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The geochemical behavior of Co in aquatic systems has
often been related to the presence of Fe and Mn particles.
A few studies have shown that Co is exclusively associated
with particulate Mn, but the dynamics of Co and Mn
cycling have never been determined in real time under
natural conditions. In this study, we used a combination of
analytical techniques to study the temporal and spatial
evolution of Mn microparticles (MnOx) over 2 weeks in the
water column of a shallow stratified lake (Paul Lake,
MI). We report a temporal accumulation of dissolved Mn
at the oxic-anoxic transition, and we show that this
accumulation is due to the reductive dissolution of Mn
particles. The reductant has not been identified, but abiotic
reduction by ∑H2S and ferrous iron is excluded because
they are produced below the zone of MnOx reduction.
Hybridization of RNA isolated from Paul Lake with
oligonucleotide probes targeting the δ proteobacteria,
which include metal-reducing species, suggests that their
activity is greatest at and just below the oxic-anoxic
transition, so that Mn reduction may be influenced by
bacterial activity. Mn-oxidizing bacteria were isolated from
this zone as well. We also demonstrate that the dynamic
evolution of MnOx has a direct influence on the distribution
of Co in the water column of this lake: dissolved Co is
released during the reductive dissolution of MnOx and
accumulates at the redox interface.

Introduction
Beginning with the pioneering work of Morgan (1), the Mn
cycle in aquatic systems has been well-studied over the years.
Under oxidizing conditions, Mn exists in the form of a wide
variety of minerals including feitknechtite, a Mn(III) mineral
(â-MnOOH) (2), and numerous polymorphic MnO2 minerals,
e.g., vernadite (δ-MnO2) (3-5); these may include foreign
ions, e.g., birnessite (Na4Mn14O27‚9H2O) (3, 6). These authi-
genic minerals, synthesized by biotic or abiotic processes in
the presence of oxygen, are characterized by mixed Mn
oxidation states and are usually reduced under anoxic
conditions.

The oxygenic oxidation of Mn2+, although thermody-
namically favorable in the pH range of natural waters, is very
slow (7, 8), and catalysts such as hydrous oxides (9) or
microorganisms (10-13) are needed for the reaction to
proceed efficiently. Because of this slow oxidation rate, Mn2+

can diffuse through the oxic-anoxic interface, and MnOx

may form within the oxic zone (e.g., refs 14-16). However,
it has been shown that the oxidation of Mn2+ could occur by
denitrification below the oxygen minimum if nitrate is present
(17). This could prevent MnOx formation in the oxic zone.

Manganese oxides are strong oxidants and easily reduced
in anoxic conditions (18). However, parameters such as light
intensity and pH (19, 20); availability of dissolved organic
reductants (19, 21), Fe2+ (22, 23), and reduced sulfur (23, 24);
assimilation by microorganisms (24-26); sorption by inor-
ganic phases (27); and precipitation of carbonate phases (28,
29) control the release of Mn2+. More recently, it has been
proposed that the reduction of MnOx may occur by anoxy-
genic oxidation of ammonium (17, 30). The kinetics of MnOx

reduction has generally been studied in the laboratory (19,
21, 22, 24), while a dynamic cycle of Mn has been observed
on a seasonal basis in aquatic systems (4, 23). To our
knowledge, short-term changes in the distribution of Mn
have never been observed in a natural environment.

Cobalt, as the central metal cofactor in vitamin B12, is an
essential micronutrient for phytoplankton growth (31) and
is involved in the biomethylation of heavy metals (32). The
geochemical behavior of Co in aquatic systems is often related
to the presence and oxidation state of Mn (15, 33-38). Several
studies have shown that Co is sorbed by MnOx (34-36) and
can be oxidized to Co(III) during this process (35, 36). The
mechanism is still uncertain: it has been shown that Co
oxidation occurs during the bacterially mediated oxidation
of Mn2+ (37, 38), even in the absence of Mn2+ (38), or during
the reduction of MnO2 if Co is complexed by a weak-field
ligand (39). It has also been demonstrated that Co could be
oxidized to Co(III) by reduction of the extremely reactive
Mn(III) to Mn2+ at the surface of Mn(III)-rich minerals (40).
In a previous investigation of submicron particles in the water
column of a stratified lake (Paul Lake, MI), we showed that
MnOx were associated with bacteria and that these Mn crusts
were carrying a significant amount of Co (15). Although the
recycling of trace metals in the dissolved phase is largely
driven by the dissolution of their carrying host, including
MnOx (15, 33), this process has never been directly observed
in a natural system.

