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Abstract

The vertical distribution, abundance, and metabolic states of microorganisms have been
measured within the water column of the Black Sca. Samples collected from the Q,-HS™
interface revealed a vertically restricted layer (<20-30 m) of metabolically active cells. With-
in the anoxic portion of the water column (200-2,100 m), ATP concentrations were 5-10 times
greater than in oxygenated environments of comparable depth; biomass and various metabolic
activities increased with increasing water depth, implying a vertical gradient in specific or-
ganic substrates required for bacterial growth and metabolism.

The vertical distribution of ATP was also measured in two sediment cores raised from the
western basin of the Black Sea. The ATP concentration within the uppermost sediment layer
(0-10 cm) was 4 orders of magnitude greater than in the overlying water column, on a per
volume basis (150 ng ATP-e¢m™3 for the sediments, vs. 10 ng ATP - liter~! for the water column).
Scanning electron micrographs are presented depicting early stages in the diagenesis of fram-

boidal iron sulfide.

Within the past two decades extensive -

oceanographic investigations have bcen
conducted in the Black Sca (RV Vitjaz,
and RV Lomonosov, 1960; NOAA ship
Oceanographer and RV Pillsbury, 1967,
RV Atlantis 11, 1969; RV Chain, 1975;
and many cruises of the Institute of
Ocecanology, USSR Academy of Sci-
ences). Although much information has
been compiled concerning the role of
microorganisms (Kriss 1959; Sorokin
1964, 1970; Tuttle and Jannasch 1973;
Castellvi 1975), many basic ecological
questions remain unresolved, or at best
only partially so (see Jannasch et al.
1974). Of particular importance are the
biological and chemical cycling of sulfur
compounds, espccially the relationships
between the microbial sulfur cycle and
the flux of organic carbon compounds
within the water column and sediments
(see Sen Gupta and Jannasch 1973).
Egunoff proposed in the carly 1900s
that the Black Sca must contain a “bac-
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terial plate,” a thin layer of sulfide-oxi-
dizing bacteria that in his opinion served
to prevent the diffusion of HS™ into the
surface waters. This hypothesis was
based primarily upon analogy with aniso-
tropic lakes (Ravic-Scerbo 1930; Sorokin
1970). Using a laboratory model of the
Black Sea, Ravic-Scerbo (1930) was able
to produce an active layer of bacterial sul-
fide oxidation, adding cxperimental cred-
ibility to the Egunoff hypothesis. Since
then, many workers have investigated
the vertical distribution and metabolic
activity of bacteria in the water column
in order to assess the role of bacteria in
biogeochemical transformations. Many of
the published reports, however, are con-
tradictory (e.g. Kriss 1959 vs. Sorokin
1964, 1970), in part perhaps due to prob-
lems inherent in the classical methods of
counting bacteria.

Only a limited effort has been dirccted
to the microbial populations within the
sediments. Since bacteria can exert so
profound an influence on sedimentary
transformations (ZoBell 1946; Ivanov
1968; Sokolova and Karavaiko 1968; Zajic
1969), the diagensis of metal sulfides (es-

pecially iron sulfide) in anoxic environ-

ments has received a great deal of atten-
tion. The report by Degens and Ross
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(1974) has greatly expanded our knowl-
edge of the geochemistry of recent Black
Sea scdiments and their interstitial
waters.

In April 1975, cstimates were made of
the vertical distribution of microbial bio-
mass within the water column and sedi-
ments by measuring adcnosine triphos-
phate (ATP) arid total adenine nucleotides
(A7) at scveral locations in the western
basin of the Black Sea. From determina-
tions of ATP, ADP, and AMP, the ade-
nylate energy charge (EC) ratios

ATP + %ADP

ATP + ADP + AMP

were calculated to establish the relative
in situ metabolic state of the cells. The
vertical distributions of particulate nu-
cleic acids (PNA), particulate organic car-
bon (POC), and particulate organic nitro-
gen (PON) werc also measured at one
decp-water station. Samples were col-
lected from the surface scdiment layer
(0-2 cm) and prepared for examination
with the scanning eclectron microscope
(SEM). I present data here on the distri-
bution, abundance, and metabolic states
of microorganisms in the anoxic waters
and scdiments of the Black Sea and dis-
cuss these results in terms of the avail-
ability of energy for bacterial growth and
metabolism.

