nitrifying 
bacteria are responsible for regenerating nitrate, the most common form of combined 
nitrogen in the ocean, from ammonium, which is excreted as a byproduct of heterotrophic 
metabolism. Two distinct steps are involved in the oxidation of ammonium to nitrate. In 
the ocean, two genera of nitrifying bacteria, Nitrosococcus and Nitrosomonas, mediate the 
first step, the oxidation of ammonium to nitrite, while a second group, the Nitrobacter-like 
species, oxidize nitrite to nitrate. The oxidation of ammonium or nitrite provides energy for 
autotrophic fixation of carbon dioxide by nitrifying bacteria. 

The occurrence of discrete nitrite maximum layers and accumulations of nitrous oxide 
[sometimes a side product of ammonium oxidation (GOREAU, KAPLAN, WOFSY, MCELROY, 

VALOIS and WATSON, 1980)] in certain regions of the ocean are interpreted as indications of 
ongoing nitrifying activity (BRANDHORST, 1959; COHEN and GORDON, 1978: MCELROY, 
ELKINS, WOFSY, KOLB, DURAN and KAPLAN, 1978). Rates of nitrite and nitrate production 
in the ocean have been measured using 15N-nitrogen tracers (WADA and HATTORI, 1972; 
MIYAZAKI, WADA and HATTORI, 1973, 1975). In these investigations, the overall 
nitrification rates of a water volume were measured without accompanying assessments of 
the abundance of the nitrifying bacteria responsible for these transformations. Thus, it is 
difficult to determine whether the reported variations in measured rates of nitrification are 
due to differences in the abundance of nitrifying bacteria or in activity per bacterium. 
ttowever, by coupling data on numbers of nitrifying bacteria [which we enumerated using a 
newly developed immunofluorescent assay (WARD and PERRY, 1980; WARD, BILBROUGtt, 
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VALOlS and WATSON. unpublished data)] with rate measurements, we have determined/n situ 
nitrification rates per bacterium and can begin to distinguish between the two alternatives. 
This coupling is the first step in identifying the oceanographic factors which control 
nitrifying bacterial activity and hence global rates of  nitrification. 

Previous estimates of the abundance of nitrifying bacteria in various manne 
environments have been made using the insensitive and imprecise Most Probable Number 
(MPN) method (INDREBO, PENGERUD and DUNDAS, 1979: WADA and HATTORL 1971). 
These estimates indicate that the numbers of nitrifying bacteria in the ocean are very low 
and in the range of 1 to 1000 cells 1 - t  (WATSON, 1965; CARLUCO and S'rmCKLANO, 1968). 
Using these estimates, in situ ammonium oxidation rates of 3.8 x 113 - ~ mol NH2 oxidized 
1- t d-  t were calculated for the deep North Atlantic Ocean (WATSOr~, 1965). This value is 
low in relation to observed accumulations of nitrite in seawater, and in comparison to 
measured rates of nitrite production using t'N-nitrogen tracers (MIvAZAgl et al,. 19731. 
Using N-serve to poison selectively bicarbonate assimilation by nitrifying bacteria, 
INDREBO et al. (1979) measured rates of nitrificaton in a Norwegian Oord that they felt 
could not possibly be accomplished by the low nitrifier population abundance they 
estimated simultaneously using MPN. These discrepancies suggest that the MPN method 
severely underestimates nitrifying bacterial abundance and stress the need for simultaneous 
and reliable measurements of nitrifying bacterial abundance and activity. 

Recently, sensitive and specific immunofluarescent techniques for enumerating indi- 
vidual cells of  nitrifying bacterial species have been developed for aquatic and soil systems 
by Schmidt and coworkers (SCHMIDT, BAIggOLE and BOHLOOL, t968; FLll/RMANS, BOHLLX)L 
and SCn~UDT, 1974; BEL.~a and SCHMIDT. 1978). More recently, immunofluorescent assays 
have been developed for the enumeration of the marine nitrifying bacterial species 
Nitrosococcus oceanus (WAND and PERRY, 1980) and Nitrosomonas marinus (WARD et ul.. 

unpublished data). The production and testing of the assays was as described in Ward and 
PEARY (1980). The assays were used in conjunction with t SN-nitrogen measurements of 
oxidation of ammonium to nitrite in coastal waters off southern California to obtain rates 
of ammonium oxidation per bacterial cell. 

