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ABSTRACT

Sediments from three sitesin the Alboran Sea, western Mediterranean were investigated for the presence of bacteriain deep

sediments. A series @4 x

1-érsediment samples were removed from core sections of Hole 976B between 26.9 and 646.6

mbsf (16 samples), Hole 977A between 0 and 525.8 mbsf (29 samples), and Hole 978A between 346 and 644.6 mbsf (9 sam-
ples) for direct microscopic determination of bacteria. Sites 977 and 978 were only 24 km apart, contained similar sedimentary
sequences and interstitial water profiles, and covered complimentary depth ranges to provide samples from the surface to 644
mbsf. Therefore, these two sites were treated as one site. Significant bacterial populations were present in the despest sample
of both cores at Sites 977/978 (644 mbsf) and 976 (647 mBsB)x( © cell§icn? and1.6x 16, respectively). These bacterial

depth distributions correspond well with previous data from Atlantic and Pacific Ocean sites, and they also extend considerably
the previous deepest marine sediment samples that have been analyzed for bacteria (514 mbsf), thus extending the depth of the
bacterial biosphere in this environment. Because the rate of decrease in bacterial populations does not change in these deep
samples, it is likely that bacteria are present even deeper than 650 mbsf in marine sediments. At Site 977/978 a deep brine
incursion supplies sulfate below 400 mbsf, and absence of methane in this zone suggests active bacterial anaerobic methane
oxidation. Previously a brine incursion in the Peru Margin has been shown to stimulate bacterial activity and to increase bacte
rial viability at depths of 80 mbsf and ~1 Ma. A similar effect may be occurring at Site 977/978. This effect would explain why

the bacterial profile does not decrease with depth in the deeper layers and demonstrates the viability of bacteria in ancient

deposits (6 Ma).

INTRODUCTION

A deep bacterial biosphere in the marine environment has now
been confirmed by an extensive amount of work on sediment cores
primarily from the Ocean Drilling Program (ODP) (Whelan et al.,
1986; Tarafa et al., 1987; Parkes et a., 1990, 1993, 1994, 1995;
Cragg, 1994; Cragg et al., 1990, 1992, 19953, 1995b, 1996, 1997,
1998; Cragg and Parkes, 1994, Cragg and Kemp, 1995). In addition,
bacteria have been shown to be present in basaltic basement rocks
(Furnes et d., 1996; Giovannoni et a., 1996) and Cretaceous shales
and sandstones (Krumholz et al., 1997). In marine sediments the
depth profile of bacteria is remarkably consistent across different
oceans, with population sizes of ~9 x 10° cells/cm? at the near surface
decreasing exponentially to ~1.5 x10° cells/cm® at 500 mbsf. At the
near surface, bacteria act as a filter on sedimented organic material
and are crucialy involved in the degradation and selective preserva
tion of organic matter in marine sediments. They are, therefore, inti-

mately involved in biogeochemical cycling (Jgrgensen, 1983; No-

The Alboran Sea is situated in the mouth of the Mediterranean and
Atlantic inflow generates gyre circulation, which stimulates small-
scale upwelling of deep, nutrient-rich waters to the surface layers, lo-
cally increasing productivity (Comas, Zahn, Klaus, et al., 1996). The
Alboran Basin contains some of the greatest accumulations of Neo-
gene and Quaternary deposits of the western Mediterranean, with
sediments up to 7 km thick. Our previous work in the Japan Sea
(Cragg et al., 1992) has demonstrated bacterial populations down to
514 mbsf, the deepest samples analyzed; however, there were only
two sub-400 mbsf samples. The aim of this work was to obtain deep
sediment samples to confirm the presence of bacteria below 400 mbsf
and, potentially, to extend the depth of the bacterial biosphere in ma-
rine sediments.