In this new study, we observed the reductive dissolution
of MnOx in the oxic-anoxic transition during a 2-week period
and the concomitant release of Co in the dissolved phase.
We present here results relevant to the partitioning of Co
and Mn between the dissolved and the particulate phases,
as obtained by two complementary analytical tools: Zeeman
graphite furnace atomic absorption spectrometry (GFAAS)
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and analytical electron microscopy. In addition, we present
preliminary molecular and microbiological evidence for the
presence of microbes that could be involved in the Mn cycle.

Experimental Section
Site Description. This study was conducted in Paul Lake, a
small lake located in UNDERC (University of Notre Dame
Environmental Research Center) at the border of Wisconsin
and the Upper Peninsula of Michigan (46°13′ N and 89°32′
W). Paul Lake is a brown-water kettle lake surrounded on
three sides by moraine ridges (41) with a surface area of 1.2
ha, a mean depth of 5.0 m, and a maximum depth of
approximately 12 m. Its protected location and high depth
to surface area ratio help maintain stratification (42), although
complete mixing has been reported at least once (43). Paul
Lake is considered mesotrophic (44). The concentration of
soluble reactive phosphorus in the surface water is very low
(ca. 50 nM), but nutrient regeneration at the oxic-anoxic
transition promotes phytoplankton blooms just above this
interface (42). Light can penetrate the top of the chemocline,
allowing bacterial photosynthesis (45) on a seasonal basis
(41, 46).

Sampling and Chemical Analysis. The water column
chemistry and microbiology of Paul Lake were investigated
in July-August 1996. The physical and chemical character-
istics of Paul Lake were established using a portable CTD-
pH-O2 probe (Scout, Hydrolab) calibrated appropriately (47).
Water samples were collected every 50 cm by peristaltic pump
(Cole Parmer) with Tygon tubing. The samples were retrieved
in line, i.e., without contact with the atmosphere, using
polypropylene syringes (HSW). When required, the waters
were subsequently filtered through 0.45-µm Acrodisc LC-
PVDF Gelman filters. Generally, samples were kept in the
syringes under N2 atmosphere and at 4 °C until analysis within
30 min after sampling (Fe2+, H2S), but aliquots were preserved
in polypropylene tubes (Falcon) acidified with HNO3 for the
analysis of Mn and Co and in unacidified tubes for the analysis
of SO4

2-. The sampling equipment and containers were
cleaned with trace metal grade HNO3 (Fisher Scientifics) and
Milli-Q water (Millipore).

Sulfate was determined by capillary electrophoresis (CIA,
Waters), and ∑H2S () H2S + HS- + S2-) and Fe2+ were
measured colorimetrically using a homemade flow injection
analysis instrument and the methylene blue (48) and ferrozine
(49) methods, respectively. Dissolved manganese, determined
as total dissolved manganese (Mnd) in filtered samples, and
total manganese (Mnt), determined in unfiltered samples,
were measured by GFAAS (Varian AA800). Total cobalt (Cot)
and total dissolved cobalt (Cod) were measured by GFAAS
using a double injection technique to enhance sensitivity
(15). The detection limit, reported within a confidence interval
of 3σ, was 1.8 nM for Mn and 1.0 nM for Co. Particulate
manganese (Mnp) was measured using three different
methods: (i) the difference method, i.e., Mnp ) Mnt - Mnd;
(ii) the filter digestion method, i.e., depending on the depth
investigated, between 245 and 580 mL of water was filtered
online through a 0.2-µm Schleicher-Schüll cellulose acetate
filter, and the filter was digested in a mixture of 0.2 M trace
metal HNO3 and 0.1 M NH2OH‚HCl for 24 h at 25 °C; and (iii)
a colorimetric method to determine reactive MnOx in
unfiltered samples (50), i.e., Mn complexation with 4,4′,4′′-
methylidynetris[N,N-dimethylaniline] to produce a crystal
violet dye. For the latter, Mnp standards were diluted from
a stock solution freshly prepared with a mixture of 20 mM
MnCl2 and 18 mM KMnO4 solutions at neutral pH. The
concentration of Mnp was then determined by addition of
an excess of KI in acidic conditions, followed by back-titration
of the released iodine with a standard solution of 6 mM
Na2S2O3. Similar concentrations of particulate Mn were
measured by the three methods, suggesting that filtration

