
Re v, Bioi. Trop., 44, Suppl. 3: 19-33, 1996 

A biogeochemical survey of the anoxic basin Golfo Dulce, Costa Rica 

80 Thamdrup, Donald E. Canfield, Timolhy G. Ferdelman, Ronnie N. Glud and Jens K. Gundersen 
Max Planck Institute for Marine Microbiology, Cclsiustrasse. l. 28359 Bremen, Germany. 

(Ree. II -VII- I995. Rev. 2-11- 1996. Acep. 22-IV-I996) 

Abstract: The waters and surface sediments of a 200 m deep lropical fjord were investigated with respect to chemical 
zonation, rates of respiratory processes. and benthic fluxes. Oxygen was found to ca. 100 m water depth. but only the 
upper pan of the oxycline was associated with the pycnocline. which was situated above the sill located at 60 m. 
Nitrate-rich water entered the bay at sill depth, and denitrification was indicated at anoxic depths. Hydrogen sulfide 
was only found in low concentrations rw:ar the bottom, and nitrate was a po!isible oxidant for the hydrogen sulfide. The 
observations reproduced those of a survey in 1969 to a large utcnl. This suggests that water exchange is frequent 
enough to prevent the development of strongly reducing conditions in the bottom water, High rates of dark oxygen 
uptake indicated intense carbon cycling within the euphotic rone. The rates decreased rapidly with depth, and at anoxic 
depths, rates of denitrification and sulfate reduction were more lhan lOO-fold lower than the surface oxygen uptake. 
The chemical lonation as well as x-radiographs indicated that sediments underlying oxic boI:tom water were strongly 
irrigated and bioturbated while anoxic sediments were laminated and composed of turbidites . The rates of carbon oxi­
dation were 5 - 10 times higher in the sediments underlying oxic bonom Walcr than in those althe bonom of the basin. 
Sulfale reduction was a dominating process. accounting for about 50% and 100% of the carbon oxidation at the oxic 
and anoxic sites respectively. Even at the anoxic sites, hydrogen sulfide did not accumulate in the pore Waler and a 
high sedimentation of react ive iron phases is suggested as a contributing cause. 

Key worm: Water column, sediment, microbial processes, carbon cycling, denitrification, sulfate reduction. 

The supply of oxygen to the oceanic water 
masses is generall y large enough to prevent 
degradative processes from causing the devel­
opment of anoxia. but permanently anoxic 
waters are found in a number of basins with 
restricted circulation. The vertical chemical 
zonation of anoxic water columns provides a 
basis for general studies of chemical and micro­
biological processes under different redox con­
ditions. and at redox boundaries such as the 
oxic/anoxic interface. Both the temporal stabili­
ty of the ronation. and its extension over depth 
scales of decimetres or metres, facilitates such 
investigations in comparison to studies of the 
analogous redox zonation in sediments, that is 
restricted to millimetres or centimetres, Many 
biogeochemical studies have been carried out in 

anoxic basins at temperate latitudes such as the 
Black Sea, Framvaren Fjord, Norway, and 
Saanich Inlet, British Columbia (e.g. Richards 
1965, Skei 1988. Murray et af. 1989). 

In the absence of oxygen. the bacterial 
degradation of organic matter reduces the alter­
native oxidants nitrate, oxides of manganese 
and iron, and sulfate, releasing dissolved inor­
ganic carbon. nutrients, and inorganic metabo­
lites according to the general reaction (e,g. 
Froehlich et aL 1979): 

Organic matter + NOj' Mn02' FeOOH' sol- ... 
CO2 + NHt + POI- + N2 ' Mn2+, Fe2+, H2S, 

In most anoxic basins, NO) and suspended 
Mn and Fe oxides are depleted close to the 
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oxic/anoxic interface due to low inputs, and 
sulfate reduction dominates in the anoxic bot-
10m water leading 10 the build-up of hydrogen 
sulfide (e.g., Lewis and Landing 1991). A main 
characteristi c of anoxic basi ns is, thus, the 
O:zIH2S interface (Anderson and Devol 1987). 

Golfo Dulce is one of on ly fi ve anox ic 
basins described from the tropics. The others 
are the Cariaco Trench and Golfo de Cariaco, 
Venezuela, Kau Bay , Indonesia, and Darwin 
Bay, Galapagos Islands (R ichards 1960, 
Richards and Broenkow 1971 , Middelburg et 
al. 1988), The hydrography of Golfo Dulce was 
fi rs t described by Richards et al. (1971) based 
on two visits in March 1969. At that lime, a 
pycnocline was centred well above the sill­
depth of ca. 60 m and ~ was found 10 about 
150 m in the 200 m deep basin . The bottom 
water was sulfidic but the H2S concentration 
only reached a few ~ol L-I. Based on a rise in 
the pycnocline. and changes in water column 
chemistry in the bay between the two visits. 
Richards and coworkers ( 1971) suggested that 
the basin was maintained at a relalively ox i­
dized state through frequent flushing associated 
with upwelling events along the Pacific coast 
(see also Anderson and Devol 1987). 

A brief description of the sediments has been 
given by Nichols-Driscoll (1976) who studied 
the faunal distribution in relation to boUom water 
~ concentrations. She found an organic carbon 
content of about 2% throughout the basin and 
observed large leaves and coconuts on the sedi­
ment surface of the inner basin. Infauna was 
found to 100 m depth which corresponded to 
approx. 40 ~ol L-I 02 in the bottom water. 

We here summarize the results of the bio­
geochemical investigations carned out during 
the second leg of the Costa Rica Expedition of 
RV Victor Hensen. January 1994. In view of 
the limited infonnation published on the basin, 
the stud y was designed as a general biogeo­
chemical survey. We focused on the degrada­
tive part of the carbon cycle. identifying and 
quantifying pathways of carbon mineralization 
in re lation to th e chemi cal zonation of the 
water co lumn and sedim ents. In a paralle l 
study, microbiological and molecular ecologi­
cal anal yses of the bacterial communi ty were 
performed which are presented in a separate 
paper (Kuever et at. 1996). The investigations 
included: 

a description of the physical and chemical 
zonation of the water column through the bay 

direct detennination of aerobic and anaero­
bic planktonic respiration rates 
analysis of the chemical zonation in the 
sediment pore waters and so lids along a 
transect from oxic to anoxic bottom water 
quantification of rates of carbon mineraliza­
tio n in the sediments and of the rates of 
so lute exc hange between sed iments and 
water column. 

