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ABSTRACT

Sediment samples were obtained from 36 depths between the near-surface to almost 100 mbsf (meters below seafloor) at
Site 969, south of Crete. Bacterial populations were determined by the acrinine orange direct count technique. The bacterial
profile agreed with a general relationship between sediment depth and bacterial concentration previously obtained from a range
of different marine sites. Bacterial populations decreased from a near-surface value of 7.76 × 108 cells/cm3 to 1.0 × 106 cells/
cm3 by 97.79 mbsf. Dividing and divided cell numbers roughly paralleled total bacterial numbers representing ~9.9% of the
total population. At two depths, sapropels were specifically sampled in duplicate and enumeration suggested that bacterial pop-
ulations within sapropels were homogeneous. Two additional sapropels were also encountered by chance. The data strongly
indicated an active and probably growing bacterial population within the sapropels because: 

1. Bacterial populations were considerably, and significantly, greater than those in adjacent nonsapropel sediment layers.
2. There were locally high TOC concentrations and abundant electron acceptors (sulfate). 
3. Evidence of postburial bacterial sulfate reduction activity was supported by independent sulfur isotope data. 
4. Dividing bacterial cells were present. 

These results demonstrate the surprising ability of 4.7 Ma organic matter to continue to provide energy for bacterial populations
during burial, and this supports the global presence of a deep bacterial biosphere in marine sediments.
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INTRODUCTION

The presence of a deep bacterial biosphere in marine sediments
has now been confirmed by a large amount of work, primarily on
Ocean Drilling Program (ODP) sediments (Whelan et al., 1986;
Tarafa et al., 1987; Parkes et al., 1990, 1993, 1994, 1995; Cragg,
1994; Cragg et al., 1990, 1992, 1995a, 1995b, 1996, 1997; Cragg and
Parkes 1994; Cragg and Kemp, 1995), and recent work indicates a
bacterial presence in basaltic basement rocks (Furnes et al., 1996;
Giovannoni et al., 1996). The depth profile of sediment bacteria is re-
markably consistent across different oceans and shows population
sizes of ~9 × 108 cells/cm3 at the near surface decreasing exponential-
ly to ~1.5 × 106 cells/cm3 at 500 mbsf. In near-surface marine sedi-
ments, bacteria play a central role in the degradation and selective
preservation of organic matter and are thus intimately involved in
biogeochemical cycling of elements (Jørgensen, 1983; Novitsky
Karl, 1986; Jørgensen et al., 1990; Parkes et al., 1993). At gr
depths, geochemical evidence has indicated that bacterial po
tions remain active (Krumbein, 1983), and more recently low le
of bacterial activity have been demonstrated to 500 mbsf in the J
Sea (Cragg et al., 1992; Getliff et al., 1992; Parkes et al., 1994)

Sediment cores from the Mediterranean Sea contain nume
dark bands that are rich in organic carbon and contain above av
amounts of pyrite (Rohling, 1994). These layers, called sapropel
characteristic of silled marginal seas and seem to have occurred
sponse to significant changes in climate, circulation, and 
geochemical cycling (Emeis, Robertson, Richter, et al., 1996
number of models exist to explain sapropel formation, from isola
and subsequent anoxia of deep bottom water, resulting in enha
organic carbon preservation (Vergnaud-Grazzini et al., 19
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through increased local organic carbon production (Müller 
Suess, 1979), to anti-estuarine circulation combined with influxe
freshwater from the effects of African monsoons on the Nile Ri
and severely reduced evaporation rates (Cramp et al., 1988; Ro
1994). Regardless of their method of formation, sapropels repre
a locally significant amount of buried organic carbon to which se
ment bacteria have had access for some millions of years. The a
this investigation was to assess the effects of very high levels of
ied organic carbon encountered in these sapropels on in situ d
sediment bacterial populations.

MATERIALS AND METHODS

Site Description

Site 969 is located on the Mediterranean Ridge ~120 km sou
Crete (33°50.466′N, 24°52.980′E) in water 2202 m deep (Emeis
Robertson, Richter, et al., 1996). The Mediterranean Ridge (~15
wide) separates the Ionian Basin in the west from the Levantine B
in the east and is believed to be a subduction complex formed b
scraping of sediments from the subducting African plate (Dewe
al., 1973). An unusual feature of the Mediterranean Ridge is the p
ence of evaporitic deposits of uncertain composition at a dept
100−400 mbsf, which may influence pore-water chemistry and s
ment diagenesis (Emeis, Robertson, Richter, et al., 1996). Su
sediment temperature was ~14°C, and the geothermal gradien
estimated at 8°C/km. Sedimentation rates vary considerably 
depth (6−86 m/m.y.) and average ~23 m/m.y. This site contains 
sapropel beds to 116 mbsf, which vary in thickness between 1 an
cm (Emeis, Robertson, Richter, et al., 1996).

