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Cells of Bacillus subtilis, when suspended in a SmM metal solution, bind metals
tenaciously to their cell walls. These metal-loaded cells, when mixed with a
synthetic sediment and put under laboratory conditions to simulate low-tempera-
ture sediment diagenesis, nucleate the formation of a mixed assemblage of
crystalline metal phosphates, metal sulfides, and polymeric, metal-complexed,
organic residues. The sequential series of diagenetic events leading to the
formation of authigenic mineral phases was followed by transmission electron
microscopy and energy-dispersive X-ray analysis. The minerals quartz (SiO,) and
calcite (CaCO3) were employed in the synthetic sediment. Crystalline magnetite
(Fe,05) and elemental sulfur were added as redox buffering agents to ensure
anoxic conditions. Quartz and magnetite appeared unreactive throughout the
experimental conditions. Elemental sulfur interacted with the metal-loaded cells,
affected both the eventual chemistry and crystal habit of the metal phosphates,
and formed a variety of crystalline metal sulfides. Calcite raised the pH of the fluid
phase of the sediment, which influenced phosphate mineralization and inhibited

metal sulfide genesis.

There is an intricate yet delicate web of micro-
bial interaction with the environment. One of
these interactions concerns the transport of met-
als and their various organic derivatives
throughout nature, and it is well established that
a significant fraction of many metals in the
hydrosphere is contained in the biomass. For
example, some bacteria, such as Thiobacillus
spp., are able to interact with and leach metals
from minerals (25); sulfate reducers contribute
to sulfide minerals (10), and Spherotilis and
Leptrothrix spp. incorporate ferric and manga-
nese oxides into the substance of their sheaths
(1, 35); each affects metal mobility in the envi-
ronment. Yet we are also accumulating evidence
that most microbial surfaces are anionic (5, 6, 9,
13, 27) and consequently interact passively with
available cations in the surroundings. In particu-
lar, the cell walls of Bacillus subtilis bind many
metal species (5, 9) by means of chemical com-
plexing with available constituent carboxylate
and phosphodiester groups (8, 16, 23). Metal
species which occur in minute amounts in the
water column (e.g., high atomic number ele-
ments [19, 21, 26]) were especially bound in
large quantities (5), and this has led us to specu-
late that biological polymers serve to immobilize

and concentrate rare metals in nature (4). For
example, although the oceans contain only 1 to
3.3 ppb soluble uranium (1 to 3.3 ng/ml) (19, 25),
this could provide ca. 1.4 x 10'2 kg of sedimen-
table uranium if efficient bioprecipitation oc-
curred.

A significant portion of the organic matter of
aquatic (both marine and freshwater) sediments
consists of small colloidal aggregates which are
composed of highly cross-linked heteropoly-
meric materials of biological origin (17). These
are very resistant to degradation, and at least
some of the most durable polymeric networks
are of bacterial origin (15). The fate of microbial
matter in the water column is a complex issue
which depends on a number of factors such as
biological and chemical degradation, redox po-
tential, pH, ionic flux, etc. A light but consistent
rain of bacteria and their products throughout
our seas and lakes may contribute a variable
proportion of their bottom sediments. These
bacteria would interact with and sequester dilute
metals from the aqueous phase, thereby concen-
trating the metals into the sediment. Here they
would remain either complexed as bio-metal
coordinates, or would undergo a series of micro-
bial or chemical transformations. Eventually,
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sedimentary diagenesis would either recycle the
metals to the overlying water column or immobi-
lize them in authigenic mineral phases.

The exact mechanisms and series of steps
leading to low-temperature mineralization of or-
ganic-rich sediments are poorly defined, but the
evidence of microfossils (32) and their organic
remains (18, 31) in metalliferous sedimentary
rocks makes it tempting to speculate that micro-
organisms have contributed to some of these
processes. This report outlines experiments
which have attempted to simulate low-tempera-
ture sediment diagenesis, using bacterially com-
plexed heavy metals as the sole organic and
heavy metal source. An attempt has been made
to follow the steps involved and to correlate
them with the complex metal-organic-sediment
interrelationships which naturally occur at the
hydrosphere interface, leading to the formation
of authigenic phosphates and sulphides.

MATERIALS AND METHODS

Preparation of bacterial cells. B. subtilis (Marburg
strain) was grown to exponential growth phase in 3
liters of NSMP medium as outlined previously (9). The
cells were harvested by 5,000 X g centrifugation and
were washed three times in 0.05 M N-2-hydroxyethyl-
piperazine-N'-2-ethane-sulfonic acid (HEPES) buffer
adjusted to pH 7.2 and once in deionized, distilled
water. They were then suspended in 5 mM concentra-
tions of either FeCl; - 6H,0, CuCl, - 2H,0, ZnCl,, or
UO,(C,H;0,), - 2H,0 (0.5 mg [dry weight] cells per
ml of metal solution) for 10 min at 22°C, pelleted by
centrifugation, washed three times with deionized
distilled water, and freeze-dried under vacuum.