MATERIAL AND METHODS 

Stations: Sampling lOok place 6 - 12 January 
1994 at the positions given in Table 1. The 
hydrographicaJ survey was carned out along the 
central axis of the bay with cro casts at all sta­
tions and water-column chemistry at stations 
GD I, 2, 3. 89. II , and 12 (Fig. I ; stations of 
Nichols-Driscoll 1976). Rates of respiration were 
measured in the water column at station GO!. 
Sediments were studied along a transect perpen­
dicular to the coast of from GD30 to GO I. 

TABLE I 

StlltiolU occ"Pi~d during tilt cruiu 

Station Position Dop<h 
(m) 

GO) S"41,TN S3"23.7·W 20' 
GOla S"4(l.O'N S3"2 1,9'W 207 
GD2 8"36.6·N 83° L8,O'W 208 
GOO. S"36.6'N 83"IS.O'W 200 
GO' S034.9'N S3"15.9·W )9' 
GD3a S"3U'N 83°14,O'W )92 
GOS9 8°31.5'N 83°13.0'W ' 0' 
GOI I 8"27,2'N 83°13.0'W " GOlia S"23.S'N S3°13,J'W " GOl2 S~O,5'N 83"13,8'W 20' 
GDJO 8°38,9'N 83~5.6'W 42 
GOO 8"39.0'N 83"25.5'W " GOI60 S"39.9'N S3"25, I ' W 16' 

Water column: Salinity and temperature were 
measured with aCTO (ME-Meerestechnik­
Elektronik. Kiel , Gennany). Li ght was mea­
sured at 10 m intervals from the surface with a 
spherica l quantum se nsor (Li co r, Lincoln, 
Nebraska). Water samples were obtained in 5 I 
Go-Ho and Niskin bottles and expressed anoxi­
cally by applying a slight N2 overpressure. For 
0 2 detenninations. water was subsampled in 
Winkler-bottles under a N2 atmosphere and 
anaJyzed by the Winkler method using reagents 
degassed with N2. For samples from the deep, 
expectedly anoxic and sulfidic zone, the method 
of Ingvorsen and J0rgensen (1979) was used. 
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Fig. I l..ocations of sampling sites in Golfo Dulce. 

Sa mples for NOj + NOi and NHt were 
stored frozen and analyzed with an aUlOanalyz­
er (APHA 1992). As NOi concentrations were 
expected 10 be negligible compared to NOj, 
the NOj + NOi measurements will be referred 
to as NOj (see also C6rdoba and Vargas 1996). 
Sam ples for H2S were preserved wi th Zn2+ 
and analyzed wi th the methy lene blue tech­
nique (Cline 1969). For analysis of dissolved 
and paniculale Mn and Fe, >water was filtered 
through N2- flu s hed glass fiber filte rs 
(Whatman GFIF) and the filtrate was immedi­
ately acidified. Particulate Mn and Fe on the 
filters was extracted by dithionite-citrate-acetic 
acid extraction (Lord 1980). Mangane.c;e in fil­
trates and extracts was analyzed by flame 
atomic absorption spectroscopy (Perkin Elmer, 
Norwalk, Connecticut ), and Fe was analyzed 
spectro photomctrica lly wi th Ferrozine 
(Stookey 1970). Phosphate was analyzed in the 
filtered. acidified sa mples by the phospho­
molybdate blue method (APHA 1992). 

Oxygen cons umpti o n was measured on 
water collected at 20 m intervals from the sur­
face by incubation in Winkler bott les in the 
dark at in situ temperature. Incubation time was 
12 h al I and 20 m and otherwise 24 or 36 h. 
Denitrification was measured in similar incuba­
tions of samples taken at 20 m intervals from 60 
m depth. Quantification was by the isotope pair­
ing technique wi th addition of t5NOj and mass 
spectrometric ana lysis of the N2 produced 
(Nielsen 1992). The detection limit was estimat-

ed from the s tandard deviation of the mass 
spectrometric analyses of blanks. Likewise, 
sol reduction was measured by add ition of 
35501- to the water samples from 200 and 205 
m depth wi th 6 h incubation (J0rgensen 1978, 
J0rgen se n et at. 1991). The production of 
reduced 355 was quantified with the acidic Cr2+ 
dist illat ion method (Foss ing and J0rge nse n 
1989) and sol- was detennined by non-sup­
pressed anion chromatography (Fossi ng and 
J0rgensen 1990). The detection limit for sol­
reduction was estimated from the background 
of the scintillation counting procedure. 

Sediments: Sediments were obtained with a 50 
x 50 em box corer using on ly those deploy­
ments where the sediment surface appeared 
undisturbed. The box cores were subcored into 
acry lic tubes. For flux detenninations and O2 
microelectrode measurements. cores weTC incu­
bated with bollom water at in silu temperature 
and O2 co ncen tration , as desc ribed by 
Rasmussen and J0rgensen (1992). Auxes were 
determined from concentration changes in the 
overlying water during incubations of 4 - 6 h at 
GD30 and G09, and 28 h at GO !. The same 
setup was used for determination of den itrifica­
tion rates, that were quantified by the isotope 
pai rin g technique (N ielsen 1992). Fine-scale 
profiles of pore-water NOj were obtained by 
whole.core squeezing (Bender el 01. 1987) with 
quantification by reduction to NOi with spongy 
cadmi um and spectrophotometric detection 
(Jones 1984). 

Rat~ of lC02 and NH! production as well 
as 504- redu ction were determined as 
described by Canfield et 01. (1993a). In brief. 
sed iment was sectioned in discrete depth inter­
vals and incubated anoxicall y at in situ tempera­
ture in gas tight plastic bags. The sediment was 
sampled under N2 five times during an incuba­
tion of apfTOx. 30 h, and pore water for lC02. 
NH!. Mn +. Fe2+, H25. and 501- analysis was 
obtained by centrifugation . The initial To sam­
ple from the incubations provided our initial 
pore water and solid phase data. Rates of sol­
reduction were detennined in subsamples twice 
duri ng the incubations using 35s01- with quan­
tification as in the water-column samples. 

Additional po re- water di s tributi o ns of 
lC02 and NH; to 30 cm depth were obtained 
by sectioning and centrifugation of a separate 
core. Rates of sol- reduction were also deter-
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mined in intact sediment cores by the whole­
core 35S0}- injection method (J~rgensen 
1978). 