I thank my colleagues for help during
this study. In particular, A. F. Carlucci,
O. Holm-Hansen, and . W. Jannasch
criticized the original manuscript, and R.
B. Gagosian and L. Barnard provided un-
published data. A travel grant awarded
through Scripps Institution of Ocecanog-
raphy is acknowledged. 1 especially
thank H. W. Jannasch for allowing me to
participate in this expedition. The com-
ments and criticism of B. B. Jgrgensen,
W. J. Wiebe, and an anonymous referce,
and the enthusiasm of the officers and
crew of the RV Chain (cruise No. 120) arc
appreciated.
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Materials and methods

Sample collection—All samples were
collected between 19 and 28 April 1975,
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Fig. 1. Stations occupicd during RV Chain
cruise 120. Station locations: 1354—41°27'N,

-30°14'E; 1355—42°50'N, 33°00'E; 1355a—42°59'N,

33°59'LL; 1356—42°41'N, 30°37'E; 1357—42°38'N,
28°36'E.

at stations shown in Fig. 1. Water sam-
ples for ATP, Ar, TIS~, and O, determi-
nations were collected with 30-liter Nis-
kin bottles (General Oceanics), those for
PNA, POC, and PON analyses with a 60-
liter Bodman water sampler (Bodman ct
al. 1961). Scdiment samples were taken
at two stations by gravity corers and
chemical and microbiological analyses
begun immediately on board ship.

ATP, A;, and EC: extraction, measure-
ment and calculation—Water for ATP,
A;, and EC determinations was subsam-
pled from the Niskin bottles by filtration
through a 183-u nitex screen into sterile
Fernbach flasks. The adenine nucleo-
tides (ATP, ADP, and AMP) werc cxtract-
ed according to the ATP method of
Holm-ITansen (1973). The volume of
water filtered varied between 100 ml and
1.5 liter, depending on the expected cell
density of the sample. A shipboard ATP
photometer (SAI Technol. Co.) was used
to determine the optimum filtration vol-
ume for each depth interval, in order to
minimize deviations from linearity (Sut-
cliffe et al. 1976; Karl unpublished).
Whenecver possible, duplicate water sam-
ples were extracted and analyzed; the
error bars in certain figures represent the
actual range of duplicate determinations.
The water overlying each core was care-
fully siphoned off and the sediment ex-
trtuded 1 c¢cm at a time with a wooden
plunger. Whencver the core was subsam-
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Fig. 2. Salinity, potential temperature, and density mcasurements for water column at station 1355.

pled, only the central portion was uscd;
the material in direct contact with the
core liner was discarded. ATP was ex-
tracted from triplicate subsamples by the
sulfuric acid-EDTA procedure of Karl
and LaRock (1975); the data shown for
sediments represent the actual range of
these ATP determinations. The nucleo-
tide cxtracts were kept frozen (—20°C) for
later analysis on land. ATP, Aq, and EC
ratios were determined by a firefly bio-
luminescent assay procedure (Karl and
ITolm-Hansen in press), a modification
adapted for environmental samples of the
analysis described by Pradet (1967) and
Chapman ct al. (1971).

PNA—Particulate nucleic acids were
extracted by prefiltering 5 liters of sea-
water through a 183-u mesh and then
concentrating the remaining material
onto a microfine glass-fiber filter (Reeve
Angel, type 984-H). The filters were ex-
tracted with cold (4°C) 5% (wt/vol) tri-
chloroacetic acid (TCA), and the PNA
concentration was measured spectropho-

tometrically by a colorimetric reaction
(Schneider 1957). Since both DNA and
RNA react with thesc reagents, the re-
sults are expressed as particulate nucleic
acids (PNA).