For each sample, the location and efficiency of
metal binding were checked and recorded by the
electron microscopy (EM) of unstained thin sections,
using the sorbed metals as the sole electron scattering
agents (9).

Preparation of synthetic sediment. ‘‘Spec pure’’ cal-
cium carbonate and crystalline quartz were chosen as
components for the synthetic sediments used in the
diagenesis experiments. The former was chosen be-
cause of its alkalinity, whereas the latter was chosen
because of its chemical inertness. Each mineral was
ground in an agate mortar and sieved to less than 200
mesh. Elemental sulfur and crystalline magnetite (1-
mm grains) were used as redox buffers to remove
dissolved oxygen and to ensure adequately low Eh
values throughout the experimental runs. All minerals
were checked by powder X-ray diffractometry.

Experimental procedure for geological aging. Diagen-
esis experiments were carried out by mixing approxi-
mately 25 mg of dried bacterial cells, 50 mg of either
elemental sulfur or magnetite, 250 mg of prepared
synthetic sediment, and 0.5 ml of pure, deionized type
II water (Milli-R/Q Water Purifier, pH 7.0) in a Pyrex
tube (1-mm wall thickness, 6-mm bore, 1 to 1.5-ml
capacity). When combinations of minerals were used
in the sediment preparation, they were mixed on a 1:1
basis to the required amount. After being sealed by
flame, the tubes were heated in a temperature-con-
trolled oven at 100 + 2°C for periods of 1, 10, 100, and
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TABLE 1. Metal-sediment-redox buffer
combinations and controls used in the artificial aging
of metal-loaded cells of B. subtilis for 1, 10, 100,*
and 200 days® at 100°C

Metal Sediment mixture Redox buffering agent
Uranium SiO, Magnetite
SiO, Sulfur
Si0,-CaCO; Magnetite
Si0,-CaCO, Sulfur
Absent Magnetite
Absent Sulfur
Copper CaCO, Magnetite
SiO, Magnetite
SiO, Sulfur
Si0,-CaCO; Magnetite
Si0,-CaCO; Sulfur
Absent Magnetite
Absent Sulfur
Iron (III) SiO, Magnetite
Si0,-CaCO, Magnetite
Si0,-CaCO, Sulfur
Absent Magnetite
Absent Sulfur
Zinc Absent Magnetite
Absent Sulfur
Control SiO, Magnetite
cells Si0,-CaCO; Magnetite
Si0,-CaCO; Sulfur
Absent Absent Magnetite
Absent Absent Sulfur

< Some samples from the 1-, 10-, and 100-day runs
were lost due to breakage of the Pyrex tube during
heating.

® Not all combinations were carried through to 200
days.

200 days. The reaction usually produced a positive
pressure within each vial which was estimated to be in
the order of 1 bar (100 kPa).

A complete list of the metal-sediment-redox buffer
combinations is listed in Table 1. Controls for the
experiments consisted of: (i) runs employing unreact-
ed control cells (no sorbed metal) and various sedi-
ment mixtures; (i) runs employing the same control
cells without the addition of synthetic sediment; (iii)
runs employing metal-loaded cells without the addition
of synthetic sediment; (iv) duplicate runs employing
the alternate redox buffering agent, and (v) runs con-
sisting solely of the redox buffering agents without the
addition of either cells or sediment.

Electron microscopy. On cooling, the Pyrex tubes
were carefully opened, releasing the gaseous products,
and a portion of the cell-sediment mixture was re-
moved by pipette for EM analysis. These samples
were enrobed in 2% Noble agar (Difco Laboratories),
dehydrated through an ethanol-propylene oxide series,
embedded in Epon 812, and thin-sectioned to a thick-
ness of approximately 60 nm. Both fixed (with 4%
glutaraldehyde) and unfixed specimens were used.
Sections were collected on carbon-Formvar-coated
200-mesh copper grids and examined with a Philips
EM300 transmission electron microscope equipped
with a goniometer stage and operated under standard
conditions at 60 kV. No stains were employed for EM,
relying upon the complexed metals for electron scat-
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ter. Selected specimens were examined in either a
Philips EM400 transmission electron microscope or a
JEOL-100CX-TEMSCAN. The EM400 was fitted with
a STEM attachment and a Kevex Si(Li) energy disper-
sive X-ray (EDX) system which allowed spot-mode
analysis with a spatial resolution of 20 nm. The
TEMSCAN was equipped with a similar Kevex sys-
tem. Both instruments were operated at 80 kV, and
count times were 200 s (the EM400 specimen-to-
detector angle was 20 degrees, whereas the TEMS-
CAN angle was 40 degrees).