In the pore waters, Leo2 and NHt were 
determined by flow injection analysis with gas 
exchange and conductivity detection (Hall and 
Aller 1992), with rates of accumulation during 
the bag incubations determined by linear regres­
sion. Organic C and total N in the sediments 
were determined on an elemental analyzer 
(Carlo Erba) . Parti c ulate Mn oxides were 
extracted as described for the water column and, 
additionally, poorly crystalline Fc(III) and easily 
extractable Fe{ll) were extracted with an oxaJate 
ex traction assay (Canfield et at. 1993a), Pore 
water solo, H2S, Mn2+, Fe2+, and Mn and Fe in 
extraclS were analyzed as in the water column. 
X-radiographs were obtained of sediment sam­
plerl in 3.5 x 30 em acrylic boxes. 20 cm high 
using 2 min exposure al 80 kV and 2 rnA. 

RESULTS 

Hydrography: The hydrographical survey 
along the central axis of the bay revealed steep 
gradients in both temperature and salinity 
below a shallow mixed surface layer, to about 
60 m depth (Fig. 2). At station GO 12 outside 

the bay, the pycnocline was centered at 40 - 50 
m, roughly 10 - 20 m above the sill depth of 60 
m, and the isopycnic surfaces were tilted slight­
ly, rising about 10 m through the bay from 
GOl2 to station GDI at the head . Below the 
pycnocline at GOI2, the potential density 
anomaly, Ot' increased from 25.33 at 80 m to 
26.52 at 200 m, whereas it only increased to 
25.88 inside the basin . Thus, from 80 m, the 
water outside the bay was denser than the basin 
water at the same depth. The bottom water in 
the basin was only about 0.05%0 less saline and 
1 "C warmer than in March 1969 (Richards er 
al. 1971). 

The photic zone extended to 30 - 40 m 
depth, determined as the depth where the 
incoming light was attenuated to I % of the sur­
face value at both GOI and G03. Surface 02 
concentrations were 190 - 200 ~ol L-l (9 -1 I 
AM) and a strong oxyeline was associated with 
the pycnocline at all stations (Fig. 2). Outside 
the bay, the 02 concentration dropped to 25 
Ilmo] L'] at 200 m, but inside, 02 was not 
detectable « 3 Ilmo] L-l) below 100 m depth. 
Parallel to the decrease in 02, NO) - increased 
at 0012 reaching 30 ~ol L-t at 200 m (Fig. 
2). In the Golfo Oulce basin (GDI - 3), howe­
ver, N03- increased with depth from the deple-
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Fig. 2. Physical and chemical data from the water column at lhe head (GDI. 7 January 1994) and moolh (G012. 9 January 
1994) of Golfo Dulce. Far left : ern data. fat lines G0 1. thin lines GOI2. Center left : Oltygcn concentrations at GOI and 
G012. Cenler right : Nitrate+nitrite concentrntions at GDI and GOI2, and soluble reactive P at GDI (note separate scale). Far 
right : Dissolved and particulate Mn at GDl (note separate scales). 
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ted surface water but reached a maximum of 
only 10 IlfTlOI L-I at the bottom of the pycno­
cline, and below this the concentration 
decreased to less than 1 ~ol L-l at the basin 
floor. Ammonia was generally < I jJmol L-I 
except for a small peak of 2 jJIIlol L -I observed 
at 40 or 60 m depth at GO I - 3 and single spo­
radic higher values in the bottom water (data 
not shown). Phosphate was detennined at GOI 
- 3 and increased through the pycnocline from 
:S 0.5 llIIlol L -I at the surface to about 2 jll1l01 
L-l in the bottom water (Fig. 2). 

An active Mn redox cycle in the bottom 
waters of the basin was indicated by an 
increase in dissolved reduced Mn from 100 m 
depth to the sediment surface, and by a peak in 
particulate Mn, assumed to be Mn oxides, situ­
ated at 120 m. Dissolved Fe 2+ was not 
detectable « 0.5 jJmol L-I) and H2S was never 
detected « 0.5 Ilmol L-I) above 180 m. On 6 
January, H2S concentrations of I, 5, and 7 
1JIl10l L-l were measured at 180, 200, and 203 
m depth at GOI, respectively, whereas a barely 
detectable 0.7 I1mol L -I maximum was mea­
sured at 203 m at the same site on 12 January. 

Water-column respiration rates: The surface 
water at GD I showed a very high O2 consump­
tion in the dark of 64 jJrnol L-t d -I but it 
decreased rapidly to II jJITlol L-I d- I at 20 m 
and < 3 jJmol L-t d- I at 40 m. Interpolation of 
these measurements yield an estimate of the 
depth- integrated rate of 0.7 mole m'2 d-I. 
Denitrification was nOI detected at any depth, 
and likewise sulfate reduction was undetectable 
in the bottom water. The detection limits for 
these processes are estimated to 0.08 and 0.0 I 
lJIl10l L-t d-I, respectively. For denitrification, 
this limits the depth-integrated rate between 60 
and 205 rn depth to < II mmol N m-2 d-t, i.e. 
much less than the oxic respiration. 

Sediments, physical characteristics: 
Sediments were investigated near the head of 
the bay along a SW - NE transect from the Osa 
peninsula. Close to the shore, the sediment con­
tained much coarse sand, pebbles, and shell and 
coral debris, and the station GD30 at 42 m was 
chosen as the shallowest site with a fine ­
grained texture suitable for our incubation tech­
niques. The sediment there was silty with some 
sand and gravel-sized particles, and the bottom 
water contained 54 I1mol 02 L-t. Live snails 

were observed at the surface, and burrows evi­
denced the activity of infauna. The sediment at 
they lightly deeper GOO, with 22 ~oJ 0, L-t 
in the bottom water, appeared similar to Gb30. 
Burrows were present, but no living organisms 
were observed. At the anoxic GDl60. a I - 2 
cm thick brown-black fluff-layer covered the 
very fine-grained sediment. At the surface, 0.5 
cm long bacterial filaments of the genus 
Beggiatoa were observed. Immediately below 
the fluff, the sediment was black, and below 
this, there was a sequence of horizons varying 
in color between light brown and black, and in 
thicknesses of 1 - 5 cm. Around 17 cm depth a 
prominent pink layer was observed. The sedi­
ment at the deepest station GD I was covered 
by 2 • 4 cm fluff. Apart from one black band 
below the fluff layer and another about 15 cm 
depth, the sediment here was light brown. At 
all stations, pieces of coconuts, large leaves. 
and wood could be found both on and within 
the sediments. 