MATERIALSAND METHODS

Site Description

vitsky and Karl, 1986; Jagrgensen et al., 1990; Parkes et al., 1993). At ) ]

much greater depths geochemical evidence has indicated that bacte-Sites 976-978 are located in the Alboran Sea Basin of the western
rial populations can remain active (Krumbein, 1983) and more reMediterranean (between 2 and 4band ~36N) on a convergent
cently low levels of bacterial activity have been demonstrated to 50plate boundary between Africa and Eurasia (Comas, Zahn, Klaus, et
mbsf in the Japan Sea (Cragg et al., 1992; Getliff et al., 1992; Parkak. 1996) The Alboran Sea is ~400 km long and 200 km wide with
et al., 1994). Most recently, work in the eastern Mediterranean ot maximum water depth of 2000 m. Overlying water depths for the
sediment cores containing organic-rich (up to 30% total organic cafhree sites were 1108 m (Hole 976B), 1984 m (Hole 977A), and 1929
bon [TOC]) sapropels has provided evidence of continued bacteriét (Hole 978A). Surface-sediment temperature was <C2a6d the
activity and actual population growth in sediments up to 4.7 Maeothermal gradient is estimated af@&m. Sedimentation rates
(Cragg et al., 1998). vary considerably throughout the sediment column (33-275 m/Ma).
Site 976 has an average of ~152 m/Ma. Despite rapid sedimentation
rates, approximate age at 670 mbsfis 12.2 Ma, a result of a significant
hiatus in the sediment column. Conversely, Site 977 has a much
slower average sedimentation rate (75 m/Ma), but has an estimated
age of ~5 Ma at 540 mbsf. The average sedimentation rate for Site
978 is 126 m/Ma and at 645 mbsf sediment age is ~6.7 Ma (Comas,
Zahn, Klaus, et al., 1996)
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Shlpboard H andlmg Log,, total bacteria/cm’

A seriesof 54 x 1cm? sediment samples were removed from core 4 5 6 7 8 9
sections of Hole 976B between 26.9 and 646.6 mbsf (16 samples),
Hole 977A between 0 and 525.8 mbsf (29 samples), and Hole 978A L7
between 346 and 644.6 mbsf (9 samples). Immediately after a core %
was cut into 1.5-m sections on the outside catwalk, athin layer of sed- 100 1 ~~o
iment was removed from the section end using a sterile scalpel to ex-
pose an uncontaminated surface. A 1-cm? samplewasthen taken with /
asterile (autoclaved) 5-mL syringe from which the luer end had been \
removed. The samplewas gjected directly into atared serumvia con- 200 -
taining 9 mL of filter-sterilized (0.2 um) 4% formaldehyde in artifi- \
cial seawater. o

300 7 A

Laboratory Handling
Direct Microscopic Observations

Depth (mbsf)

Acridine orange staining and microscopic observations wer
based on the general recommendations of Fry (1988). Fixed samp °
were vortex mixed, and a 2.5 to 10 pL subsample was added to 10 1
of 2% filter-sterilized (0.1 um) formaldehyde in artificial seawater.
Acridine orange (50 L) was added to give a final concentration of
mg/L. After 3 min, the solution was filtered through a 25-mm Nucle-
opore black polycarbonate membrane (Costair, High Wycombe \
U.K.) of 0.2-um pore size. The filter was rinsed with a further 10 mlL 600 1
of 2% filter-sterilized formaldehyde in artificial sea water and mount-
ed in a minimum of paraffin oil under a cover slip. Three replicate fil-
ters were prepared from each sample to minimize the variance of t
counts (Kirchman et al., 1982). Where 95% confidence limits of th 700
mean count exceeded 0.5 Jpgnits, further replicate filters were pre-
pared. A minimum of 200 fields of view, or 400 cells, were counted

The mounted membrane filters were viewed under incident illu
mination with a Zeiss Axioskop microscope fitted with a 50-W mer-
cury vapor lamp, a wide-band interference filter set for blue excits
tion (450 — 490 nm; Zeiss, Oberkochen, Germany), & {00meri-
cal aperture = 1.3) Plan Neofluar objective lens, andey@pieces.
Bacterially shaped green and red fluorescing objects were counted.

Cells that were on or off particles were counted separately, and tip@nents in addition to the terrigenous organic plant remains more
numbers of those on particles doubled in the final calculations to agenerally distributed throughout the rest of the core (Comas, Zahn,
count for cells hidden from view by particles (Goulder, 1977). Divid-Klaus, et al., 1996). Unfortunately, no microbiological samples were
ing cells (those with a clear invagination) and divided cells (pairs obbtained from these layers. Additionally, between ~335 mbsf and

cells of identical morphology) were also counted. The detection limi02 — 536 mbsf (no precise depth can be given due to lack of TOC
for bacterial cells was estimated@s  “ @élls/cnd. data in this zone [Fig. 2]), TOC concentrations are unusually and sig-

nificantly lower than expecte¢{= 13.5; d.f. = 1P <0.0005). This

depth range broadly coincides with lithostratigraphic Unit Il (361—
RESULTSAND DISCUSSION 518 mbsf), which is characterized by low and disturbed recovery with