EDX spectra were obtained from both whole
mounts and unstained plastic (Epon 812) embeddings
which were mounted on either 200-mesh nylon grids or
copper grids. Those specimens on copper grids had a
characteristic copper peak at 8.05 keV. Since cells of
B. subtilis are generally low in chlorine, the relatively
large chlorine peaks (at around 2.69 keV) are consid-
ered to be due to contamination from the Epon 812
matrix. Likewise, the presence of a prominent silicon
peak (at around 1.75 to 1.8 keV), regardless of the
instrumentation used or the material analyzed, sug-
gests contamination from the glassware, although bio-
logical leaching cannot be ruled out (20).

The minerals produced by the experiment were all
extremely fine grained (less than 5 wm), and conse-
quently their identification relied solely on interpreta-
tion of transmission electron microscope images sup-
ported by qualitative X-ray spot analysis. Thin
sections of the crystalline products were often too
electron dense to provide accurate diffraction images.
However, in most cases, the crystal symmetry and
chemical analyses provided sufficient information for
tentative identification.

Both X-ray diffraction analysis, using an 11-cm
Debye-Sherrer camera and standard scanning electron
microscope analysis were attempted. However, the
results proved inconclusive due to the high matrix-to-
cell ratio and the extremely fine nature of the authi-
genic constituents.

pH analysis. The pH of the reaction fluid was
checked for 19 selected samples covering a wide range
of metal-sediment-redox buffer combinations heated
for 100 and 200 days (see Table 3). All pH analyses
were carried out in a nitrogen atmosphere to prevent
oxidation of dissolved constituents. On opening the
tubes, a small quantity of fluid was blotted onto three
different pH indicator papers having overlapping
ranges graduated into 0.3 pH units. This enabled the
pH to be approximated within + 0.2 pH units.

RESULTS

Organic diagenesis. Although all reaction ves-
sels were sealed under atmospheric pressure,
those containing bacterial cells usually devel-
oped pressure (estimated to be between 0.5 and
1.0 bar [50 to 100 kPa]) after 10 days of incuba-
tion at 100°C. Generally, the pressure increased
with the length of the incubation period. Also,
the fluid phase in those tubes containing bacteria
developed a yellow color which was indepen-
dent of the presence or nature of test metals,
sediment, or redox buffering agent. In natural
surface waters, yellow colorations are common-
ly due to the presence of dissolved, complex
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carboxylic acids, phenols, and amines (W. J.
Maier, L. E. Conroy, and C. T. Anderson, Pro-
ceedings of the International Symposium on
Geochemistry of Natural Waters, 1975. p. 22,
Burlington, Canada). Presumably, the discolor-
ation of the test fluids was a consequence of the
synthesis of soluble organics during the thermal
degradation of the bacterial cells. Since the
volume of the test fluid was so small (=0.1 ml),
specific organic analyses were not possible.

The contents of each reaction vessel were
sampled and processed for the electron micros-
copy of thin sections. This allowed us to follow
structural changes in the bacteria during diagen-
esis. Since no stains were used on these speci-
mens other than the metal which was originally
sorbed to the cells (Fig. 1), electron scattering
profiles allowed us to monitor the migration of
metal during the experiment. The quantities of
bound metal have been previously published and
can be found in references 5 and 9. Energy
dispersive X-ray analyses (EDX) analyses of
select areas within each specimen provided
compositional data during the experiment. A
listing of the results of the experimentation can
be found in Table 2, and a survey of our observa-
tions by EM is seen in Fig. 1 to 23.

In general, the observed sequence of events
was as follows: (i) loss of structure of the
bacterial wall and its subsequent mineralization
(extracellular phosphate crystallization—see
Fig. 2, 3, and 5); (ii) release of some of the wall-
bound metal and its subsequent migration (at
least some migrated into the cytoplasm [Fig. 3,
S, and 8]); (iii) condensation and polymerization
of the cytoplasmic contents and their mineraliza-
tion (intracellular phosphate crystallization—see
Fig. 4, 8, 12, 13, 14, and 18); (iv) continued
condensation, polymerization, and mineraliza-
tion of the organics, often resulting in the loss of
basic cell shape (Fig. 8, 9, and 19); and (v)
intense polymerization of metal-complexed or-
ganics and pronounced organic-metal phosphate
(or metal sulfide) interaction leading to recrys-
tallization (Fig. 15-17, 19, 20).