Observations of sediment structure were cor­
roborated by x-radiographs of the sediments 
(Fig. 3). Whereas the sediments at GD30 and 
GD9 (not shown) appeared uniformly mixed 
and contained worm burrows in the upper 5 cm, 
the differently colored horizons observed at 
GDI60 were paralleled by changes in sediment 
density revealed by the x-radiographs. Below 
the fluff at GOI, a 12 cm thick layer was 
observed, with only slight laminations but grad­
ing from low to high density from top to bot­
tom. At the base of this, a very dense, approx. 1 
cm thick layer followed. abruptly succeeded by 
a more x-ray-transparent zone similar to that 
near the sediment surface. This observation is in 
good agreement with the results from long 
cores, which showed that the basin floor is com­
prised of a series of turbidites, each grading 
from fines at the top to a sand horizon at the 
bottom (Hebbeln 1994). From the x-radiographs 
the youngest turbidite is estimated to be about 
I3 cm thick, not including the surface fluff. It 
seems probable that the visible black band at 15 
cm depth is a relict from the previous surface 
similar to the black band observed' under the 
fluff layer, and that the thinner graded lamina­
tions on the slope station GDI60 may represent 
a sequence of turbidite depositions of which the 
bulk deposited at the bottom of the basin. 
Sediment chemistry: At both GD30 and GOO, 
the organic carbon content was about 2.4 % by 
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Fig. 3. Repfe$entalive sections of sediment x-radiographs. Darker areas represent higher It-ray transparency, i.e. wnes of high­
er porosity. P: plant debris (lentative identification); C: cl'lICk in the sediment surface cJelllcd du ring coring: T: wonn bulTOws; 
S: shell debris. llle oontraq of the image5 has been digitally enhanced after recording. 

weight and varied little with depth to 15 em, 
whereas at GDl, Corg decreased from 2.8% in 
the flu ff layer to 1.9% below (Fig. 4). Due to 
the strong decrease in porosily from Ihe fl uff 
layer to the sediment below al GD1. however, 
the volume-based Corg contenl actually 
increased with depth from 0.35 to 0.65 mmo! 
em-) between 0 - 0.5 and 8 - 10 em. Similarly, 
the tolal Corg pool from 0 - 10 em depth was 
55.128. and 124 mol m-2 at GO], -9, and -30, 
respec t ive ly. The low es l C org/N ratio 
(mole/mole) was observed at GO I , where it 
increased from 9.2 al thc surface 10 13.0 at 8-
10 cm (Fig. 4). At both GD9 and G030 the N 
content decreased markedly with depth leading 
to increases in CorglN from 11 -13 near the sedi­
ment surface to 15-18 at 8 - 10 cm depth. 

The mineralization of organic matter in the 
sediments led to a build-up of LC02 (= H2COl 
+ HCOj + COl2-) and NH1 in the pore waters 
(Fig. 5). Whereas the concentration profiles at 
GO I were convex up reaching hi gh values 
already ncar the sediment surface. the di stribu­
tions at both GD9 and G030 were concave up 
with steeper gradients below 10 cm. Also with 
respect to other aspects of pore-water and 

solid-phase chemistry stations OD30 and G09 
were quite similar, and hence, only results from 
0030 are shown below. 

To examine which e lectron acceptors were 
available for the oxidation o f organic matter, 
the distribution of the possible ox id ants. O2, 
NOj. Mn and Fe oxides. and sol- was deter­
mined. Microelectrode measurements showed 
that 02 was only available in the upper I - 2 
mm at both 0030 (Fig. 6) and 009, and the 
whole-core squeezing indicated that NOj was 
only present to 5 mm deplh or less in the sed i­
ment pore water (data not shown). Chemical 
extractions revealed an enrichment of reactive 
manganese oxides in the upper 5 mm at these 
stations (Fig. 6; ct. Aller 1994). At GOI. Mn 
levels were high and stable with depth (approx. 
10 }.Imol g-l) and most likely represented an 
unreactive Mn phase as no surface maximum 
could be discerned . In agreement with these 
observations. Mn reduction in lhe upper I - 2 
em was indicated by Mn2+ maxima at 0 - 0.5 
em depth in the pore waters of G030 (Fig. 6) 
and G09. Conve rsely, at GOI pore water 
Mn2+ was stable around 30 }.Imol L-t, which. 
together with the bottom water level of 8 I-Imol 
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L-l (Fig. 2), indicated that Mn reduction was 
restricted to the surface of the fluff layer at this 
si te. 

As was the case for Mn oxides, the sedi· 
ments at GD30 (Fig. 6) and GD9 showed a 
strong enrichment of poorly crystalline Fe(lII) 
oxides near the surface and Fe reduction was 
indicated by maxima of dissolved Fe2+ at 1 -
1..5 em depth. Most Fe(lI) produced by Fe 
reduction was, however, extracted from the 
solid fraction and its distribution mirrored that 
of Fe(DI) (Fig. 6). The concentration of Fe(III) 
was almost 100 times higher than that of Mn 
oxides. and significant leyels of Fe(ITl) persist­
ed deeper in the sediments. No enrichment was 
observed at GD I . but a small maximum of dis­
solyed Fe2+ below the flu ff layer indicated 
some Fe reduction (data not shown). TIle pore-

water concentration of sol- decreased with 
depth from the bottom water leyel of 28 mmel 
L-', reaching 26.0, 24.2. and 8.8 mmol L-I at 
30 cm depth at GD30, -9. and·1, respectiYely . 
Hydrogen sulfide was only detected in the pore 
water at GD I. where a small peak of < I 0 ~ol 
L'I was observed in the fluff layer (data not 
shown). 

Benthic nuxes and minerali.tation rates: The 
benthic fluxes of lC02, NH;. O2, and NOj 
measured in our whole-core sediment incuba­
tions are given in Table 2. 1lIe fluxes of LC02 
from the shallow oxic sedimcnts were similar, 
and iO times larger than that from the anoxic 
GD I. The NH:t flu xes were small compared to 
lC02 with CIN mole/mole ratios of 22 and 49 
at GD30 and GD9, respectively. The O2 uptake 
was similar at GD30 and GD9 averaging about 
50% of the lC02 efflux, whereas the NO)­
uptakes were quite small. 