was not creating significant artifacts and that particulate Mn
essentially consists of reactive MnOx.

Transmission Electron Microscopy Analyses. Bulk water
samples were collected with 50-mL syringes (HSW) from 2
to 9 m, with a depth resolution of 0.25 m between 4.5 and
8 and of 0.5 m for the other depths. Sealed syringes were
transferred to a N2-purged glovebag and prepared for
transmission electron microscopy-energy dispersive spec-
troscopy (TEM-EDS) analysis, using a nondisturbing pro-
cedure, within 10 min after sampling (15). A turbidity-
dependent volume of the sample was ultracentrifuged
(Beckman Optima TLX with swing-out rotor TLS-55) above
TEM copper grids (collodion coated, carbon covered) to
collect submicron particles. The supernatant was carefully
withdrawn under N2 atmosphere, and TEM grids were post-
protected (51) with a thin film of hydrophilic resin (Nanoplast
FB101 (52)). Grids were visualized by TEM (Zeiss EM10, 80
kV), and the elemental analysis of individual entities were
performed by TEM-EDS (Hitachi HF-2000, 200 kV; window-
less Noran detector; counting time, 80-300 s; nominal
magnification of 150,000; probe size of ca. 3 nm; CIME, EPF
Lausanne; see details of the procedure in refs 15 and 47).

Ribosomal RNA (rRNA) Extraction and Hybridization.
Oligonucleotide probes targeting δ proteobacterial groups
known to include metal reducers were used to measure
concentrations of small-subunit ribosomal RNA (SSU rRNA),
a component of the RNA-protein complex responsible for
translation of messenger RNA into protein. The evolution of
SSU rRNA has paralleled the evolution of species, so sequence
comparisons can be used to infer phylogenetic relationships.
Probes targeting more- or less-conserved regions of the
sequence can be designed to measure RNA concentrations
at resolutions from the universal down to the genus or even
species level. Because cellular rRNA production tends to
increase with growth rate and extracellular RNA is quickly
degraded, relative SSU rRNA concentrations in a sample
reflect the composition of the active community (53). The
main objective of the molecular study was to relate general
microbial distribution using domain-level oligonucleotide
probes to Mn cycling in this lake. It is difficult to use
phylogenetic analyses to assign a specific physiological
function such as Mn reduction, and the key microbial species
contributing to Mn reduction in aquatic systems have not
yet been identified. However, species capable of Mn as well
as Fe reduction are targeted by the probes specific for δ
proteobacteria used in this study. As described for the filter
digestion method above, samples were collected by filtering
between 160 and 410 mL of waters (depending on the depth
investigated) onto 0.4-µm Isopore membranes (Millipore).
The material was rinsed from filters by vortexing with 2 mL
of sterile Milli-Q water. rRNA was extracted by bead beating,
phenol-chloroform extraction, and ethanol precipitation;
transferred to nylon membranes; and probed with radio-
labeled oligonucleotides as previously described (54, 55).
Oligonucleotides (Operon Technologies, Inc.) were named
by Oligonucleotide Probe Database conventions (56). Uni-
versal probe (S-*-Univ-1390-a-A-18 (57)) hybridization was
compared to total domain-level probe hybridization (Bac-
teria, S-D-Bact-0338-a-A-18 (58); Eukarya, S-D-Euca-1379-
a-A-16 (59); Archaea, S-D-Arch-0915-a-A-20 (60)). Two probes
targeting δ proteobacteria were also used (S-F-Dsv-0687-a-
A-16 and S-*-Dsb-0804-a-A-18 (61)). Membranes were pre-
hybridized at 40 °C and washed at 44 (S-*-Univ-1390-a-A-18;
S-F-Dsv-0687-a-A-16), 56 (S-D-Arch-0915-a-A-20), 54 °C (S-
D-Bact-0338-a-A-18), 42 (S-D-Euca-1379-a-A-16), or 46 °C
(S-*-Dsb-0804-a-A-18). Hybridization was measured with a
PhosphorImager (model 400S; Molecular Dynamics Inc.).