A standard curve was prepared relating
color intensity to known RNA concentra-
tions. Purified yeast RNA (Sigma) (100
mg) was dissolved in 5 ml of 5% TCA by
heating for 15 min. Various dilutions of
this stock solution were prepared in 5%
TCA to provide standards ranging from
0.2-20 png RNA-ml™! which were assayed
as described above.

SEM—Surface sediment (0-2 c¢m) was
subsampled as described above and pre-
pared for SEM observation by a minor
modification of the method of Paerl and
Shimp (1973). After fixation, desalting,
and dehydration, the samples were kept
immersed in 75% ethanol (ETOII) until
the critical point drying procedure which
was performed on land. Although the
samples underwent decompression be-
fore the initial fixation and were stored
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Fig. 3. Vertical distribution of ATP, A, and cnergy charge for water column at station 1355. Total

water depth 2,160 m.

for a considerable time in 75% ETOII
after the desalting and dehydration se-
ries, SEM observations show that neither
procedure affects the cell morphologies
(Carlucci et al. 1976; A. F. Carlucci pers.
comm.). All samples were examined with
a Cambridge stereoscan electron micro-
scope and the images recorded on type
105 P/N Polaroid sheet film. The elemen-
tal composition of selected samples was
qualitatively determined by energy dis-
persive spectrometry (EDS).

Ilydrographic and chemical data—
Mecasurements including potential tem-
perature (), salinity (S%o), potential den-
sity (expressed as ¢0), HS~, O,, POC,
and PON were provided by R. B. Gago-
sian. Water samples used for these anal-
yses were collected at stations shown in
Fig. 1. The entire set of hydrographic and
chemical data, together with a brief doc-
umentation of the methods used, is to be
compiled into a single cruise volume
(Gagosian in prep.).

Table 1. Vertical distribution of several important biological parameters within water column at station

1355.

Depth ATP PNA PNA roc  ron POC PNA-C* PNA-C

(m) ng-liter—! pg-liter * ATP (pg-liter™) PON pg-liter™! POC
10 260 23.1 89 81 9.2 8.8 7.9 0.097
48 200 14.4 72 51 5.0 10.2 4.9 0.096
107 34.3 6.1 178 22 1.8 12.2 2.1 0.095
137 30.5 5.3 174 24 3.4 7.0 1.8 0.075
185 27 8.7 322 36 5.1 7.1 3.0 0.083
342 10.5 7.7 733 18 2.2 8.2 2.6 0.144
488 5.9 5.6 949 15 1.8 8.3 1.9 0.127
977 8.9 8.5 953 15 1.9 7.9 2.9 0.193
1,800 12 104 867 25 3.8 6.5 3.5 0.140
2,045 15 14.0 933 29 3.8 7.6 4.8 0.166

* Caleulations based on average composition of yeast RNA.



940 Karl

SULFIDE, pg-atoms S-liter-!
O 75 150 225 300
T T T

f T Il

OXYGEN, miifer-! ATP and A, ng-liter-! ENERGY CHARGE
) 06 l.|2 I,‘8 24 o} 20 40 60 80 05 06 o7 08 O:9 10

T d H T

50

100

150

200 |-

DEPTH, m

250 |-

300 }-

350}-

400 : l L

Fig. 4. Vertical distribution of HS", O,, ATP, A, and energy charge for upper 400 m of water column
at station 1355.
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Fig. 5. Vertical distribution of ATP, A, and energy charge for water column at station 1356. Total
water depth 2,180 m.
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Fig. 6. Vertical distribution of ATP for water

column at station 1357. Total water depth about”

500 m.

Results

Figure 2 shows the vertical distribu-
tion of S%o, O, and ¢O for the entire water
column at station 1355 (see Fig. 1). The
most significant feature is the steep pyc-
nocline between 50 and 150 m. This pyc-
nocline, which is induced by rapid
changes in salinity with depth, is the pri-
mary physical barrier to advective mixing
and the ultimate cause of anoxic condi-
tions in the Black Sca. Although hydro-
graphic parameters were similar at all
four hydrostations, only those data col-
lected at station 1355 are presented here.