The rates of LCOz accumulation in the upper 
10 cm of the sediment determined by incubation 
of sediment after sectioning into discrete depth 
intervals were about twice the LC02 fluxes 
from the sedim ents, but showed a s imilar 
decrease from the ox ic slations to GD I as did 
the benthic fluxes (Table 2). 'The depth integrat­
ed rates of NH.t accumulation in the pore water 
were much higher than the NH4 fluxes, and the 
ratio with which lCOz and NH4 accumulated 
in the incubations was close to 10 at aU stations 
and hence similar to the Co..JN ratio of the sedi­
ments (Fig. 4). Ammonia iJsorbs onto sediment 
particles (Rosenfeld 1979), howeyer. and the 
measured rates of NH! accumu lation, thus . 
underestimate the actual rates of NH.i produc­
tion from the decomposition of organic maUer. 
Assuming that the adsorption coefficient for 
NH,t in Golfo Dulce sediments was in the range 
reported from other marine sediments (Mackin 
and Aller 1984) the rates of NHt production 
were roughly twice the measured accumulation 
rates, and the productio n rat io of LC02 to 
NIl! Wa<i accordingly about 5 (assuming no pre­
cipi tation of lC02; see a lso Canfield et al. 
1993a). Similar values have been reponed for 
mineralization pf young organic matter in other 
coastal marine sediments (e.g .• 4 - 6. Kristensen 
and Black.burn 1987). 

Bacterial sulfate reduction was an imponant 
pathway of carbon mineralization at all sta-
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TABLE 2 

FIUX~j ovt!r Ihe sediment wattr inlt rj'ace (po$itive up) and ,alU inlugra/ed over 0 - JO em ckpth in 1M ud;~1It 
(mmo/m-2 tf"J) 

GDJ<) Go. 00160 GDI 

Benthic fluxes· ) 
LCo, 21.6 :t 0.2 18*9 n.m. 1.9:t 0.4 

NH4+ 0.82:1: 0.02 0.44 :!:0.02 n.m. n.m. 

0, -13.8 :!:2 . .5 -7.9 :!: 2.4 n.rn. 0.0 

NOf · 0.12:t0.03 -0.60 :t 0.0.5 n.rn. 0.0 

Rates 0 - 10 em 
r C0-.2 accumulation J<) 38 n.m. ' .8 

NH4+ accumulation 3.1 3.' n,m. 0.48 

S042• reduclion. bag incubations 7.0 10 n.m. 4.8 

S042. reduction, wbok ~ n.m. 4.8 2.' 6.0 

reo2 production from 

S042• red., bag incub. 14.0 20 n.m. 9.6 

Denitrification 0.28::1: 0.02 0.43 ::1:0.07 n.m. 0 .0 

*) Mean::l: 58 of 2 - 6 detenninations 
n.m.: Not measured 
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Fig. 7. Rates of soj- reduction at stations GOI, GOI60, 
and GOJO, as determined in intact cores of sediment. 

tions. Similar rates were measured in the sedi­
ment incubations used for determination of 
lCOl and NH;t accumulation rates, and in 
whole sediment cores injected with the 35S~­
radiotracer (Table 2, Fig. 7). The conlribution 
of soI- reduction 10 LC02 production can be 
calculated by multiplying sol- reduction rates 
by 2 according to the overall stoichiometry 
(Richards 1965): 

(CH20Jt06(NHJJu,ffJP04 + 53501-

,,106HCOj + 16NHt + HPOl· + 53HS- + 39H+. 

(I) 

At GO 1, the calculated LC02 production 
was twice the measured accumulation. and all 
C ox.idation could, thus, be attributed to SOl­
reduction. The discrepancy between the LC02 
accumulation rate and the calculated LC02 
production at GDl was most likely explained 
by difficulties in quantifying small changes in 
lC02 during the incubations with very high 
initia1 concentrations (Fig. 5). At GD30 and -9. 
sol- reduction accounted for about 50% of the 
reo2 production (Table 2). Direct measure­
ments of denitrification showed that this 
process contributed little 10 C oxidation at all 
stations (Table 2). At GOO and -30, approxi­
mately half of the NOj consumed by denitrifi­
cation came from the water column while the 
other half was produced by nitrification in the 
sediment (data nol shown). 

The hydrographic survey of Golfo Dulce 
reproduced the observations from the firsl sur­
vey by Richards and coworkers ( 1971) to a 
large ex.tent. The centering of the pycnocline 
above the sill depth and the weak stratification 
of the waters below facilitates the exchange of 
water between the basin and the Pacific Ocean . 
The poor stratification of the sub-sill waters is 
similar to the other known tropical anoxic 
basins (Richards J 960. Richards and Broenkow 
1971, Middelburg et al. 1988). Water of the 
same potential density as the densest waler in 
the basin was found at 110 - 120 m depth out· 
side the sill (Fig. 2). lbis silualion is similar to 
the first of the two transects sampled by 
Richards et at. (1971) in March 1969. In a se· 
cond transect one week later, they observed a 
35 m rise in the pycnocline oUlSide the bay (at 
GDI2) lifting water of similar density as the 
bottom water to a depth of only 70 - 80 m, i.e. 
close to the sill depth. Simultaneously, they 
measured chemical changes in the basin to 160 
m depth, which were altributed to the introduc­
tion of new 02 -poor, NO) -rich water over the 
sill. Seasonal upwelling was suggested as a dri­
ving force in the flushing of Golfo Dulce which 
maintains it in an intennediate stage between 
oxic and strongly sulfidic conditions. 

Although 26 years had passed since the visit 
of Richards and coworkers ( 1971 ). the water 
column chemistry showed only minor differ­
ences from those reported then. Whether this 
reflects true stability. implying a steady rate of 
e:<change over the sill . or the s imilarity was 
coincidental. can only be determined through a 
seasonal study. 

Richards and coworkers (1971) found that 
NO] disappeared at the same depth as, or even 
slightly above 02 (around 150 m) and inferred 
that denitrification took place under oxic condi­
tions. In the present study. the depths at which 
the two oxidants were depleted were clearly 
separated with ano:<ia already from 100m 
depth and NOj reaching close to the bottom 
(Fig. 2). Hence, in the present survey, part of 
the denitrification occurred under anoxic condi­
tions. either in the water column or in the con­
tacting sediments. Still, the decrease in NO): 
concentration in the oxic zone below the pycn­
ocline from the mouth to the head of the bay 
could be due to denitrification at low 02 levels 
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(Fig. 2), The depletion of NOj over the anoxic 
lOne al GDl could be explained by oxidation 
of typi cal organic matter by denitrification 
according 10 the equation (Richards 1965): 

(CH:zOh06(NH:V16H)P04'" 84.8NOj 

• I06HCOj + 16NH! + HPOl -... 42.4N:2 + 7.2H+ 

+ 42.4H:zO. 

(2) 

With a decrease in NOj Qf 5 JllTloi L-I, the 
predicted increases in PDf (0.06 ,.unol L-I) 
and NHt (0 .9 ~mol L-I) would nOI be 
detectable. 