Isolation of Mn-Oxidizing Bacteria. Columns packed with
sterile sand were percolated for 10 days with water collected
at 5.25 m in Paul Lake to allow colonization. Columns were
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then percolated for 4 weeks with a sterile, low organic nutrient
medium, supplemented with a 100 µM Mn2+ solution in
HEPES. After 3 weeks, a brown deposit was visible in the
outlet tubing, which was chemically identified by TEM-EDS
as manganese oxide. No such deposits were observed in
control columns that were not inoculated. At the end of the
experiment, bacteria were desorbed from the columns with
a chemical dispersant (62) for isolation and viable counts
(63).

Results and Discussion
Solution Chemistry. A strong stratification with an oxic-
anoxic transition extending from 2.2 m (the depth of
maximum O2(aq)) to 6.5 m (the depth of minimum O2(aq))
was observed (Figure 1a). This stratification results from
oxygen respiration in the water column and a low oxygen
supply below 2.2 m during the summer season. Dissolved
oxygen is at saturation at the lake surface (225 µM) but
increases to 245 µM at 2.2 m during photosynthesis (Figure

FIGURE 1. Chemical profiles collected in the water column of Paul Lake: (a) O2(aq) and pH on July 27, 1996; (b) SO4
2-, ∑H2S, and Fe2+

on July 24, 1996; and (c) dissolved manganese (Mnd) on July 24, August 8, and August 15, 1996. The dashed lines indicate the location
of the chemocline, i.e., maximum and minimum oxygen concentration.

FIGURE 2. Profiles of particulate manganese (Mnp) in the water column of Paul Lake collected over a period of 2 weeks from July 24
to August 7, 1996. The dashed lines indicate the location of the chemocline.
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1a). Because the summer of 1996 was particularly cold and
humid, the production of oxygen by photosynthesis was 40-
60% lower than observed in previous spring and summer
seasons (15, 46, 47). The pH profile reflects photosynthesis
in the upper water column and respiration in the chemo-
cline: the pH increases from 6.2 at the surface of the lake
to 6.4 at the photosynthetic maximum, decreases during
respiration to 5.8 at 3.8 m, and remains constant throughout
the chemocline (Figure 1b). Below 6.7 m, the pH increases
again to 6.4 at 8.3 m and seems to be buffered around the
pKa of the carbonate system below that depth. Sulfate is
constant at around 16 µM from the surface to 7.5 m, then
decreases sharply to 2 µM at 8 m, and is below detection
limit at 10 m (Figure1b). Sulfate reduction simultaneously
produces ∑H2S below 7 m, which reaches a maximum of ca.
17 µM at 7.75 m and remains constant below that. Similarly,
Fe2+ is below detection limit above 7 m and increases between
7 and 8 m to 105-110 µM deeper (Figure 1b). Finally, Mnd

is generally low (<1 µM) and constant from the surface of
the lake to 4.75 m, at which depth Mnd increases sharply to
4.75 µM at 6 m on July 24 to 5.48 µM at 6.5 m on August 8
and to 6.2 µM at 6.25 m on August 15 (Figure 1c). Although
data were not collected below 6.5 m on August 8, Mnd

generally decreases to around 4.5 µM below 7.25 m. These
data clearly show that Mnd is produced in the lower part of
the chemocline during a 2-week period.