The results of the adenine nucleotide
determinations (ATP, A, and EC ratios)
revealed several intecresting and consis-
tent features. The vertical profiles were
characterized by an increasc in ATP and
Ay in the region of the oxic—anoxic inter-
face, accompanicd by an increasc in the
EC ratio (Figs. 3, 4, 5, 6). The incrcase in
ATP, A, and EC was located in the re-
gion where both O, and HS~ werc pres-
ent in low but detectable concentrations
(Fig. 4). Directly below the subsurface
peak, the A; concentration remained rcl-
atively high for ncarly 50 m, while the
ATP and EC ratio pcaks were of much
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Fig. 7. Vertical distribution of PNA and 11S~ for
water column at station 1355. Total water depth
2,160 m.

more restricted vertical extent (Fig. 4).
Below 800 m, the ATP and A concentra-
tions increased with increasing water
depth to deep water (>800 m) maxima at
about 2,000 m (Figs. 3, 5), the decepest
water sampled. This unusual increase in
ATP with increasing water depth was ac-
companied by a concomitant increase in
the EC parameter (Figs. 3, 5).

The vertical profiles of PNA, POC, and
PON for station 1355 are presented in
Fig. 7 and Table 1 and show general fea-
tures similar to those of ATP, A, and EC.
The subsurface pcaks in PNA, POC, and
PON werc slightly decper than those of
ATP and EC, but were well within the
region of the subsurface A; maximum
(Figs. 4, 7, and Table 1). Below 500 m,
the distribution of PNA, POC, and PON
also showed increasing vertical gra-
dients.

The sediment ATP profiles were char-
acterized by a subsurface maximum at a
depth of about 3 to 6 cm (Fig. 8). The
average ATP concentration in the top 10
cm of each core represents an increase of
more than four orders of magnitude (on
a per volume basis) over the concentra-
tions in the deepest portion of the water
column. Although the ATP surface (0-2
cm) and deep (10 ¢m) values were similar
in the two cores, the concentration of
ATP at the subsurface maximum was
greater in the core from shallower water
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Fig. 8. Vertical distribution of ATP for sedi-
ments collected at stations 1354 and 1355a. Total
water depth 450 m and 2,200 m.

(354 vs. 116 ng ATP-cm—3 wet sediment:
Fig. 8).

Representative results of SEM obser-
vations from the sediment are presented
in Figs. 9 and 10. The most conspicuous
biogenic components of the deep-sea
(2,200 m) sediment were coccoliths in
various stages of dissolution and occa-
sional diatom frustule fragments (Fig. 9A,
B), consistent with previous observations
(see Degens and Ross 1974). In addition
to these calcareous and siliceous detrital
fragments, there were many colonies of
bacteria (Figs. 9C, 10A). Assemblages
shown in Fig. 10 are considered to rep-
resent early stages in the diagenesis of
iron sulfides and in the formation of py-
rite framboids. Energy dispersive X-ray

Karl

C —i3pu

Fig. 9. Deep-sea (2,200 m) sediment environ-
ment and microenvironments. A—Indicates ubiq-
uity of coccoliths and diatom frustules throughout
topmost sediment layers. B—Habitat surrounding
a bacterial colony (center right). C—Enlargement
of colony shown in panel B.
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C — 2u

Fig. 10. Environments of iron sulfide precipita-
tion. A—Iron sulfide framboid (left center) sur-
rounded by dense bacterial growth (right side).
Note similarity in size between bacterial cells
(right) and individual microcrystallites of framboid.
B—Framboid assemblage. Note mucuslike connec-
tions between individual components of framboid,
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emission spectra from the material shown
in Fig. 10B, C indicate that Fe and S are
the two major elemental components of
these framboidal structures.