Manganese had not previously been mea­
sured in Golfo Dulce, and we found a signifi­
cant accumulation of dissolved Mn2+ in the 
anoxic portion of the waler column (Fig. 2), 
Reduced Mn2+ is fonned by reduction of Mn 
oxides either in abiotic reactions with. e.g., 
" 2S or Fe2+, or by dissimilatory bacterial 
reduction coupled to oxidation of organic mat­
ter (Canfield ~t al. 19938, Aller 1994). The 
reduction of Mn could occur as Mn oxide parti­
cles sink through the water column, but the 
Mnl+ distribution could also be due to a flux 
from the sediment as predicted by the pore­
water distribution of Mnl • . Dissimi latory Mn 
reduction is associated with a release of Le02 
and inorganic nutrients: 

(CH'<»u:16(NH3)16H3P04. lllMnD,. 33ZH+ 

• t06HCOj + t6NHt + HPO~· + 21lMn2+ + 2IZHp. 
(3) 

The accumulation of 8 IlmOI L· t Mnl+ at the 
boltom of the basin is thus equivalent to a 
slightly smaller carbon mineralization, and 
associated release of NH4+ (SnI2·16:: 0.6 
}.Imol L -I ) and POl- to the water column, than 
that calculated for denitrification. 

The depth distribution of Mnl+ suggested 
that it was oxidized by O2 and this was sup­
ported by a peak of particulate Mn oxides just 
below the oxic/anoxic interface. In agreement 
with the findings of Froehlich ~t al. (1979) in 
hemipelagic sediments, there were no indica­
tions of Mnl • oxidation by NO). The Mn oxi­
dation was most likely bacterially catalyzed as 
this is generally the case in aquatic environ­
ments (cf. 11lamdrup el al. 1994b). This mode 

of reaction ' was also suggested for a similar 
maximum of suspended Mn oxides found at the 
oxic/anoxic interface in Kau Bay , Indonesia 
(Middelburg ~r ai. 1988). 

Richards and coworkers found low but sig­
nificant levels of HzS (> 1 lJIIlo\ L · I) below 
180 m throughout the basin. whereas we only 
found such concentrations at GO I and, more 
significantly. only at one of two dates. The 
general absence of H2S as well as the unde­
tectable levels of sOl- reduction in the bot­
tom water were in agreement with the deeper 
penetration of NO) which could both be pre­
ferred 10 sol- as electron acceptor by he t­
erotrophic bacteria, and could serve as an oxi­
danl for any H2S formed (e.g.; S0rensen 1987). 
A1so the POl-concentrations (Fig. 2) were con­
siderably lower than the 3.8 lJIIlol L-t maxi­
mum reported from 1969 which is another indi­
cation that the bottom water had not developed 
as far towards reduced conditions as during the 
1969 survey . The drop in HlS concenlration 
near the sediment over a week may be explained 
as the dispersion or oxidation of a local HlS 
plume which could have developed over a small 
area with particularly high rates of Soa- reduc­
tion at the sediment surface. Thus, the maximum 
bottom-water concentration of 7 }.Imol L· t was 
higher than any of the pore water analyses. 
Conspicuous sulfide-oxidizing bacteri a, that 
might oxidize H 2S wilh NQ-) were observed in 
the bottom water (Kuever er aI. 1996). 

In the traditional description of anoxic 
marine basins. the existence of a chemocline is 
assumed where opposed gradients of 02 and 
H2S meet (Anderson and Devol 1987). The 
existence in Golfo Dulce of a 100 m deep sub­
oxic (i.e. anoxic and H2S-free; Froehlich et al. 
1979) zone containing NOj is parallel\ed only 
by the small Darwin Bay in the Galapagos 
Islands where a similar zonation was found in 
1969 (Richards and Broenkow 1971). Both 
bays are situated in upwelling regions and can 
thus receive water low in Oz and high in N~. 
Transient separation of Oz and HZS zones, pos­
sibly due to the injection of an intennediate 
waler mass, has been observed in other anoxic 
basins such as the Black Sea (Murray et al. 
1989, J0rgensen el al. 1991). Since a suboxic 
zone was not identified during the first investi­
gations of Golfo Dulce (Richards et al. 1971), 
the stability of this phenomenon still needs to 
be assessed. 
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The max imum planklOnic 02 respiration 
rate of 64 }lmol L·l d· l measured at the surface 
was high compared to rates measured in tem­
perate regions which typically have maxima of 
10 - 20 }lmol L·l d-l (Williams 1984, Kruse 
1993). The high rates near the water surface 
suggested a high degree of internal cycling of 
carbon in the warm and cal m photic zone. 
Although den itrification was not detectable, a 
small contribution from this process was still 
possible when integrating over the entire water 
column . Richards and coworkers (191 1)attrib­
uted a NOi maximum < I }lmol L-I near the 
bottom of the oxic zone to active denitrifica­
tion but we did not separately analyze NOi. 

As denitrification and soi- reduction rates 
were not detectable in the anoxic water col­
umn, we can not accurately determine a turn­
over time fo r the bottom water. Division of the 
mean NOj concentration in the anoxic water 
column (2 ~mol L· I; Fig. 2) by the detection 
limit of the denitrification rate determinations 
(0.08 ~mol L-I d- I) yields a minimum deple­
tion time of 25 days. Thus, disregardin g benth­
ic deni trification, the observed NOj levels 
co uld be maintained with bott om water 
exchange on the order of once per month. 

Sediments: The organic carbon contents of the 
sed iments showed only small va riations 
between the stations and were similar to those 
reported earlier from Golfo Dulce (Nic hols­
Driscoll 1916). The Cor~ ratios were rela­
tively hi gh but also s imil ar to the earlier 
report. The hi gh ratios could be due 10 the 
input of terrestrial organic matter with a high 
content of structural N-poor material, such as 
the leaves and coconut parts observed in the 
sediments. 