Shipboard Handling

A series of 36, 1-cm3 sediment samples were removed from co
sections of Hole 969B between 0 and 97.8 mbsf. Immediately af
core was cut into 1.5-m sections on the outside catwalk, a thin l
of sediment was removed from the section end using a sterile sc
303
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to expose an uncontaminated surface. A 1-cm3 sample was then taken
with a sterile (autoclaved) 5-mL syringe from which the luer end had
been removed. The sample was ejected directly into a tared serum
vial containing 9 mL of filter sterilized (0.2 µm) 4% formaldehyde
artificial seawater. On two occasions, where a cut passed throu
sapropel (at 19.9 and 46.9 mbsf with sapropels 4 cm and 8 cm t
respectively), a single sample was taken from each of the adja
section ends to assess homogeneity of bacterial populations wit
sapropel.

Laboratory Handling
Direct Microscopic Observations

Acridine orange staining and microscopic observations w
based on the general recommendations of Fry (1988). Fixed sam
were vortex mixed, and a 2.5 to 15 µL subsample was added to 1
of 2% filter-sterilized (0.1 µm) formaldehyde in artificial seawat
Acridine orange (50 µL) was added to give a final concentration 
mg/L. After 3 min, the solution was filtered through a 25-mm Nuc
opore black polycarbonate membrane (Costair, High Wycom
U.K.) of 0.2-µm pore size. The filter was rinsed with a further 10 
of 2% filter-sterilized formaldehyde in artificial seawater and mou
ed in a minimum of paraffin oil under a cover slip. Three replicate
ters were prepared from each sample to minimize the variance o
counts (Kirchman et al., 1982). Where 95% confidence limits of
mean count exceeded 0.5 log10 units, further replicate filters were
prepared. A minimum of 200 fields of view were counted.

The mounted membrane filters were viewed under incident 
mination with a Zeiss Axioskop microscope fitted with a 50-W m
cury vapor lamp, a wide-band interference filter set for blue exc
tion, a 100× (numerical aperture = 1.3) Plan Neofluar objective le
and 10× eyepieces. Bacterially shaped green and red fluorescing
jects were counted. Cells’ On or Off particles were counted sepa
ly, and the numbers of those on particles doubled in the final calc
tions to account for cells hidden from view by particles (Gould
1977). Dividing cells (those with a clear invagination) and divid
cells (pairs of cells of identical morphology) were also counted. 
detection limit for bacterial cells was estimated as 1 × 105 cells/cm3

(Cragg and Parkes, 1994).

RESULTS AND DISCUSSION

Bacterial populations were detected at all depths sampled (Fig
Total bacterial numbers were high at the near surface (9.79 × 108

cells/cm3 at 0.025 mbsf) and decreased rapidly to 1.1 × 106 cells/cm3

by 11.89 mbsf, representing a >99.8% decrease in cell num
Thereafter, with some notable exceptions, bacterial population
mained relatively constant to our deepest sample at 97.79 mbs
× 106 cells/cm3). This initial rapid decrease in bacterial populati
size (~43%/m to 11.89 mbsf) followed by a very gradual decre
(~1.8%/m to 97.89 mbsf) has been observed at other ODP sites
ticularly in the similarly organic-rich Santa Barbara Basin (Cragg
al., 1995a), but also elsewhere in the Pacific Ocean (Cragg e
1990, 1992; Parkes et al., 1990; Cragg, 1994; Cragg and K
1995). The depth at which this change occurs varies between
and the reasons for such a marked change remain unclear.

Dividing and divided cells (DDC) were present in all but the de
est sample (Fig. 1), and they correlated closely with the total couR
= 0.689; N = 36; P >> 0.002) representing ~9.9% of the total popu
tion in each sample. This strong relationship has been observe
quently at other ODP sites (Cragg et al., 1990, 1992; Parkes e
1990; Cragg, 1994; Cragg and Kemp, 1995). Near surface num
were 5.3 × 107 cells/cm3, which decreased rapidly to 1.0 × 105 cells/
cm3 by 11.89 mbsf. Below this depth DDC remained relatively c
stant at 3.5 × 105 cells/cm3, 2.3 − 5.5 × 105 cells/cm3 (mean and 95%
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confidence limits, respectively), except for increases associated 
sapropels. The lack of any DDC in the deepest sample was unex
ed, although, as this sample had the second lowest total bacterial
ulation at 1 × 106 cells/cm3, any DDC count was likely to be at, o
near, the detection limit. Although the proportion of dividing ce
can not be used to calculate growth rates, the presence of divi
cells can provide an index of growth and hence population viabi
(Getliff et al., 1992), the presence of significant numbers of bacte
involved in cell division throughout most of the core is indicative 
active rather than dormant or senescent populations.