Although Nitrosococcus oceanu~v and Nilrosomonas marinus are the only two named 
species of marine ammonium oxidizers (W^TSON, 1974), the extent to which they represent 
the total in situ suite of ammonium-oxidizing species is unknown. Attempts to isolate 
ammonium-oxidizing bacteria from a variety of  marine environments have resulted in a 
preponderance of Nitrosomonas-l ike  strains (S, W. WATSON, personal communication. A. 
F. CARt.UCCL personal communication; B. B. WARD, unpublished data)with Nitrosococcus 

types much less commonly isolated and no other distinct types being found. Possible 
selective bias in the enrichment media used prohibit conclusive statements as to the 
diversity of the in situ population. However, present evidence suggests that the marine 
population may be less diverse than the terrestrial population (BELSER and SCHMIDX, 1978). 
With the caveat concerning our lack of  knowledge about the entire in situ ammonium- 
oxidizing species composition in mind, we stress that cell abundances estimated by the use 
of our immunofluorescent assays represent a new lower limit on the in situ population size 
but do not imply an upper limit. 

METHODS 

Five stations were occupied in July (t2 and 3t July, samples from 3 miles off Scripps 
Institution of Oceanography) and November (7, 10, and 13 November, Thomas G. 
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Thompson stations 3 miles off Del Mar, California) 1979 (see OLSON, 1981a, for exact 
locations). Experimental procedures and ~SN-nitrogen tracer methods are detailed in 
OLSON (198 l a) but are described here briefly. Water samples were collected in 30-1 Niskin 
bottles and incubated in 4-1 Pyrex bottles under in situ or simulated in situ light conditions. 
Having ascertained that uptake and oxidation rates for ammonium were linear over 24 h 
(OLSON, 1981a, b) and that substrate levels of 1 laM and above had no variable effect on 
rates (OLSON, 1981a), incubations were carried out for 24 h with the addition of up to 1 laM 
99-atom ''//,, ~ SN-precursor. 

After incubation, particulate ~SN and soluble ~SNO] and 15NO3 were determined. 
Particulate nitrogen was collected by filtration onto precombusted microfine glass fiber 
filters, dried and converted to 15N 2 by the method of WADA, TSUJU and HATTOm (1977). 
15N/14N was then determined by mass spectrometry. ~5NO 3 was converted to ~5NO:, 
by passage of the sample through cadmium copper reduction columns (STRICKLAND 
and PARSONS, 1972). l SNO z- (before and after 15NO 3 conversion, replicate samples)was 
extracted by dye complexation with aniline and beta-naphthol as described by SCHELL 
(1978). The sample was finally absorbed onto a filter and treated as a particulate sample 
(see above) for ~SN/14N determination. 

Rates of oxidation of 1SN_ammonium were measured in the nitrite maximum layers and 
at several depths both above and below the maxima (15NO z- oxidation was also measured at 
one station). Subsamples from the same 30-1 Niskin sampling bottles were preserved in 20/o 
formalin for later immunofluorescent enumeration of ammonium-oxidizing bacteria by the 
filter staining technique described by WARD and PERRY (1980). Nutrients and chlorophyll a 
were determined on depth profiles at each station as described by OLSON (1981a). 

RESULTS 

Profiles of hydrographic data from two representative stations are shown in Fig. 1. Some 
features were common during both months: (1) a shallow thermocline separated an upper 
warm layer from the cooler deep water, although the temperature gradient was greater in 
the summer; (2) a subsurface chlorophyll a maximum (indicative of phytoplankton 
biomass) in the region of the main thermocline; (3) ammonium concentrations were quite 
variable with depth (McCARTHY and KAMYKOWSKY, 1972); and (4) a well-defined nitrite 
maximum layer was present at about the bottom of the thermocline. 