The chemical zonation of the sediments at 
OD30 and G09 followed the pattern known 
from coastal sediments at higher latitudes (e.g., 
Can fie ld tl a1. 1993b) with a successive deple­
tion of the oxidants for organic matter in the 
order O2 > NOj 2: MnOz > FeOOH > sol-. 
Thi s sequence represents a decreasing energy 
yield from carbon oxidation (Froehl ich et al. 
1979), and is established in part through micro­
bial interactions, where bacteria utilizing ener­
getically more favorable electron acceptors 
may outcompe!e other bacterial groups for 
common substrates (e.g. Lovley and Goodwin 
1988). In many marine sediments, however, the 

competitive exclusion is only partial, and . e.g., 
S~- reduction has been demonstrated within 
the oxic zone and within the zone of dissimila­
tory Fe reducti on (J~rgensen and Bak 1991, 
Canfield and Des Marais 1991, Canfield et al. 
1993a). It therefore appears that the redox 
zonation is just as much maintained through a 
chain of abiotic or microbially catalyzed reoxi­
datio ns that consume the reduced inorganic 
mineralization products Mn2+, Fe2+, and HZS 
(Canfield tt al. 1993a, Aller 1994). Thus, for 
example the Fe reduction indicated at I - 2 em 
depth at GD9 and -30 (Fig. 6) could both repre­
sent dissimilatory reduction by heterotrophic 
bacteria or a reduction coupled to reoxidation 
of reduced sulfur species. 

The benthic rates of two of the pathways of 
C oxidation, denitrification and sol- reduc~ 
tion, could be directly detennined (Table 2). 
In view of the relatively high NO] concentra­
tions in the bottom water at GD30 and GD9. 
the rates of denitrification were low compared 
to other reports from continental margin sedi­
ments (e. g. Devol and Christensen 1993). 
Also wh en compared to the other rates in 
Table 2, den itrification contributed little to 
carbon mineralization at these sites. Bacterial 
sulfate reduction, on the other hand. proved to 
be significan t at all stations explaining about 
50% of the r coz accumulation at GD30 and 
0D9 and all at GD I. This is in good agree­
ment with other coastal sediments with ox ic 
bottom water where sol- reduction typically 
acco unts for 50% of C minerali zati o n 
(J0g!ensen 1982). The complete dominance of 
S04 - reduction al GO t was expected as 0z 
was absent, NO) was virtually so, and the Mn 
and Fe pools only indicated slight Mn and Fe 
reduction near the surface, leaving sol-as the 
only avai lable oxidant. At both the anoxic sta­
tions, the sol- reduction rate decreased with 
depth as wou ld be expected as a gradual 
depletion of the degradable fr ac tion o f the 
organic matter accompanies burial (Fig. 1). At 
GDI the higher reactivity of organic matter in 
the fluff layer was evident as the (volu me­
based) Corg content was actually lower here 
than in the underlying sediment. Still, the sol­
reduction rates stabilized at much higher levels 
at GDI than at 00 160. This distribution is 
explained by the implacement of turbidite at 
GO I. revealed by the x-radiographs (Fig. 3), 
and the high rates suggest that the latest tur-
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bidite is qui te young. TIle final increase in the 
S~- reduction ralt at 17 em depth at GOt may 
represent the previous sedimenl surface as sug­
gested fo r the black band observed near this 
depth. To obtain a quantitative dati ng of the 
sediment. analysis of the 1 lOfb d istribution is 
currently being performed. 

AI GOO, the increase in SO~- reduction rate 
from the surface to 4 - 5 em depth (Fig. 7) was 
not related to obvious changes in Corg (Fig. 4). 
which suggested that S~- reduClion near the 
surface was partially inhibited by compelition 
from other respiratory pathways (cf. S0rensen 
and J0rgensen 1987). Oxygen. NOj. and Mn 
oxides were only available for respiration very 
close to the surface. SO the only electron accep­
lor more favorable than sol- present to 4 - 5 
em depth was poorly crystalline Fe(m ) oxides 
(Fig. 6), and we, thus, suggest that these oxides 
are important e lectron acceptors in the this 
depth interval. Indeed, recent studies have indi­
cated that in many coastal sediments, dissimila­
tory reduction of Fe and, in some cases, Mn 
may be as importanl in C oxidation as is S~­
reduction (ABer 1990, Canfield ~I al. 1993a. b). 
These studies have shown that bioturbation, the 
mi x in g of the sed im ent by the be nthos , is 
essential in transpon.ing the particulate Fe and 
Mn oxides into the anoxic sediment and main­
taini ng high tum-over rates of these oxidants. 
The presence of an active infauna at 0030 and 
GD9 was evident from the worm burrows and 
the mixed appearance of the sediments (Fig. 3) 
as well as from the distribution of LC0 2 and 
NHt. the products of the oxidation of organic 
maller, in the pore-water (Fig. 5). In spite of 
much higher metabolic rates at these stations 
than at G01, a much smaller build-up of the 
metabolites was seen in the upper 10 cm, but 
below this depth, as irrigation decreased, con­
centrations rose. 

Although s03- reduction rates were high at 
all stations, HzS did not accumulate in the pore 
waters. This is common for bioturbated sedi­
ments, where HzS can react with Fe oxides that 
are continuously being mixed in (Thamdrup ~I 
al. 1994a), but it was surprising that no H2S 
accumulated to at least 15 cm depth at GO 1. In 
addition to the rate of S~- reduction. the con­
centration of H2S in pore waters is regulated by 
the availability of reactive Fe (Canfield el al. 
1992), and the spec iation of Fe in the basin 
sediment is therefore currently under investiga-

tion. A particularly high capacity for sulfide 
retention in the sediments may also be of sig­
nificance for the suboxic state of the water col­
umn. 

The anaerobic respirations Mn . Fe. and 
s03- reduction produce Mn2+, Fe2+, and " 2S. 
However. the burial of these reduced species. 
often in precipitated form as, e.g., MnCO) and 
FeSz, is typically much slower than the reduc­
tion rates in coastal sediments (J~gensen 1982. 
Canfield el al. 1993a). Instead they may be 
transported towards the sediment surface by 
bioturbation and there be oxidized with O:z as 
the fina l oxidant (Howarth 1984. Thamdrup el 

al. 1994a). Thus, although sediment accumula­
tion rates are nOl available for Golfo Dulce, it 
is most likely that most of the oxygen uptake 
measured in the sediments was not coupled to 
oxic respiration of organic matter but rather to 
the reoxid at ion of reduced ino rga ni c su b­
stances. The imbalance between the 02 uptake 
and the LC02 efflux from the sediments 
implies that the sediments are not at a steady 
state, and that reduced inorganic compounds 
are building up in the sed ime nts. If all the 
reduced species were being reoxidized with Oz 
as the final ox idant, the Oz and LC02 fluxes 
should be approximately similar. An imbalance 
like the one observed is expected when bottom­
water oxygen concentrations decrease. 