Hole 976B high sand concentrations (Comas, Zahn, Klaus, et al., 1996). Such

sediments might be expected to have low bacterial populations as a

Bacterial populations were detected at all depths sampled (Fig. Iesult of the low TOC concentrations. Although the total bacterial
The uppermost sample was at 27 mbsf watBx 7 délis/cn, populations in this zone are not low and fit with the general decreas-
which gradually decreased 106 x  Sid&lls/cn{ at 646.6 mbsf. ing trend in bacterial populations with increasing depth, it is interest-

Dividing and divided cells (DDC) were present in all but two sam-ing that the two occurrences of zero DDC (see above) occur within
ples (Fig. 1) at 352.5 and 522 mbsf. The reason for these two “nathis low TOC band, even though they do not fall within the precise
detected” data is unclear as the associated total counts are not sighibundaries for Unit II.
icantly lower than adjacent total count datheir occurrence pre- The increase in salinity with depth from 37 g/L at the near surface
vented correlation analysis between total bacterial numbers and DIXG 76 g/L at 646 mbsf, in addition to increases in other conservative
data, as they had indeterminable values between zero and the detelements, is indicative of a deep-seated brine source (Comas, Zahn,
tion limit (5x10* cells/cnf). DDC represent ~7.2% of the total Klaus, etal., 1996). However, as there are no deep Messinian evapor-
count. itic salts locally, a lateral flow from elsewhere along the basement-

Total organic carbon is generally below 1% throughout this holesediment contact has been suggested (Comas, Zahn, Klaus, et al.,
averaging 0.5% (Fig. 2) with a maximum of 1.58%. The trend 0fl996). Additionally, as sulfate concentrations do not increase with
TOC decrease is linear with depti=£ 0.656;N = 139;P << 0.002).  depth (Fig. 2), this suggests that it is halite rather than gypsum disso-
Notable exceptions in this data are the few points that have unusuallytion providing the brine. Sulfate is completely depleted by 19.95
high TOC. These were all related to organic-rich layers, of which 281bsf (Comas, Zahn, Klaus, et al., 1996) and shows values close to
examples were identified in Unit | (0—-362 mbsf). These layers alsaero throughout the rest of the core (Fig. 2). Initial sulfate depletion
had unusual magnetic susceptibilities and amorphous organic cors probably due to anaerobic sulfate-reducing bacteria utilizing the la-

500

o_,—#O’

Figure 1. Depth distribution of total bacteria (solid circles) and dividing/
divided cells (open circles) at Hole 976B using the Acridine Orange Direct
Count (AODC) technique. Open circles on the vertical axis unconnected
with other data are dividing/divided cell counts of zero. Average variance for
sample enumerations in this data set was 0.019 Log,, units. This produced
average 95% confidence limits of 0.297 Log,, units (range 0.081 — 0.427).
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bile near-surface organic matter (Parkes et al., 1993). Methane con-
centrationsincrease bel ow the depth of sulfate depletion and high C,/
C, values support abiogenic origin for the methane. The highest con-
centration of methane, 66,555 ppmv, occurred at 98 mbsf (Fig. 2).
Below about 300 mbsf, there is little evidence of significant metha
nogenic activity despite low or negligible concentrations of sulfate.
Thismay be areflection of the low concentrations of TOC, which av-
erage only 0.27% between 300 mbsf and the bottom of the hole, and
that organic matter at this depth may be rather resistant to bacterial
degradation.

Holes 977A and 978A

Sites 977 and 978 were 24 km apart and were both cored to inves-
tigate similar sedimentary sequences. Hole 978A was drilled from
only 178 mbsf, but went ~100 m deeper than Hole 977A. Microbio-
logical samples were obtained principaly in the lower section of
Hole 978 for the purpose of extending the data obtained from Hole
977A. Interstitial water chemical data suggest that thesetwo holesare
very similar, and, hence, bacterial datafrom the two holes have been
combined.