These reactions were followed by EDX analy-
ses which confirmed that the eventual authigenic
mineral phase contained the metal which was
originally supplied by the bacteria. When mag-
netite was used as a redox buffer, there was no
detectable iron in the mineral phase (i.e., the
magnetite had not been leached [Fig. 3 to 7]).
However, the use of the elemental sulfur as a
redox buffer usually produced crystalline metal
sulfide as an end product (Fig. 16, 17, and 21—
23).

Often the cells occurred in large aggregates of
ca. 25 to 50 pm in diameter (presumably due to
their reduced wettability after freeze-drying).
Mineralization occurred first at the periphery of



VoL. 45. 1983 DIAGENESIS OF METALS COMPLEXED TO BACTERIA 1097

FIG. 1 and 2. (1) Thin section of a uranium-loaded B. subtilis cell. In this and in all other micrographs. no
stains other than the sorbed metal were used on the material. Most of the uranium has partitioned into the cell
wall. (2) Thin section of control cells (no sorbed metal) after artificially aging with magnetite at 100°C for 100
days. Note the incipient crystallization of the walls (small arrows) and formation of large platy aggregates of a
“‘probable’’ phosphate mineral (large arrow). Bars = 100 nm.

these clumps and proceeded inwards towards aggregate. After 200 days of reaction, mineral-
the center. With these samples, the sequence of ization was usually complete. Highly electron-
events leading to mineralization could be fol- dense polymeric organic residues, together with
lowed by examining select areas throughout the their prominent EDX metal peaks (Fig. 9. 11, 16,
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TABLE 2. Mineralization during experiments®

Redox
buffer®

Metal® Sediment* B. subtilis? Mineralization

Controls (no
sorbed metal)

Phosphate microcrysts
Phosphate microcrysts
Phosphate microcrysts

L4+ o+

Phosphate microcrysts’
Phosphate microcrysts’
Phosphate microcrysts’

eXelelsielelelel el oY ore]

+ 4+

Uranium - Uranium phosphate microcrysts

Uranium phosphate
microcrysts; polymeric
uranium-organic sulfide
residues

Uranium phosphate microcrysts

Uranium phosphate

microcrysts; polymeric
uranium-organic sulfide
residues

Q+C* + M Uranium phosphate
microcrysts’

Q+C¥ + S Uranium phosphate
microcrysts’; polymeric
uranium-organic sulfide
residues

|
»nwZ il vl rnll

|
+ +

(oY)
+
2

Phosphate microcrysts”

Dominant copper sulfides +
traces of phosphate
microcrysts”

Phosphate microcrysts”

Dominant copper sulfides +
traces of phosphate )

Minimal phosphate microcrysts’

Dominant copper sulfides’

Copper - +

2

lo]
+ +

Q+C#
Q+ C¥
Zinc - Phosphate microcrysts”
Dominant zinc sulfides + traces
of zinc phosphate
microcrysts
Phosphate microcrysts
Dominant zinc sulfides + traces
of phosphate microcrysts
Minimal phosphate
Dominant zinc sulfides

nZ v w

+ 4+ o+ +

+ +

Q+ C* +
Q+C# +

Iron - +
- +

Iron phosphate microcrysts
Iron phosphate microcrysts

nZ v »uZ

“ Due to limitations of time and space, not all combinations were run. Those chosen were intuitive and of most
interest to the authors.

# Metal which was sorbed to bacterial cells.

“Q, Quartz (Si0,); C, calcite (CaCOs).

4 — Bacteria absent; +, bacteria present.

“ M, Magnetite; S, elemental sulfur.

/ No calcium was detected associated with these microcrysts.

# Calcite was added as a pH buffer, and the extent of phosphate mineralization was reduced as a consequence
of the higher pH.