The two planned sapropel samples were at 19.9 and 46.9 m
Two additional sapropel samples were obtained serendipitousl
2.72 and 95.89 mbsf (Fig. 1). Unlike the planned samples, these 
only single samples. Cell numbers for the sapropel at 19.89−19.91
mbsf were 3.68 and 3.1 × 107 cells/cm3 and for the sapropel at 46.89−
46.91 mbsf were 2.0 and 2.4 × 107 cells/cm3. Two sample t-tests per-
formed separately at each of the two sediment depths indicate
significant difference between the near-replicate samples des
very low pooled sample variances (Log10 0.064 and 0.059, respec
tively). This result indicated that, in the sapropels sampled, bacte
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Figure 1. Depth distribution of total bacteria (solid circles) and dividing/
divided cells (open circles) at Hole 969B using the acridine orange direct
count (AODC) technique. Average variance for sample enumerations in this
data set was 0.012 Log10 units. This produced an average 95% confidence
limits of 0.251 Log10 units (range 0.055−0.452). Horizontal lines on the y-
axis indicate the presence of sapropels.



SAPROPEL BACTERIA

v
th
to
u

tl

i
r
d

th
ia
 
n

s

r
s
d

in

s

r-
) or
are

tra-
red
e-
am-
s in
-

evi-
i-

the

ter

ly)
populations were effectively homogeneous over centimeter scales,
and that operator-counting variability remained low.

Total organic carbon (TOC) data were not available for Hole
969B apart from a very few spot observations. A complete data set
was, however, obtained from Hole 969A (Fig. 2) ~198 m distant from
Hole 969B (Emeis, Robertson, Richter, et al., 1996). In general, con-
centrations of TOC were particularly high, averaging 7.2 wt%
throughout the hole; however, the variance was large, and this high
average is probably a sampling artifact because there was a bias to
sampling around areas of high interest such as the sapropels. Here
many values were over 10 wt%, and a maximum of 30.5 wt% was re-
corded at 55.8 mbsf (Emeis, Robertson, Richter, et al., 1996). Cores
from Hole 969B were offset with respect to those from Hole 969A,
and, despite using mean composite depths (Emeis, Robertson, Rich-
ter, et al., 1996) to adjust the TOC data from Hole 969A to fit Hole
969B, no correlation was observed between total bacterial popula-
tions and TOC (R = 0.10; N = 34). This was true even when the TOC
data were recalculated as moving averages to remove spikes and al-
low correlation of bacterial numbers against trends in TOC concen-
trations. This was unexpected as our previous work has generally
demonstrated highly significant correlations between these variables
(Parkes et al., 1993; Cragg and Kemp; 1995, Cragg et al., 1995a,
1995b).

It is interesting to note that within the range of TOC concentra-
tions more normally expected, and which we usually encounter in
marine sediments (0−3 wt%), this data set produced a significant cor-
relation (R = 0.499; N = 16; P <0.05) between TOC and bacterial pop-
ulations. Addition of data with higher TOC concentrations destroyed
this relationship, which suggests that at high concentrations, such as
those found in sapropels, TOC is effectively present in excess and
ceases to be a limiting factor for bacterial population size.

Inorganic interstitial water (IW) chemical data are similarly re-
stricted to cores from Hole 969A. IW sulfate concentrations increase
gradually from a bottom-water value of 31.2 mmol/L to 39.7 mmol/L
at 102 mbsf (Fig. 2), and there is no reason to believe that Hole 969B
data would have a profile significantly different from this (H.−J.
Brumsack, pers. comm., 1996). At these concentrations, sulfate is in
great excess for sulfate-reducing bacteria as concentrations above 3
mmol/L are considered nonlimiting (Capone and Kiene, 1988). Sulfur
isotope analysis indicates that small amounts of bacterial sulfate re-
duction occur throughout the core (Böttcher et al., Chap. 29, this 
ume). Low rates of sulfate reduction would be consistent with 
smooth IW sulfate profile, with limited local sulfate removal due 
bacterial sulfate reduction being fully, and rapidly, replenished by 
ward diffusion.