Bacterial populationswere detected at all depths sampled (Fig. 3).
At the near surface, numbers were high at 1.01x10° cells’em® and
rapidly decreased to 7.9 x 106 cells/cm? by 13.6 mbsf. From 13.6 to
85 mbsf, bacterial numbers were broadly constant at 1.7 x 107 cells/
cm3. Between 85 and 105 mbsf, there was a substantial decrease in
bacterial numbers. Below this, surprisingly, bacterial numbers re-
mained more or less constant to the base of the core at 644.6 mbsf
(5.3x 10°% mean; 3.8-6.8x Xells/cni, 95% confidence interval).

DEEP SEDIMENT BACTERIA

ganic-rich layers (TOC > 1%) that were identified between 0 and 300
mbsf (Comas, Zahn, Klaus, et al., 1996). Unfortunately, this was the
only sample associated with an organic-rich layer.

DDC were present in all samples (Fig. 3). DDC and total count
were significantly correlated (R = 0.918;= 38;P << 0.002) with
DDC representing ~8.7% of the total count. The strong relationship
between total count and DDC has been regularly observed in deep
marine sediments at other ODP sites (Cragg et al., 1990, 1992; Parkes
et al., 1990; Cragg, 1994; Cragg and Kemp, 1995).

TOC is generally below 1% throughout this hole, averaging
0.55% (Fig. 4) with a maximum of 2.47% at 177.7 mbsf. The de-
crease in TOC is linear with deptR £ 0.390;N = 398;P << 0.002).

The amount of data scatter above 300 mbsf is markedly greater than
that below 300 mbsf; however, of all ten TOC data with >1.5% or-
ganic carbon, eight were associated with the organic-rich layers (Co-
mas, Zahn, Klaus, et al., 1996). The rate of decrease in TOC was sim-
ilar to that observed in Hole 976B (0.07%/100 m compared to 0.1%/
100 m); thus, between 500 mbsf and the end of the core, TOC con-
centrations at the sites are comparable at 0.34% (976B = 0.27%). Av-
erage bacterial population sizes are also similar below 500 mbsf at
7.0x10° (Hole 976A) and2.2x 10(Holes 977A/78A) cells/cfn

Salinity increases with depth (Comas, Zahn, Klaus, et al., 1996),
although, unlike the situation in Hole 976B, this does not start to oc-
cur until ~400 mbsf. Below 510 mbsf, data is available from Hole
978A only and a continued increase from 46 g/L to 79 g/L by 692
mbsf was measured. It has been suggested that the brine source is lat-
eral flow of evaporitic brines from another section of the basin (Co-
mas, Zahn, Klaus, et al., 1996), and the sulfate concentration increase

The largest population below the near-surface few meters ddtthe base of the hole (Fig. 4) indicates that the brine originates from
2.8x 107 cells/cn® at 84.5 mbsf was coincident with one of the 38 or-gypsum dissolution.
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Figure 2. Depth distribution of total organic carbon (TOC; open circles),
pore-water sulfate (solid circles), and methane (open circles) in Hole 976B.
(Graph redrawn from Comas, Zahn, Klaus, et al., 1996.)
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Figure 3. Depth distribution of total bacteria (solid circles) and dividing/
divided cells (open circles) at Hole 977A/978A using the Acridine Orange
Direct Count (AODC) technique. Average variance for sample enumerations
in this data set was 0.023 Log,, units. This produced average 95% confidence
limits of 0.270 Log,, units (range 0.034-0.494).
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TOC (Wt%) Sulfate (mmol/L) using“C-CH, radiotracer activity measurements. Significant stimu-
lation in anaerobic methane oxidation occurred at depth, and this was
associated with a significant (#)0increase in the total bacterial pop-
ulation at a discrete gas hydrate zone (Cragg et al.,1996).

Brine incursion at Site 681 on the Peru Margin has been shown to
result in a stimulation in bacterial activity and an increase in the via-
ble bacterial population at depth of 80 mbsf and in sediments 1 Ma
(Parkes et al., 1990). The brine incursion at Site 977/978 may have a
similar effect resulting in bacterial populations not decreasing with
depth; however, these deposits are much deeper and older than the
Peru Margin (6 Ma and almost 650 mbsf). These results support the
growing evidence demonstrating the viability of bacterial popula-
tions in ancient sediments.

2.0

General

The bacterial population profiles with depth at both sites are typ-
ical of what would be expected in sediments with depth-related, bac-
terially-mediated changes in pore-water chemistry and methane gas.
The bacterial population profiles obtained from these data were plot-
ted with a general bacterial depth profile derived from Pacific and At-
lantic Ocean ODP sites (Parkes et al., 1994; Cragg et al., 1997) and
since augmented (Cragg et al., 1998) given by the expression:

Depth (mbsf)

Log,, bacterial numbers = 7.95 — 0.64 Lodepth (m)

(R=0.691N = 585;P <<0.002).