Dissolution of MnOx. The profiles of Mnp measured over
the same 2-week period show a well-defined peak of Mnp in
the middle of the chemocline with a maximum concentration
of 2.6 µM on July 24 (Figure 2a). These data show that Mn2+

oxidation occurs immediately below the oxygen maximum.
However, the Mnp maximum concentration decreases from
2.6 µM on July 24 to 1.3 µM on August 1 (Figure 2b), to 1.0
µM on August 5 (Figure 2c), and to 0.9 µM on August 7 (Figure
2d), confirming that Mn particles are reduced in the
chemocline during these 2 weeks. In addition, the Mnp

maximum seems to descend in the water column (Figure 2),
suggesting that particles sink during this period. In contrast
to the summer of 1995 (15), the bacteria observed at the Mnp

maximum (Figure 3a) are not Mn-encrusted, as confirmed
by TEM-EDS analysis. However, four manganese-oxidizing
bacterial strains were isolated from these 1996 samples. Mn-
oxidizing bacteria are widely distributed among the pro-
teobacteria (Figure 4) and other microbial lineages. Isolate
23 is a γ proteobacterium, closely affiliated with manganese-
oxidizing Pseudomonas putida strains. The remaining isolates
are â proteobacteria. While this group includes manganese-
oxidizing strains of Leptothrix and Sphaerotilus, the isolates
from Paul Lake belong to a separate lineage (Figure 4) from
which to our knowledge no other metal oxidizers have yet
been identified.

Between 5.75 and 6 m, aggregates containing Mn-rich
material similar to that observed in 1995 (15) are present
(see arrows in Figure 3b). These TEM-EDS observations at
the microparticle level that show MnOx at 5.75 m (Figure 3b)
but not at 5.25 m (Figure 3a) on August 5, 1996, are in
agreement with the bulk chemistry data (Figure 2), strength-
ening the evidence that production of MnOx at the surface
of bacteria is probably inhibited in August 1996 and that
MnOx particles have settled to 5.75 m, where they are reduced.
The pH and O2(aq) concentrations are much lower between
4 and 6.5 m (Figure 1a) than in our previous study in July
1995 (15), indicating that the rate of formation of MnOx,
proportional to both pH and O2(aq) (8), is much slower in
1996 or even null.

It has been shown that a higher light intensity and lower
pH can facilitate Mn2+ production (19, 20). The pH influences
rates of reductive dissolution through its impact on the
chemical speciation of reductants, oxide surface sites, and
reaction intermediates (19). Indeed, we observe a Mnd

maximum (Figure 1c) and Mnp dissolution (Figure 2) in the
pH minimum zone. Inorganic reductants such as H2S and
Fe2+ may reduce hydrous manganese oxides (22-24). The
reduction of MnOx is even faster with Fe2+ than H2S (23),
although stoichiometrically more MnOx can be reduced by
H2S than by Fe2+ (24). These reactions could explain the
absence of Mn particles below the chemocline (Figure 2),
where ∑H2S and Fe2+ are present (Figure 1b), but cannot
explain the reductive dissolution of MnOx between 4.75 and
6.5 m. Alternatively, the disappearance of Mnp could be due
to their nonreductive dissolution to colloidal Mn (not retained
by 0.45-µm filters). However, we were unable to observe by
TEM-EDS Mn particles below 6 m (66), which suggests that
the reductive dissolution of MnOx is accomplished within
the chemocline only. Recently, it has been proposed that

FIGURE 3. Transmission electron micrograph showing (a) bacteria
at 5.25 m in the water column of Paul Lake on August 5, 1996. No
Mn overgrowth is detected by EDS at the surface of these bacteria.
(b) Aggregates containing Mn (located by the arrows) at 5.75 m.
These observations are in good agreement with the bulk chemistry
data of Figure 2 that show little MnOx at 5.25 m and a maximum
MnOx at 5.75 m on August 5, 1996. Scale bar ) 1 µm.

VOL. 36, NO. 3, 2002 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 471



MnOx reduction can occur by anoxygenic NH4
+ oxidation

(17, 30). The exact conditions favoring this reaction are still
unknown (67), but the pH is low enough (17) for it to occur
(Figure 1a). Unfortunately, NH4

+ was not measured in 1996.
However, NH4

+ was present in the lower end of the

chemocline in July 1995 (not shown), suggesting that this
reaction may take place.