# Phosphate mineralization was reduced from that seen in the uranium and iron experiments.
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FIG. 3-8. (3) Thermal degradation of uranium-loaded cells in quartz with magnetite after 1 day. The wall has
begun crystallization; arrows point to developing microcrysts. (4) Same as Fig. 3 but after 10 days. Platy
phosphate microcrysts are found in the wall and cytoplasm. (5) Same as Fig. 4. This cell was used to generate the
EDX spectra in Fig. 6 and 7. Large arrows point to a few of the microcrysts. (6) EDX spectrum of area A (the
plastic) in Fig. 5. (7) EDX spectrum of area B (the wall microcrysts) in Fig. 5. The cytoplasm (area C) has a
similar spectrum, but the quantities of the elements were reduced. (8) A clump of cells after 100 days. The
crystallization is intense. Bars = 100 mm.
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FIG. 9-13. (9) Thermal degradation of uranium-loaded cells aged for 200 days with sulfur as a redox buffer.
Uranium phosphate crystallization (note the perfect micacaeous, basal 001? cleavage of the electron dense
microcryst) and sulfurous organic condensates (fibrillar material) are clearly seen. Areas A and B have been
analyzed by EDX. (10) EDX spectrum of the area labeled ‘*A’" in Fig. 9. (11) EDX spectrum of the area labeled B
in Fig. 9. (12) Thermal degradation of a uranium-loaded cell aged in quartz and calcite with a magnetite redox
buffer for 10 days. Tiny uranium phosphate microcrysts are seen throughout the cell. (13) Same as Fig. 12 but
aged for 1 day. Incipient polymerization (arrow) and intracellular crystallization are shown. Bars = 100 nm.

19, 21) provide strong support for the synthesis
of insoluble organic-metal complexes during dia-
genesis. Diffuse electron opaque surfaces on
crystalline phosphate (Fig. 9, 15, 18, 20) are
interpreted as thin coatings of organic-metal
residues which have adsorbed to the crystal
faces.

Apart from the mineralization and loss of cell
wall structure, cellular degradation appeared
less pronounced in runs employing iron-, cop-
per-, and zinc-loaded cells. Degradation was
most apparent by the formation of phosphate

microcrysts (Fig. 20), of large spheroidal struc-
tures associated with framboidal metal sulfide
(which are interpreted as organic colloids [Fig.
15]), of granular sulfide spherules (Fig. 19), and
of the incipient polymerization of cytoplasmic
material (Fig. 9 and 18). Tests carried out with
unreacted control cells yielded similar results;
after aging, the loss of cell wall structure and
incipient crystallization of phosphate mineral
occurred (Fig. 2).

Phosphate mineralization. Thermal degrada-
tion of uranium-loaded cells resulted in the crys-



VoL. 45, 1983

DIAGENESIS OF METALS COMPLEXED TO BACTERIA

1101

FIG. 14-15. (14) Same as Fig. 12, but elemental sulfur instead of magnetite is the redox buffer. Aging time is
10 days. Extracellular uranium phosphate microcrysts with electron-dense organic coatings can be seen. (15)
This preparation contained copper-loaded cells, quartz, and sulfur and was aged for 10 days. A mixed
assemblage of isolated euhedra, framboids, and crystalline aggregates was produced. Seen here is an example of
authigenic copper sulfide production; copper sulfide microcrysts (arrows) are arranged around electron
translucent, colloidal organic material (C), and this image is interpreted to indicate incipient framboid

development. Bars = 100 nm.

tallization of a phosphate mineral in all experi-
mental runs independent of the nature of the
sediment or redox buffering agent used (Table
2). Mineralization began in the bacterial wall as
fine acicular or tabular microcrysts about 60 nm
in length (Fig. 3 and 5), and these grew in size
until at the 200-day stage, phosphate needles
=10 pm were common. EDX spectra (Fig. 7 and
10) for all crystal stages were similar, and these
results plus the crystal ‘‘habit’’ (Fig. 9) are
consistent with those characteristics of meta-
ankoleite, a hydrated phosphate mineral of
K>(UOy) (PO,), - 6H,O chemistry.

Similar microcrysts were observed in a num-
ber of runs involving copper-loaded cells (Fig.
18) and control cells (Fig. 2). Although no exten-
sive EDX analyses were done on these speci-
mens, their crystal form and close association
with the bacterial cells resembled the potassium
uranium phosphate assemblages and suggested
minor phosphate mineralization.

Artificial aging of iron-loaded cells in the
presence of sulfur redox buffer resulted in the
synthesis of iron phosphate as isolated hexago-
nal plates or aggregates composed of a mixture
of fine microcrysts and elemental sulfur (Fig. 20,
22, 23). The platy habit and hexagonal symmetry

of the iron phosphate suggests cacoxenite, a
hydrated ferric phosphate of Feg(PO4)4(OH),s *
18H,0 chemistry.