Bacterial cells were enumerated directly by immunofluorescence only in the ammonium- 
oxidizing population (nitrite and ammonium oxidation rates were measured at one of the 
stations but no immunofluorescent assay was then available for the nitrite-oxidizing 
population). Counts for the two species of ammonium-oxidizing bacteria that we assayed 
were summed to yield a lower estimate of the order of magnitude of the in situ population. 
Although our methods detect an undetermined fraction of the in situ population, mean cell 
abundances at the stations were 5.2 x 104 cells 1-1 in July and 4.7 × 104 cells 1-1 in 
November (mean of all counts over the upper 100 m). Even these estimates exceed previous 
estimates by an order of magnitude or more (Table 1). 

Nitrosomonas marinus was always more abundant than Nitrosococcus oceanus and 
neither species showed significant variability with depth in the upper 100 m. Cell counts 
conformed to a Poisson distribution. Therefore, non-parametric analysis of variance 
(Kruskal Wallis test) was used to compare means from different depths. No differences 
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Vertical distribution of nitrite, ammonium, chlorophyll a, and temperature at stations A 
(31 July, 1979) and B (13 November, 1979) 3 miles off Del Mar, California. 

Table I. Measurements of  nitrifying bacterial populations 

Population 
abundance 
(cells 1 - !) Location Enumeration method Reference 

1 to  10 a 

i.0 

Up to 10 3 

5.2 x 10 4 

4.7 x 10 4 

North Atlantic water from 
below the photic zone 

Surface water in the 
equatorial pacific 

Pacific Ocean off 
southern California 

Waters off southern California 
in July; mean over upper 100 m 

Waters off southern California 
in November; mean over upper 
100 m 

Calculated from observed 
rate of nitrite production 
in ennched samples assuming 
optimal nitrification rate 
from laboratory cultures 

Calculated as for above 

Calculated as for above 

WArSOS (I 965) 

WADA and 
HATTUR! (1972) 

C~qLUCC! and 
STmCKI.At~'D (1968) 

Immunofluorescent enumeration This work 

Immunofluorescent enumeration This work 
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Fig. 2. 
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Abundances of ammonium-oxidizing bacteria, Nitrosomonas rnarinus (open circles) and 
Nitrosococcus oceanus (closed circles) at stations A and B. 

among depths (P < 0.100) were found at any of  the five stations investigated. Total 
abundance estimates (Nitrosomonas marinus plus Nitrosococcus oceanus) ranged from 
2.9 x 104 ( _ 1.63 x 103) to 8.01 x 104 ( _ 2.99 x 104) cells 1 - 1 (mean of six counts, three for 
each species, 4- s.d.) at the two stations shown in Fig. 2. This lack of  population structure 
was not intuitively expected and is discussed below in connection with ammonium 
oxidation rate measurements. 

Although no trend in ammonium-oxidizing bacterial abundance was found with depth, 
nitrite production rates per liter did vary. Rates of  ammonium oxidation were quite low at 
the surface and generally showed a maximum in the zone of maximum nitrite 
concentration (Fig. 3). The pattern of ammonium-oxidizing activity with depth is striking 
when population estimates of  ammonium-oxidizing bacteria are used to calculate a per cell 
activity rate. Ammonium oxidation rates per cell were low or negligible in the surface 
waters and rates up to two orders of  magnitude greater in and below the nitrite maximum 
layer (Fig. 3). 

Low ammonium oxidation rates at the surface cannot be explained as an artifact due to 
high rates of  nitrite oxidation. In all incubations with 15NH,~ < 1~o of the tracer ended up 
as 15NO~-. In one case (Thompson station, 7 November),  where I~NO~- oxidation rates 

Fig. 3. 
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ISN-ammonium oxidation rates at stations A and B. Total rates (tool 1-1 d-1), closed 
circles; rates per bacterial cell (tool cel l - l  d - l ) ,  open circles. 
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were measured on replicate samples, surface nitrite oxidation rates exceeded ammonium 
oxidation rates. However, this ~"fect could largely be attributed to chemical photolysis 
(ZAF'IRIOU and TRUE, 1979) and possible enhancement of biological rates by substrate 
addition [nitrite oxidation rates were found to be much more substrate dependent than 
ammonium oxidation (OLsoN, 1981a)]. 