1be metabolic rates in the sediments showed 
a s imil ar vari ation between the shallow and 
deep sites as did the benthic fluxes, but at all 
sites the flux of LCOz was only about half of 
the accumulation rate in the upper 10 cm, and 
the difference was even larger for NH! (Table 
2). In the oxic sediments, ox idation of NH! to 
NOi could be a sink at the sediment surface 
and thus diminish the flux. However, the small 
NOi fluxes and rates of denitrifica tion exclude 
nitrifi cation as a sig nificant si nk fo r N H! 
(Table 2). There are no indications. that the 
processi ng o f the sediment in volved in the 
incubations for LC02 and NHl accumulation 
rate determinations affects the rates strongly. 
Thus. although the s03- reduction rates deter­
mined during these incubations varied from the 
rales from whole-core incubations. the varia­
tion was not systematic (Table 2). We therefore 
attribute the differences to heterogeneity of the 
sedi ments. At the shallow stations. where the 
largest difference was seen, this could include a 

' spatial and temporal patchiness of the irriga-
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tion. At present we have no explanation for the 
extremely high C/N flux ratios from 0030 and 
GD9. 

Decreases in both amount and quality of the 
organic matter could influence the decrease in 
metabolic rates from the shallow to the deep 
sites. The upper to cm of sediment contained 
less than half as much Corg at GO I than at 
GOO and ~30, and the strong <iecrease in respi~ 
ration rates with depth in the water column 
indicated that only the more refractory organic 
matter (including the observed macroscopic 
plant debris) reached the deep basin. For a 
recent discussion of other factors that may also 
affect the rates of decomposition (or, converse· 
Iy, the extent of carbon preservation) in the 
sediments see Canfield (1994). 

The oxic respiration in the water column of 
0.7 mol m-2 d~ 1 was about 20 times the sedi~ 
ment LC02 accumulation rates at the shallow 
sites (fable 2). Since the water column rate is 
based on linear interpolation of one measure~ 
men( at I m and one at 20 m depth, it should be 
regarded as a rough estimate. Still, it suggests 
that \carbon cycling in Golfo Dulce is strongly 
concentrated above the pycnocline. 

Comparison of the detection limit for the 
depth~integrated denitrification rate in the 
anoxic water column (II mmol m-2 d-I) and 
the range of benthic carbon mineralization rates 
measured at the anoxic s tations GDI and 
GOl60 (1.9 ~ 12 mmol C m-2 d- I based on 
IC<>,: flux, IC02 production, or sol· reduc~ 
tion; Table 2), demonstrates that most carbon 
oxidation in the anoxic part of the basin proba~ 
bly took place in the sediments. Thus, the ben~ 
thic exchange may significantly affect the 
water-column chemistry. Sediment metabolism 
was dominated by sOf reduction with LC02, 
NHl, ~~, and H2S as the end~products (Eqn. 
I). As H2S was to a large extend trapped in the 
sediment through reaction with Fe minerals, the 
main effect of the sediment metabolism on the 
water column should be the release of LC02, 
NH!, and pol~ . Of these metabolites, the 
release ofNHl should be most easily observed, 
as the concentration in the water entering the 
bay is very low. Oxidation of NHt is not 
expected under anoxic conditions. If we 
assume that NH! was not pennanently trapped 
in the sediment but released at a rate equal to 
its rate of production, then the mean of the dif~ 
ferent estimates of benthic carbon mineralil.3.~ 

tion rates at GDI and GDI60 (fable 2; mean 
6.6 mmol m·2 d· l ) corresponds to an NH! 
efflux of I mmol m·2 d~1 (cr. Eqn. I). If the 
NHt released was distributed over the tOO m of 
anoxic water column, the accumulation rate 
there was O.31JIIlO1 L-I month-I. Ammonia con~ 
centrations in the anoxic bottom water were 
generally lower than 1 J.1M. which implies a 
tum-over time of less than 3 months. From this 
rough calculation it is clear that the exchange 
of bottom water in Golfo Dulce could be quite 
frequent. Whether such exchange occurs 
throughout the year or only during winter 
where upwelling is most intense, as suggested 
by Richards et al. (1971), remains to be deter­
mined. Measurements of water·column para· 
meters at monthly intervals should provide a 
better quantitative understanding of the hydro­
graphical conditions that appear to maintain the 
basin in an anoxic, non·sulfidic state. 
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RESUMEN 

Se investigaron las aguas y los sedimentos 
mas superficiales de un fiordo tropical de 200 m 
de profundidad en relaci6n a la zonaci6n 
qufmica, a las tasas de procesos respiratorios y 
a los flujos benticos. Se encontr6 oxfgeno hasta 
profundidades de 100m aproximadamente, si 
bien solamente la pane superior de la oxiclina 
se encontraba asociada a la picnoclina, esta 
ultima localizada por encima del umbra!. 
Aguas ricas en nitratos entraban en la bahIa a 
nivel del umbra] (60 m) y se esperaba denitrifi~ 
caci6n en las aguas an6xicas. Solo se detec· 
taron pequeilas cantidades de ocida sulfhfdrico 
en las cercanfas del fondo, de manera que los 
nitratos aparecen como un posible oxidante del 
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sulfhfdrico. Eslas observaciones reproducen en 
gran medida las de un eS ludio realizado en 
1969. 10 cual sugiere que el intercambio de 
agua es 10 suficientemente rrecuente como para 
prevcnir el desarrollo de condiciones altamente 
reductoras en las aguas profundas. Las altas 
tasas de respiraci6n aer6bica son indicativas de 
un intenso recicJaje del carbo no en la zona 
euf6tica. Eslas tasas disminufan nipidamente 
con la profundidad. y asimismo las tasas de 
de nitrificaci6n y de reducci6n del sulfato eran 
J 00 veces meno res que las de la tom3 de 
oxfgeno en la superficic. La zonaci6n qufmica, 
asf como las radiogrnffas por rayas X, indican 
que los sedimentos bajo aguas 6x icas estaban 
fuertemente irrigados y bioturbados. mienlras 
que los sedimentos de las zonas an6x icas eran 
lamin ados y compuestos de lurbidilas. Las 
tasas de ox idac i6n del carbono eran de 5 a 10 
veces mayores en los sedimentos de aguas 6xi­
cas que las de los sedimentos de aguas an6xicas 
del fondo de la bahia. La reducci6n del sulfato 
e ra un proceso dominante que representaba del 
50 al 100 % de la oxidaci6n del carbono en los 
lugares 6xicos y an6x icos, respectivamente . 
{ncluso en los lugares an6xicos no se acumula­
ba ~cido sulfbfdrico en las aguas intersticiales, 
por 10 que se sugiere una iniensa sedimentaci6n 
de rases de hierro reactivas. 
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