Sulfide mineralization. Metal sulfides were
synthesized in all experimental runs where cop-
per- or zinc-loaded cells were aged in the pres-
ence of elemental sulfur without calcium carbon-
ate (calcite) in the system. Copper sulfides
occurred in a mixed assemblage of framboids,
crystalline aggregates, and discrete euhedral mi-
crocrysts (Fig. 15-17). The sulfide euhedra were
frequently associated with electron transparent
colloidal material which could be of organic
nature (Fig. 15). Continued aging for 200 days
produced a dramatic increase in both crystal size
and crystal form (compare Fig. 16 and 17). EDX
analyses of these sulfides indicated that these
were pure phases, although the cubic form con-
tained small amounts of iron. The hexagonal
form is most probably covellite (CuS), although
low-temperature, hexagonal chalcocite (Cu,S)
cannot be ruled out (12). The cubic form is
consistent with the characteristics of digentite
[(Cu, Fe)eSs] which is stable at temperatures
above 83°C (12).

Zinc sulfide was formed from zinc-loaded
cells, and, like the copper sulfides, was present
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FIG. 16. Same as Fig. 15, but aged for 200 days. A large hexagonal crystal aggregate of copper sulfide [either
covellite (CuS) or chalcocite (Cu,S)] is shown at top, and its EDX spectrum is shown below. Bar = 100 nm.

in a variety of crystalline forms resembling those
shown in Fig. 15 to 17. However, the bulk of the
zinc sulfide occurred as electron-opaque gran-
ules and spherules (hollow granules) which were
intimately associated with the bacterial cells
(Fig. 19). With progressive aging, the size of the
granular spherules increased at the expense of
the isolated granules. It therefore seemed that
these spherules grew by accretion of the isolated
granules. It is possible that the electron-trans-
parent zone in the center of each spherule is an
organic phase. The sites of development ob-
served by electron microscopy indicate that the
bacterial surface (presumably the wall) is neces-
sary for their growth, and EDX confirmed that
the crystalline and granular forms were pure
zinc sulfide phases (Fig. 21).

Conditions of product formation. The pH and
ApH values of 19 selected experiments are
shown in Table 3, together with the correspond-
ing metal, sediment, redox buffer, and initial pH
values. The final pH values of the fluid phase

varied from 6.8 to 6.9 and 4.5 to 5.3, depending
on whether calcium carbonate (calcite) was
available as a pH buffering agent. The ApH
values were fairly consistent for all runs, ranging
from 1.7 to 2.5 pH units, regardless of the nature
of the constituents or initial pH. No attempt was
made to measure redox potentials since the fluid
volumes were too small. However, in runs em-
ploying elemental sulfur as a redox buffering
agent, a strong smell of hydrogen sulfide was
detected when the vials were opened, indicating
a low redox potential in these runs.

In general, organic degradation and phosphate
formation were most pronounced in runs using
uranium-loaded cells. In these experiments, the
bacteria degraded most rapidly at the more
neutral pH values (6.8 to 6.9), with the organic
residues polymerizing most intensely in the
presence of hydrogen sulfide. Phosphate forma-
tion correlated well with cellular decomposition,
but aggregation and recrystallization of the po-
tassium-uranium-phosphate were most intense
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FIG. 17. Same preparation as Fig. 15, but a cubic form of copper sulfide, digentite [(Cu,Fe)sSs], is shown

(EDX spectrum below).

in the absence of calcite (i.e., at the lower pH
values). All copper and zinc sulfides formed at
the low pH values. The lower degree of phos-
phate mineralization in the copper and zinc
experiments suggested that highly electroposi-
tive metallic cations were a prerequisite for
intense phosphate formation. Appearances sug-
gested that the uranyl cation may have more
actively catalyzed the breakdown of native cel-
lular polymers and thus promoted the release
and subsequent precipitation of organic phos-
phate.

DISCUSSION

The surfaces of most types of cells are highly
anionic, and bacterial cells are no exception.
Those of B. subtilis certainly react with and bind
substantial amounts of metal from aqueous solu-
tion and have presented a good model system to
study the binding characteristics (5, 9). We have
attempted to equate these results, in a general
way, to the contribution we can expect of bio-
logical polymers in nature to the mobility and
migration of metals throughout the environment.
We envision a light but constant rain of these
polymers throughout natural bodies of water
which would concentrate metals into the sedi-

ment. Here the more durable metallo-organo-
polymers would undergo a series of biological
and geochemical degradations until mineraliza-
tion was completed and a low-temperature meta-
morphic horizon was produced. We would ex-
pect the less durable polymers to exchange
metallic ions with their more durable neighbors,
thereby making possible high concentrations
which could inhibit degrading enzymes. It is
difficult to extrapolate the B. subtilis model
system to a sediment environment unless experi-
ments which mimic the environmental situation
are employed. Clearly, actual experiments out-
side the laboratory in natural sediments would
be difficult to monitor and to control. According-
ly, we had set up a series of small-volume
sediment situations in the laboratory which
could be controlled and accurately monitored.
The only heavy metal available in each of the
experimental vessels during diagenesis was that
which was bound to B. subtilis cells.