DISCUSSION 

When Nitrosococcus oceanus is grown in laboratory culture on defined salts medium 
containing 1 to 10 mM ammonium, maximum growth rate is approximately one division 
per day: ammonium oxidation rates on the order of 10- ~ 2 mo! cell- i d- 1 are observed 
under these conditions (Table 2, part A). The highest per cell ammonium oxidation rates 
we observed were in samples from within and below the nitrite maximum layer. The rates 
(Table 2, part A) approached within a factor of two the maxima measured in culture. 
Ammonium oxidation rates measured in this study were of the same order as those 
measured in other regions when compared on a per liter basis (Table 2, part B). 

The low surface rates of nitrite production may be due to light inhibition of nitrification. 
Although MIYAZAKI el ai. (1973) observed light stimulation of ammonium oxidation, 
OLSON (1981a) more recently observed an inhibitory effect of light on nitrification in 
southern California waters, which has been demonstrated by HORRIGAN, CARLUCCl and 
WILLIAMS (1981) using laboratory cultures. Because our samples were incubated under in 

situ or simulated in situ light intensities, bacteria in samples taken within the photic zone 
would be inhibited during the daylight hours of a 24-h incubation. OLSON (1981b) used 
laboratory observations of differential photo-inhibition of ammonium and nitrite- 
oxidizing bacteria to model the formation of a nitrite maximum in these waters. The 
hypothesized photo-inhibition would explain the higher nitrification rates observed below 
the thermocline as a function of light intensity in the water column, rather than as a 
function of nutrients or temperature, The ammonium concentrations at our stations, as 
discussed above and shown in Fig. 1, were variable and did not correlate with nitrification 
rates per cell. Moderately low half.saturation constants for ammonium uptake by 
ammonium-oxidizing bacteria have been measured (CARLUCC! and STRICKLAND, 1968~ 
OLSON, 1981a), indicating that substrate concentration may not be a dominant factor 
controlling nitrification rates in these waters. 

As cautioned above, our enumerations include only two species of ammonium-oxidizing 
bacteria, and other undetected species may have been present. It is conceivable, though we 
consider it unlikely, that undetected parts of the population are distributed differently 
throughout the water column. The possible presence of undetected cells means that our 
population counts may be underestimates and that our per-cell rate calculations represent 
overestimates. 

It is not ctear how the obvious pattern of ammonium-oxidizing activity with depth can 
be reconciled with nearly uniform cell distributions. Nitrifying bacteria with generation 
times of a day or longer might be expected to show a density structure as some reverse 
function of light intensity if the above hypothesized light inhibition is important. Although 
the nitrifiers do derive the energy nee, tied for growth solely from oxidation of ammonium or 
nitrite, growth and nitrogen oxidation do not necessarily occur in constant proporuons. 
The ratio CO2 assimilated: NO~ produced in laboratory cultures has been shown to vary by 
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Table 2. Measurements  o f  nitrification rates 

Nitrite 
production rate Species/location Incubation conditions Reference 

(A) m o l c e l l l  d 1 
2.0x 10 -12 

3,1 x 10 14 

1.4x 10 -12 

Nitrosococcus oceanus 
maximum growth rate 

Nitrosococcus oceanus 
calculated in situ rates 

Nitrosococcus oceanus 
maximum growth rate 

4.8 x 10 -13 Mean over upper 100 m 
off southern Calilornia 
in July 

5.6× 10 ~ Nitrite maximum zone off 
southern California in 
November 

(B)  too l  1 t d i 

2.9 × 10 s Nitrosococcus oceanus 

6.8 x 10 -s Nitrite maximum layer in 
equatorial North Pacific 

2.6 x 10 -s Mean values for two 
1.9 x 10-8 stations from euphotic 

waters in Sagami Bay 

6.7 x 10 -9 Mean values for two euphotic 
4.1 x 10 -9 stations in the western 

North Pacific 

Optimal rate for growth in 
pure culture 

Calculations based on above 
adjusted for low substrate 
and temperature conditions 

Optimal for growth in pure 
culture 

Field samples incubated on 
deck under simulated 
in situ light conditions 

Field samples incubated on 
deck under simulated 
in situ light conditions 

Growth of a culture on 
decomposing phytoplankton 

Deck-incubated samples; rates 
calculated from changes in 
nitrite concentration 

Field samples enriched with 
ammonium; ~ 5N-ammonium 
oxidation rates measured 

Dark-incubated field samples 
using 15N-nitrogen tracer 
method to measure ammonium 
oxidation 