Discussion

The vertical distribution of ATP in the
water column of the Black Sea showed
several consistent and unusual features,
including an increase in concentration at
the oxic—anoxic interface, concentrations
in the deep anoxic zone (>800 m) high
relative to those previously reported from
oxygenated oceanic environments of
comparable depth, and a gradual increase
in concentration with depth in the deep
anoxic zone. Although these particular
features have never been reported from
oxygenated seawater, the ATP distribu-
tion in the Cariaco Trench (a Caribbean
anoxic basin) shows nearly identical ver-
tical trends (Karl et al. 1977). These data
suggest that there are factors responsible
for controlling the distribution and abun-
dance of microorganisms unique to an-
oxic basins.

The interface ATP peak is character-
ized by a very steep gradient (i.e.
AATP:AZ) especially at its upper surface
(Figs. 3-6) and by a relatively restricted
vertical extent (<20-30 m). From direct
observation, Sorokin (1964) reported a
similar increase in cells near the oxic—an-
oxic interface. The ATP peak could result
from several different microbial process-
es. Sorokin also located an active zone of
bacterial sulfate reduction directly below
the chemocline, and Jannasch et al.
(1974) thought this enrichment of heter-
otrophically growing microorganisms was
the result of photosynthetically derived
organic material “leaking” through the
interface and supplying these obligate

«—
suggesting biological origin. EDS analysis indicates
that Fe and S are the two primary components of
this framboid. C—Aggregate of individual fram-
boid-producing particles with remains of various
biogenic components (radiolarian, coccolith). Again,
note mucuslike accretions connecting particles, but,
most important, absence of characteristic spherical
framboid shape.
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anaerobes with a source of oxidizable or-
ganic matter. The large increase in mi-
crobial biomass might also be the result
of an active sulfide-oxidizing bacterial
population. Sorokin (1964, 1970) mea-
sured high rates of reduction of ['*C]CO,
in the absence of light slightly above the
interface region, a process that he inter-
preted as “chemosynthesis,” and ob-
served microscopically cells from within
the chemocline described as “thiobacil-
lilike.” Using a vertical advection-diffu-
sion model, Brewer and Murray (1973)
calculated that CO,, NH,*, and IIPO2"
were all consumed within the chemo-
cline of the Black Sea, at rates suggesting
active in situ chemosynthetic bacterial
production. Tuttle and Jannasch (1973)
have isolated sulfide- and thiosulfate-ox-
idizing bacteria from the interface region
of both the Black Sea and -the Cariaco
Trench, but were very cautious in inter-
preting the dark carbon dioxide assimi-
lation data, suggesting additional biolog-
ical and chemical processes that could
account for an apparent uptake of
[*C]CO,. Most of the sulfide- and thio-
sulfate-oxidizing bacteria from the Black
Sea were facultatively autotrophic, like
the organisms isolated from oxygenated
oceanic environments (Tuttle and Jan-
nasch 1972). They do not lower the pHl
as do the sulfate-producing chemolitho-
trophic thiobacilli, but oxidize reduced
sulfur compounds to polythionates. Ku-
enen (1975) believed there was no un-
cequivocal evidence for the occurrence of
true thiobacilli in the Black Sea. Tuttle
et al. (1974) have demonstrated growth
stimulation by thiosulfate of several het-
crotrophic marine isolates, suggesting
that mixotrophic growth could confer an
advantage over purely hetcrotrophic
growth, especially in the ocean where
the organic carbon levels are extremely
low.

The ATP biomass data presented here
show the maximum concentration in that
portion of the water column where O,
and IIS™ cocxist in very low, but detect-
able concentrations (Figs. 3-5), rather
‘than distinctly above or below this chem-

ically mixed transition zone. In both of
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the deep water profiles, the ATP maxi-
mum is at an O, concentration of 0.2-0.3
ml-liter~! (Figs. 3, 5). These data suggest
that most of the organisms at the ATP
peak are living aerobically or microaero-
philically rather than anaerobically.