Total sulfur concentrations (in weight percent) very significan
correlate (R = 0.796; N = 60; P << 0.002) with TOC concentrations
(Fig. 2), and most of the sulfur present is in the form of pyrite (Eme
Robertson, Richter, et al., 1996). As a biological pyrite formation 
quires temperatures considerably greater than those experience
these sediments (Raiswell and Al-Biatty, 1992), it is evident that 
strong correlation is a reflection of bacterial activity. That bacter
sulfate reduction continues subsequent to burial is supported by
substantial and continuing increase in total sulfur concentratio
mainly as pyrite, with depth to 57.5 mbsf (~1000% increase over 
face values; Fig. 2).

The total bacterial population profile agrees with a general p
file, almost exclusively derived from Pacific Ocean sites, previou
calculated by Parkes et al. (1994; Fig. 3), and since augmente
Cragg et al. (1997), given by the expression:

Log10 bacterial numbers = 7.94 − 0.64 Log10 depth (m).

Given the generally high levels of TOC, it might seem surpris
that most of the data tend to cluster along the lower prediction lim
however, the majority of such data comes from the depth range−
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18 and 55−80 mbsf, associated with red-colored, low organic ca
bon, oxidized sediments (Emeis, Robertson, Richter, et al., 1996
from between groups of sapropels where TOC concentrations 
also low. Near the surface and where locally high TOC concen
tions occur, bacterial population sizes are more generally scatte
between the prediction limits. The four highest populations (with r
spect to the depth/numbers relationship) are the four sapropel s
ples (Fig. 3). These samples also represent bacterial population
conditions of particularly high-TOC concentration, although no lin
ear correlation between bacterial concentration and TOC was 
dent within these four samples. The following data strongly ind
cates an active and probably growing bacterial population within 
sapropels: 

1. Bacterial populations considerably, and significantly, grea
(t = 6.04, 7.15, 17.79, 15.22; N = 6; P < 0.05, <0.05, <<0.005,
<<0.005 for 2.72, 19.9, 45.9, and 95.79 mbsf, respective
than those in adjacent nonsapropel sediment layers;
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Figure 2. Depth distribution of total organic carbon (solid circles), total sulfur
(solid circles), and pore-water sulfate (open circles, dashed line) in Hole
969A, 198 m distant from Hole 969B. (Graph redrawn from Emeis, Robert-
son, Richter, et al., 1996.)
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2. The presence of high TOC and abundant electron acceptor
(sulfate);

3. Postburial bacterial sulfate reduction activity; and
4. The presence of dividing bacterial cells.

Nevertheless, none of these elevated bacterial populations ap-
proached in size the near-surface bacterial population (9.79 × 108

cells/cm3 near the surface, compared to 1.87 × 108, 3.4 × 107, 2.2 ×
107, and 1.02 × 108 cells/cm3 at 2.72, 19.9, 46.9, and 95.89 mbsf, re-
spectively), despite the long contact times between buried bacterial
population and sapropel organic carbon (to 4.7 Ma). This suggests
that organic carbon within the sapropel layers must be predominantly
recalcitrant and only slowly bioavailable or that some other factor be-
comes limiting within the high-TOC environment of a sapropel.
These data add to the expanding body of evidence indicating that bac-
teria, given favorable conditions, may remain active and grow, albeit
relatively slowly, at significant sediment depths and after millions of
years of burial (Whelan et al., 1986; Parkes et al., 1990; Cragg et al.,
1990, 1995b, 1996; Getliff et al., 1992), and thus explain the presence
of significant bacterial populations in deep marine sediment layers.

SUMMARY

This is the first deep bacteriological investigation of sediments
from the Mediterranean Sea. The depth profile of bacterial popula-
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Figure 3. Depth distribution of total bacteria (large solid circles) from Eas
Mediterranean Hole 969B, compared to the distributions of bacterial pop
tions (n = 550) with depth at 15 other sites from seven ODP legs (small 
circles). Heavy slanting dashed lines represent the 95% prediction limit
the regression line given by the equation: Log10 bacterial numbers = 7.94 −
0.64 × Log10 depth (m), from Cragg et al. (1997).
306
tions is in good agreement with a general profile derived from a num-
ber of Pacific Ocean sites and one Atlantic Ocean site and provides
more evidence for a globally distributed deep bacterial community in
marine sediments. Bacterial populations in sapropel layers at this site
are significantly elevated compared to those in the adjacent sediment.
Given the generally very high concentrations of organic carbon and
sulfate, increasing concentrations of pyrite with depth, and the signif-
icant numbers of bacterial cells either dividing or divided within the
sapropels, it is likely that these high bacterial populations are the re-
sult of bacterial growth on deeply buried ancient (to 4.7 Ma) organic
matter.
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