WATSON (1965) 

WATSON (1965) 

CARLUCCI and 
STRICKLAND 
(1968) 

This work 

This work 

CARLUCCI, 
HARTWIG and 
BowLS (1970) 

WADA and 
HATI'ORI (1972) 

MIYAZAKI 
el al. (1973) 

MIYAZAKI 
et al. (1975) 

1.9 × 10-8 Mean over upper 100 m off Field samples incubated under This work 
southern California in July simulated in situ light 

conditions; nitrite production 
measured from oxidation of 
l~N-ammonium 

1.6 × 10 -s Mean over upper 100 m off Field samples incubated under This work 
southern California in simulated in situ light 
November conditions; nitrite production 

measured from oxidation of 
J ~ N - a m m o n i u m  

a f a c t o r  o f  t en  d e p e n d i n g  o n  o x y g e n  a n d  p H  c o n d i t i o n s  (CARLUCCI a n d  MCNALLY, 1969). 

T h e  ef fec t  o f  l igh t  o n  th i s  r a t i o  is c u r r e n t l y  u n d e r  i n v e s t i g a t i o n  a n d  we s u g g e s t  t h a t  g r o w t h  

e f f ic iency  v a r i e s  w i t h  d e p t h  in t h e  u p p e r  w a t e r  c o l u m n .  

OLSON'S ( 1 9 8 1 a ) i n v e s t i g a t i o n s  o f  n i t r o g e n  t r a n s f o r m a t i o n s  u s i n g  1 5 N - n i t r o g e n  t r a c e r  

m e t h o d s  i n d i c a t e  t h a t  t h e  m a i n  s o u r c e  o f  n i t r i t e  in  t he  c o a s t a l  r e g i m e  s t u d i e d  h e r e  is 

a m m o n i u m  r a t h e r  t h a n  n i t r a t e .  I t  a p p e a r s  t h a t  a u t o t r o p h i c  n i t r i f i c a t i o n  is f a v o r e d  by  
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conditions prevailing at the base of and below the photic zone in inshore waters. We report 
for the first time the presence ofnitrifying bacterial populations of  suf~ient size to account 
for the high in situ rates of  ammonium oxidation observed at these stations. This evidence 
suggests that nitrifying bacteria can attain a greater importance in the oceanic nitrogen 
cycle than previously documented. 
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from the University of caiifomia, San Diego. 

REFERENCES 

BELSER L. W. and SCHMtDT (1978) Serological diversity within a terrestrial ammonia-oxidizing population. 
Applied and Environmental Microbiology, Yo, 589-593. 

BRANm~ORST W. (1959) Nitrification and denitritkation in the eastern tropical North Pacific. Journal du Conseil. 
Conseil permanent international pour l'expioration de la Met. 25, 2-30. 

CARLUCCI A. F. and J. D. H. STRICKLAND (1968) The isolation, purification, and some kinetic studies of marine 
nitrifying bacteria. Journal of Experimental Marine Biology and Ecology, 2, 156-166. 

CARLUCC; A. F. and P. M. McNAt.LV {1969) Nitrification by marine bacteria in low concentrations of substrate 
and oxygen. Limnology and Oceanography, 14, 736-739. 

CARLUCC! A. F., E. O. HARTWlG and P. M. BOWES (1970) Biological production of nitrite in seawater. Marine 
Bialogy. 7, 161-166. 

CO, IEN Y. and L. I. GORDON (1978)Nitrous oxide inthe oxygen minimum of the eastern tropical North Pacific: 
evidence for its consumption during denitrification and possible mechanisms for its production. Deep-Sea 
Research. 25, 509-524. 

FLmRMANS C. B., B. B. BOttLOOL and E. L. SCHMIDT (1974) Autecoiogical study of the chemoautotroph 
Nitrobacter by immunofluorescence. Applied Microbiology. 27, 124-129. 