The EC ratio (Atkinson and Walton
1967; Atkinson 1969; Chapman et al.
1971) has been used as a linear measurc
of the amount of metabolic energy stored
in the adenine nucleotide pools (Swedes
et al. 1975). Extensive laboratory studies
indicate that the EC in growing cells is
stabilized at a value of 0.8 to 0.9; as
growth ceased in pure cultures of Esch-
erichia coli, the EC ratio dccreased to
between 0.8 and 0.5, and when the ratio
dropped below 0.5 the cells were no
longer viable (Chapman et al. 1971). In
principle, the EC ratio might be useful
for estimating the overall metabolic state
of natural microbial populations (Wicbe
and Bancroft 1975) and the potential for
cell growth.

The EC data presented in Figs. 3, 4,
and 5 indicate that the large increase in
biomass in the interface region actually
consists of a vertically restricted zone of
rapidly growing microbial cells. Al-
though growth rate cannot be determined
from EC measurements alone, the rate of
protcin synthesis and the capacity for
growth are more closcly coupled to
changes in the EC ratio than to changes
in the absolute concentration of ATP
(Swedes et al. 1975). It is interesting that
the maximum concentration of ATP and
the maximum EC ratio were both found
in the same sample at all three stations
(Figs. 3-5). These data support the Egun-
off prediction for the existence of a well
defined layer of metabolically active bac-
teria at the Black Sea chemocline. The
question that remains unresolved is
whether the large biomass and high met-
abolic activity actually represent the thio-
bacillilike bacteria proposed by Egunoff
or other physiological groups of micro-
organisms.

Directly below the ATP interface peak
there is a broad zone of 200-300 m in
vertical extent where both ATP and A;
concentrations decrcase rapidly with
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depth (Figs. 3, 5). Within the same depth
interval, the EC ratio decreases from the
maximum value at the chemocline (Figs.
3, 5). It is quite possible that the distri-
bution of microbial biomass and activity
within this portion of the water column
results from cells passively sinking out of
the chemocline where metabolic activity
is maximal.

The concentrations of ATP in the decp-
er portions of the anoxic zone (800-2,100
m) are from 2 to 10 times greater than
those from comparable depths in oxygen-
ated oceanic environments (ITobbie ct al.
1972; Holm-IHansen and Booth 1966;
Holm-Hansen 1969; Karl et al. 1976). The
concentrations of ATP, PNA, POC, and
PON all increasc with depth below 500
m (Figs. 3, 5, 7, Table 1). Previous in situ
optical measurements of the intensity of
scattercd light (Neuimin and Paramonov
1965) and gravimetric determinations of
material suspended in the Black Sea
(Spencer et al. 1972) show that the levels
of particulate material increase with
depth within the deep anoxic zone. The
deep-water EC values indicate that the
biomass increase shown by ATP concen-
trations below 800-1,000 m is accom-
panicd by an increase in community met-
abolic activity (Figs. 4, 6).

Although no comprchensive data are
available concerning the half-life of nu-
cleic acids in seawater, the considerable
DNase activity reported for a coastal ma-
rine ccosystem (Maedec and Taga 1973)
suggests that they are biologically labile,
The substantial levels of PNA in the an-
oxic portion of the Black Sea water col-
umn suggest that a significant portion of
the total POC is nonrefractory. For ex-
ample, the total PNA-C at 2,045 m at sta-
tion 1355 (PNA x 0.34 = PNA-C) ac-
counts for >15% of the total POC (4.8
ng-liter=4/29.2 pg-liter~' = 16.4%). Al-
though there is a very large change in the
PNA:ATP ratio with depth (i.e. 70-90 for
euphotic zone; 700-900 for deep water),
there is a very close correlation between
the ATP and PNA concentrations within
the anoxic zone. The correlation coeffi-
cient (r) calculated for the lower portion
of the water column (342-2,045 m) is

945

0.99, suggesting a dircct interaction be-
tween the two parameters measured.
This increase in nucleic acid-rich mate-
rial with depth can be discussed in terms
of the ATP, Ay, and EC data presented
carlier. Rapidly growing bacterial cells
contain betwecn 24 and 42% RNA (dry
wt basis), and as the growth rate de-
creased, the intracellular nucleic acid
concentration also decrcased (Wade and
Morgan 1957; Neihardt and Magasanik
1960; Maaloe and Kjeldgaard 1966). The
increase in nucleic acid-rich organic ma-
terial in Black Sea water might result
from an actively growing microbial pop-
ulation, as supported by the ATP and EC
data, rather than a mere accumulation of
nonliving nucleic acids.