The experiments reported here ‘conclusively
demonstrate that, given the correct conditions,
organic polymers can be involved in authigenic
mineralization during low-temperature diagene-
sis. In fact, our results indicate that the bacterial
cells actively nucleated the mineralization proc-
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FIG. 18-20. (18) This preparation is copper-loaded cells in calcite with magnetite as the buffer and has been
aged for 100 days. The cell walls have been lost, and there is intense crystallization within the cytoplasm. Even
though there has been intense intracellular phosphate mineralization and condensation of organic matter, the
basic shape of the cells remains intact (the arrow points to a single cell). (19) Thermal degradation of zinc-loaded
cells aged with elemental sulfur for 200 days. Traces of intracellular granular sulfide mineralization are seen
(small arrows), but most conspicuous are the large granular spherules of zinc sulfide which are developing at the
cell periphery. (20) Thermal degradation of iron-loaded cells aged with elemental sulfur for 10 days. Coarse,
electron-dense aggregates of platy iron phosphate microcrysts and elemental sulfur are shown. Bars = 100 nm.
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FIG. 21-23. (21) EDX spectrum of a spherule as seen in Fig. 19. (22) EDX spectrum of a hexagonal plate from
the same preparation as Fig. 20, showing it to be an iron phosphate mineral. (23) EDX spectrum of the crystalline
aggregate at the left (‘‘A”’) of Fig. 20. It is mostly elemental sulphur with traces of an iron phosphate mineral.

ess and provided a major source of phosphorus
for the production of phosphate minerals. Pre-
sumably, at the same time, the organic carbon of
the cells was either highly polymerized into
insoluble carbonaceous residues (commonly
termed kerogen), or it was mineralized to carbon
dioxide or carbonate ions and incorporated into
a crystal phase. Unfortunately, carbon cannot
be detected by the EDX analysis techniques
used in this study and consequently, it could not
be monitored under our experimental condi-
tions.

Although carbonate fluorapatite and carbon-

ate hydroxyapatite comprise more than 99% of
the phosphorus minerals in marine sediments,
the question of apatite formation during diagene-
sis remains unresolved. It must depend on a
number of complex energy relationships (28).
Like carbonate minerals, phosphate formation is
commonly considered a pH phenomenon which
is controlled by the partial pressure of carbon
dioxide in the sediments, with apatite being the
dominant phase at pH 7.1 to 7.8 (11, 22).

Our experiments contained bacteria as the
sole source of phosphorus. It was present in the
form of organic phosphate in the nucleic acids



1106 BEVERIDGE ET AL.

APPL. ENVIRON. MICROBIOL.

TABLE 3. pH analyses for selected metal-sediment-redox buffer combinations artificially aged for 100 and
200 days at 100°C

Sediment Redox Time Initial Final A

Metal mixture buffer (days) pH pH pH
Uranium SiO, Sulfur 200 7.0 4.8 2.2
Absent Magnetite 200 7.0 5.0 2.0

Copper SiO, Sulfur 200 7.0 4.5 2.5
SiO, Magnetite 200 7.0 5.3 1.7

SiO, Magnetite 100 7.0 5.0 2.0

Si0,-CaCO, Sulfur 200 9.0 6.8 2.2

Si0,-CaCO, Sulfur 100 9.0 6.8 2.2

Si0,-CaCO, Magnetite 200 9.0 6.8 2.2

Si0,-CaCO; Magnetite 100 9.0 6.8 2.2

Zinc Absent Sulfur 200 7.0 4.8 2.2
Absent Magnetite 200 7.0 5.0 2.0

Absent Magnetite 100 7.0 4.5 2.5

Iron Absent Magnetite 100 7.0 4.5 2.5
Control cells SiO, Magnetite 200 7.0 5.0 2.0
SiO, Magnetite 100 7.0 5.0 2.0

Si0,-CaCO, Sulfur 200 9.0 6.9 2.1

Si0,-CaCO; Sulfur 100 9.0 6.8 2.2

Si0,-CaCO, Magnetite 200 9.0 6.8 2.2

Si0,-CaCO, Magnetite 100 9.0 6.8 2.2

(both RNA and DNA), in the phospholipids (of
membranes), and in the teichoic acids (of the cell
walls). In fact, the phosphodiester groups of the
bacterial walls were one of the major sites of the
bound metal of metal-loaded bacteria (8). Ap-
proximately 6% of the dry weight of these cells
was phosphate (T. Beveridge, unpublished
data). Clearly, phosphate mineralization oc-
curred during our experiments; this was most
pronounced in the mildly acidic range. The
apparent absence of calcium in the phosphates
precipitated in the presence of calcite indicated
either that lower pH values inhibit apatite forma-
tion or that the kinetics of its formation were too
slow to have been realized in a short-term study.
If apatite is inhibited by low pH, then the
availability of suitable metal ions may be a
critical factor in the formation of less complex
metal phosphate compounds.