700
0 20,000 40,000

Methane (ppmv) There is exceptionally close agreement between data from Holes

976 — 978 and the general bacterial depth trend (Fig. 5). These bacte-
Figure 4. Depth distribution of TOC (open circles), pore-water sulfate (solid rial data confirm that significant bacterial populations are present
circles), and methane (open circles) in Hole 977A/978A. (Graph redrawn below 400 mbsf in marine sediments and extend the presence of bac-
from Comas, Zahn, Klaus, et a., 1996.) terial populations to 646 mbsf, 133 m deeper than previous observa-
tions (514 mbsf; Parkes et al., 1994).

Sulfate concentrations decrease rapidly over the upper 50 m from
28.9 mM to zero (Fig. 4). Rapid bacterial degradation of organic mat- SUMMARY
ter over this depth range is supported by increasesin akalinity (1.45
mM to 15 mM at 27.45 mbsf) and phosphate (17.9 uM to 56.2 uM at
6.9 mbsf). Ammonium increases rapidly (0.25 mM to 1.4 mM at 9.9 Direct microscopic analysis of bacterial populations at two sites
mbsf) and then continues to increase to 3.94 mM at 218 mbsf as a @ Leg 161 has demonstrated the presence of significant bacterial
sult of methanogenic bacterial activity. Sulfate concentrations inpopulations at depth (mean bacterial population between 400 mbsf,
crease again from ~450 mbsf and appear to stabilize at 19 mM froand the deepest samples analyzed 644 and 647 mbsf in Sites 977/978
600 mbsf. and 976, respectively, weBe5x  fh@lls/cnfandl.62x 10respec-
Methane concentrations again show a substantial increase startitigely). This extends by 133 m the depth of the bacterial biosphere in
within the base of sulfate depletion (Fig. 4). The maximum concenmarine sediments, as the previous deepest results were samples from
tration was 35,700 ppmv at 122 mbsf, and between ~80 and 420 mi&sk4 mbsf from the Japan Sea (Cragg et al., 1992). These bacterial
methane concentrations averaged 20,000 ppmv. Hif} @itios in-  depth distributions correspond well with previous data from Atlantic
dicate that this methane is biogenic (Comas, Zahn, Klaus, et akRnd Pacific Ocean sites (Cragg et al., 1997, 1998), and, as the rate of
1996). This is supported by the low methane concentrations whettecrease in bacterial populations does not change in the deep sam-
sulfate occurs at depth (Fig. 4), as sulfate-reducing bacteria can o@es, it is likely that bacteria are present even deeper than 650 mbsf
compete methanogens for common growth substrates (Schonheitietmarine sediments.
al.,1982; Kristjansson et al., 1982; Claypool and Kvenvolden, 1983). Sites 977/978 show classical zonation of near-surface sulfate re-
The geochemical data thus indicates rapid bacterial activity in the toguction followed by deeper methanogenesis. An incursion of high
50 m and then lower, but continued, activity throughout the core, anebncentrations of sulfate sub-400 mbsf is coincident with a decrease
the bacterial distributions are consistent with this interpretation (Figh biogenic methane concentrations to zero, suggesting that active
3). bacterial sulfate reduction is probably utilizing the methane at depths
Bacterial profiles below about 100 mbsf at Site 977/978 are suhelow 400 mbsf. This deep bacterial activity may explain why bacte-
prisingly constant with little or no decrease with depth. This suggestsal populations at this site do not decrease in the deeper depths and
continued low bacterial activity at depth, which is consistent with theconfirms the viability of bacteria in ancient deposits (6 Ma).
presence of high concentrations of biogenic methane. This methane
is removed deeper in the core when sulfate concentrations increase,
probably a result of anaerobic methane oxidation utilizing the sulfate
(Iversen and Jgrgensen, 1985; Suess and Whiticar, 1989; Hoehler et
al., 1994), thus providing energy for the deeper bacterial population. We would like to thank ODP for allowing us access to samples
Direct evidence for this has been obtained for ODP sites on Leg 14fiom Leg 161 and shipboard personnel who assisted in taking sam-
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