Thus far data have been presented that
suggest an increase in biomass (ATP), ac-
tivity (EC), and growth (PNA:ATP ratio)
with depth in the anoxic portion of the
water column; however, no consideration
has been given to the source of cnergy
requircd for these sustained heterotro-
phic processes. The Black Sca contains
an extremely large pool of DOC, and scv-
eral investigators have reported a sub-
stantial increase with depth in the anoxic
portion of the water column (e.g. Datsko
cited in Richards 1965; Starikova 1970).
Deuser (1971) found that the DOC in-
creased from 2 mg C-liter™' at 150 m to
a maximum of 6 mg C-liter™! at the bot-
tom (2,100 m), or about 3-8 times greater
than values from oxygenated oceanic en-
vironments (Mcnzel and Ryther 1968;
Menzel 1970; Williams 1971). This gen-
eral excess of organic matter in the anoxic
portion of the water column has been in-
terpreted by Jannasch et al. (1974) to rep-
resent a limitation in the availability of
hydrogen acceptors required for further
microbial decomposition. One major dif-
ficulty with bulk carbon determinations
(i.e. total DOC) is the complete lack of
information concerning the speccific
chemical composition (and subscquent
biological usefulness) of this material; in-
vestigators have now begun to examinc
the origin, distribution, and utilization or
fate of specific classcs of organic com-
pounds. The increase in ATP and poten-
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tial for cell growth with depth below 800
m in the Black Sea implics the existence
of a vertical gradient in specific organic
substrates required for bacterial metabo-
lism. Fermentation reactions within the
organic-rich sediments, combined with
upward vertical advection and diffusion
processes, are the primary factors respon-
sible for maintaining these gradients.
The similar situation in the anoxic por-
tion of the Cariaco Trench (Karl et al.
1977) suggests that similar chemical and
microbiological features may be typical
of all oceanic anoxic basins.

The average concentration of ATP

within the uppermost sediment lavers (0-
within the uppermost sediment layers (U-

cm) is about 80 and 150 ng ATP-cm™3
wet sediment at stations 1355a (2,200 m)
and 1354 (450 m) with a greater subsur-
face peak at the shallow water station
(Fig. 8). These ATP levels are compara-
ble with those in sediments from 80 km
off the coast of Spanish Sahara in 1,000
m of water (Hodson et al. 1976) and in
shallow sediments (<50 m) about 6-10
km offshore in the Southern California
Bight (Karl unpublished data), but are
nearly 100 times greater than ATP values
in a decp oceanic sample (6,000 m) col-
lected in the Nares Abyssal Plain (Karl et
al. 1976). These differences may reflect
the availability of organic matter in these
ecosystems. Recent Black Sea sediments
are extremely rich in organic carbon and
may contain >15% organic material by
weight (Degens et al. 1970; Hunt 1974;
Degens and Ross 1974). Dissolved organ-
ic carbon concentrations in the intersti-
tial waters of Black Sea sediment cores
are several times greater than the DOC
in the overlying water column, ranging
from 7.2 to 62.6 mg C-liter ! depending
on the amount of particulate organic mat-
ter present (Starikova 1970).

One consistent featurc of the vertical
profiles of ATP was that subsurface peaks
were found at a depth of about 3-6 cm in
the core, rather than as expected directly
at the water—sediment interface. Since
the Black Sea is anoxic from about 125-
225 m to the bottom and throughout the
entire core, the observed distribution is

T ranl
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not likely to be caused by strong gra-
dients in dissolved gases, nutrients, pH,
or redox potential. One striking physical
feature of the Black Sea sediments was
the existence of a fluid mud, which has
been described as a “fuffy gelatinous-ap-
pearing aggregation composed primarily
of detrital minerals with small amounts
of both particulate organic matter and bio-
genic carbonate materials” (Barnard and
Fanning pers. comm.). The water content
of this layer was very high (=96%), re-
sulting in an extremely low sediment
density (1.049 g-cm™% Barnard and Fan-
ning pers. comm.). Since the values are

of wet sedi
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subsurface peaks may simply be the re-
sult of this large vertical variation in sed-
iment density.