The aqueous chemistry of uranium is complex
and is unlike that of lower atomic number metals
(36), but free uranyl ion is readily coordinated to
available anionic sites on biological polymers (5,
7, 8, 16). Uranium frequently demonstrates a
marked positive correlation with phosphorus in
modern marine sediments and fine-grained sedi-
mentary rocks (3, 33). Marine phosphorites can
contain 190 ppm uranium (190 pg/ml) (38). In
organic-rich phosphatic shales, uranium is typi-
cally associated with the phosphate phase,
whereas in phosphate-deficient shales, the ura-
nium is retained by the organic phase (39). The
stability of the organically complexed uranium
throughout diagenesis must, to a large extent, be
affected by the formation of authigenic phos-

phate minerals; this, in fact, has been confirmed
by our experiments.

The low temperature relationships involved in
the formation of sulfide minerals are not well
defined. Several studies have suggested the im-
portance of metal-organic complexes during
their formation, but the partitioning of the metal
to the sulfide phase most probably depends on
the stability of the metal-organic compound (29,
37). Clearly, in our system, sulfide production is
intimately associated with the bacterial cells and
the metal which is coordinated to them. To our
knowledge, this is the first instance that metal
sulfide framboid production has been definitely
correlated to biological material since these bac-
terial cells nucleated their development during
the experiments.

Clearly, we must be careful in our extrapola-
tion of these laboratory results when we attempt
correlation with conditions prevailing in a natu-
ral system. However, several lines of evidence
exist to support a close correlation. Organics
and metal sulfides commonly exhibit close asso-
ciation with phosphate in fine-grained sedimen-
tary rocks (40) and, as previously mentioned,
the correlation of uranium and phosphate con-
tents in marine sediments is well documented.
The preservation of ‘‘fossilized” bacterial cell
membranes as metal-organic complexes within
7,000-year-old sediments from the Black Sea,
Lake Tanganika, and German oil shale (14, 15)
provide compelling evidence for natural, heavy-
metal sequestering by bacterial walls. ‘‘Fossil-
ized”’ bacterial cells and organic coatings which
are intimately associated with metal sulfide
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framboids have been described from a number
of organic-rich sedimentary rocks (14, 24). Re-
cent evidence definitely promotes a bacterial
origin for some phosphate accumulations. ‘‘Fos-
silized”’ bacilli have been described in freshly
fractured late-Pleistocene to Holocene phos-
phatic nodules (30).

Numerous reports exist which indicate that
microorganisms have been instrumental in the
genesis of many ancient sedimentary rock types
(2, 15, 18, 31, 37). In fact, organically walled
structures (microfossils?) have been described
in sedimentary rocks as old as 3.8 x 10° years
(18, 34). The presence of bona fide fossilized
bacteria has been extensively documented in
cherts <2 x 10° years old, but they become
rarer and less diverse in morphology in the
appropriate rocks older than that. The recogni-
tion of bacterial cells from nondescript organic
residues in many sedimentary rocks is an ardu-
ous task because of simple morphology, poorer
preservation relative to higher organisms, and
the limited range of embedding rocks (i.e.,
cherts). Only EM affords the high resolution
required to follow mineralization of individual
bacteria and their component parts. At present,
there are numerous reports in the literature of
fossilized microorganisms, but most studies are
at the optical level of the light microscope.
Using EM, we have outlined some of the miner-
alization processes which contribute to the pres-
ervation of microbial cells in sedimentary rock.

Low-temperature diagenesis must occur
through a series of closely related and interde-
pendent chemical events. The study reported in
this paper provides compelling evidence for the
direct involvement of organic matter in the for-
mation of late-stage diagenetic phosphate and
sulfide minerals. It provides a logical immobiliz-
ing step for metal which has been chelated and
sedimented by biological particulates within the
natural water column. Since the dominant pro-
cesses leading to the formation of phosphates
and sulfides in this study were primarily gov-
erned by low-temperature reactions, it is likely
that the abiotic formation of similar phases in
nature can proceed at temperatures well below
100°C if given sufficient time. Given this view,
some components of the organic fraction of a
sediment stimulate and quicken mineral authi-
genesis.
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