GOREAU T. J.. W. A. KAI'LAN, S. C. WOt*SY, M. B, McELRoY. F. W. VALOIS and S. W. WATSON (1980) Production 
of NO 2 and N20 by nitrifying bacteria at reduced concentrations of oxygen. Applied and Environmental 
Microbiology. 40, 526- 532. 

HORRmAN S. G., A. F. CARLUCC; and P. M. WILLmMS (1981) Light inhibition of nitrification in sea-surface films. 
Journal af  Marine Research. 39, in press. 

INDREBO B.. B. PENGERUD and I. DUNDAS (1979) Microbial activities in a permanently stratified estuary. Ii 
Microbial activities at the oxic-anoxic interface. Marine Biology, 5l, 305-309. 

MCCAR'rt4Y J. J. and D. KAMYKOWSK! (! 9721 Urea and other nitrogenous nutrients m La Jolla Bay during 
February, March and April, 1970. Fisheries Bulletin, 70, 1261-1274. 

McELRoV M. B., J. W. ELKINS, S. C. WOeSY, C. E. KOLIL A. P. DUR^N and W. A. K^PLAN (1978) Production and 
release of NzO from the Potomac Etttuagy. Limnotogy and Oceanography 23, 1168-1182. 

MIYAZAKI T ,  E. WAD^ and A. HAlammt 0973) Capacities of shallow waters of Sngami Bay for oxidation and 
reduction of inorganic nitrogen. Deep-Sea Research, 20, 571-577. 

MIYAZ^K! T.. E. WAD^ and A. H^T'mlt! (1975)-Nitrite production from ammonia and nitrate in the euphotic 
layer of the western North Pacific. Maritte Science Communications. !, 38 !-394. 

OLSON R. J. (I 981a) t SN tracer studi~ o f  the primary nitrite maximum. Journal of  Marine Research. 39, 203 226. 
OLSON R. J. (198tb) Differential phot0inbibition of marine nitrifying bacteria: a possible mechanism for the 

formation of the primary nitrite maximum, dournal of  Marine Research. 39, 227-238. 
SCNELL D. M. (1978) Chemical and isotopic methods in nitrification studies. In: Microbiology--1978. D. 

SCHLESSINGER. editor, American Society for Microbiology, pp. 292-295. 
SC~MIDT E. L., R. O. BANKOLE andB. B. ~ ( 1 9 6 8 )  F l u e n t - a n t i b o d y  approach to study ofRhizobia ,n 

soil. Journal of  Bucteriology, 95, 1987-]992. 
STRtCKLAND J. D. H. and T. R. PA~ONS (1972) A practicalhandboek o/seawater analysis. Vol. 67. 2nd edition. 

Bulletin of the Fisheries Research Board of-Canada, 3t0 pp. 
WAD^ E. and A. HArrom O971) Nitrite met~bolitm in the euphoric layer of the central North Pacific Ocean. 

Limnology and Oceanography, 16, 766--772. 
WAD^ E. and A. HAT'roRI (1972) Nitrite distribution and nitrate reduction in deep sea waters. Deep-Sea Research. 

19, 123-132. 



Microbial nitrification rates 255 

WAD^ E., T. TsuJu, T. SAINO and A. HATTORI (1977) A simple procedure for mass spectrometric microanalysis of 
I s N in particulate organic matter with special reference to 1 ~N-tracer experiments. Analytical Biochemistry, 
80, 312 318. 

WARD B. B. and M. J. PERRY (1980) Immunofluorescent assay for the marine ammonium-oxidizing bacterium 
Nitrosococcus oceanus. Applied and Environmental Microbiology, 39, 913-918. 

WATSON S. W. (1965) Characteristics of a marine nitrifying bacterium, Nitrosocvstis oceanus sp. n. Limnology and 
Oceanography. 10, R274-R289. 

WATSON S. W. (1974) Gram-negative chemolithotrophic bacteria. Family I. In: Berg(v's manual qfdeterminative 
bacteriology, 8th edition, R. E. BUCHANAN and N. E. GmaoNs, editors, The Williams and Wilkins Co., 
Baltimore, pp. 450-456. 

ZAFmIOU O. C. and M. B. TRUE (1979) Nitrite photolysis in seawater by sunlight. Marine Chemistry. 8, 9 32. 