Although direct involvement of bacte-
ria in the formation of sedimentary de-
posits of native sulfur cannot be disputed
(Ivanov 1968; Sokolova and Karavaiko
1968), the question of the importance of
microorganisms in the diagenesis of iron
sulfide minerals (particularly pyrite) is
still open. Several obvious ( and relative-
ly undisputed) indirect roles of bacteria
in the formation of authigenic iron sul-
fide are: maintenance of anoxic condi-
tions through removal of O, by the met-
abolic activity of facultative anaerobic
bacteria; maintenance of proper pH and
redox potential levels to ensure thermo-
dynamic stability of the appropriate min-
cral phases; and reduction of SO2 to
HS~ via anaerobic respiration. Reports of
pyrite formation in oxidizing sediments
(Emery and Rittenburg 1952) and in the
tests of living Foraminifera (Seiglie 1973)
both suggest microbial involvement. The
direct evidence is based primarily on ob-
servations that laboratory cultures of sul-
fate-reducing bacteria can precipitate
iron sulfides either within their cell walls
(Issatschenko cited in ZoBell and Ritten-
burg 1948) or as an external cell coating
(Hallberg 1965). A recent report that mi-
crobiologically formed iron sulfide min-
erals showed no chemical, textural, or
crystallographic differences from sulfides
precipitated inorganically (Rickard 1969)
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suggests that the dircet chemical reac-
tions of formation are independent of
bacterial activities.

The scanning electron micrographs
presented in Fig. 10 depict what I. con-
sider to be the early stages in the diagen-
esis of framboidal iron sulfide. Sweeney
and Kaplan (1973) suggested that the
spherical texture is developed when the
initial iron monosulfide precipitate is
transformed into greigite (cubic Fe,S,),
and as greigite is further transformed into
pyrite (FeS,), internal nucleation occurs
to form the familiar framboidal structure.
In contrast to previously published scan-
ning electron micrographs of iron sulfide
framboids (Sweeney and Kaplan 1973;
Goldhaber and Kaplan 1974; Degens and
Ross 1974) those shown here reveal
either intimate association with recogniz-
able bacterial colonies (Fig. 10A), or bi-
ologically derived mucuslike threads
(Fig. 10B, C) connecting individual mi-
crocrystallites (bacterial cells?). In addi-
tion, Fig. 10C shows a nonspherical ag-
gregate displaying some characteristics
of a bacterial colony (mucuslike accre-
tions, cell size 0.7 u, proximity to former
biological material) and some character-
istics of authigenic pyrite (microcrystal-
lite size 0.5-1.0 u, framboidal appear-
ance, but not spherical).

The concentration of iron dissolved in
the interstitial waters of Black Sca sedi-
ments is extremely high (0.4-6 mg- liter—:
Manheim and Chan 1974), so it is not un-
likely that iron sulfide would precipitate
around localized sources of IS~ (i.e. sul-
fate-reducing bacteria). Although some
carlier work has de-cmphasized the im-
portance of bacteria (Vallentyne 1963;
Rickard 1969, 1970; Farrand 1970), no
comparisons have becn made of the ki-
netics of iron sulfide precipitation with
and without the presence of bacteria. The
actual role of microorganisms in the au-
thigenic formation of metal sulfides may
be related to their ability to scrve as cat-
alytic sites for inorganic precipitation. A
similar role of living catalyst has been
proposed for certain bacteria in the for-
mation of deep-sea manganese nodules
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(Crerar and Barnes 1974). To evaluate
these hypotheses, we need to conduct in
situ cxperiments so that the cxact physi-
cochemical reaction conditions in natural
systems can be duplicated.
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