Mn-Reducing Bacteria. SSU rRNA profiles (in nanograms
of rRNA per milliliter of filtered sample) are shown in Figure
5a for the universal probe compared to the summation of

FIGURE 4. 16S rDNA phylogeny of Mn-oxidizing Paul Lake isolates. The tree includes the closest relatives of Paul Lake sequences as
well as currently recognized Mn- and Fe-oxidizing bacteria among the â, γ, and r proteobacteria. The tree was constructed using FastDNA
ML, including only positions that were similar in 40% or more of the sequences shown in black (64). All branch lengths were significant
(P < 0.01) with the exceptions indicated. Shorter partial sequences, shown in gray, were added by maximum parsimony. The scale bar
represents 0.1 base changes per position. Numbers in parentheses indicate the number of sequences combined in a single branch. Green
Bay Mn oxidizer 07 was isolated from Lake Michigan sediments (65).

FIGURE 5. Depth profiles of (a) SSU rRNA recovery in ng of rRNA/mL of filtered sample for the universal probe (S-*-Univ-1390-a-A-18)
and the three domain probes (bacterial, S-D-Bact-0338-a-A-18; eukaryotic, S-D-Euca-1379-a-A-16; archaeal, S-D-Arch-0915-a-A-20); (b)
domain summations in percent of the universal probe; and (c) δ proteobacteria-specific probes (S-F-Dsv-0687-a-A-16 and S-*-Dsb-0804-
a-A-18) in ng of rRNA/mL of filtered sample.
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the three domain probes (bacterial, eukaryotic, and archaeal).
In general, the domain summation ranges between 70 and
175% of the universal probe (Figure 5b), with the exception
of a very low summation (<10%) at 5 m and a high summation
(220%) at 10 m. Five and 10 m were both depths of minimal

RNA recovery, so these poor domain summations may reflect
uncertainties in the measurement of extremely small amounts
of nucleic acid. Bacterial SSU rRNA accounts for most
hybridization at all depths, with a peak between 5 and 10 m.
Eukaryotes account for 20-40% of universal probe hybrid-

FIGURE 6. 16S rDNA phylogeny of δ proteobacteria. δ proteobacterial probe coverage. Species known to reduce Mn, Fe, and/or Co are
indicated (69-72). The tree includes all relatively full-length δ proteobacterial sequences available (as of December 2000) except that
only a few representative Myxobacteria sequences were included, as none of them are covered by the probes used or known to reduce
metals. The tree was constructed using FastDNA ML (64), including only positions that were similar in 40% or more of the sequences.
Entotheonella palauensis strs., Desulfomonas oviles, and Desulforegula conservatrix sequences were then added by maximum parsimony.
All branch lengths computed by ML were significant (P < 0.01), with the exceptions indicated. Numbers above some branches indicate
the number of species included in that branch. The scale bar represents 0.1 base changes per position.
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ization between 5 and 6 m, where oxygen is still present, but
less than 5% in the anoxic zone. Archeal abundance was low
at all depth intervals inspected (Figure 5a). The highest
absolute abundance was observed at the surface of the lake
(ca. 1 ng mL-1), accounting for about 5.4% of total rRNA
(Figure 5b). Although high relative abundance was observed
at the lowest depth inspected, this was a region of very low
biomass (Figure 5a). In general, the Archaea do not appear
to be dominant participants in the biogeochemistry of this
water column.

The concentration of SSU rRNA targeted by the δ
proteobacterial probes (S-F-Dsv-0687-a-A-16 and S-*-Dsb-
0804-a-A-18) peaks between 6 and 10 m (Figure 5c), in the
region of MnOx (6 m), iron oxide (7 m, not shown), and SO4

2-

(8 m) reduction (see Figure 1). In addition, S-*-Dsb-0804-
a-A-18 hybridization displays a smaller peak at 4 m.
Interestingly, these two δ proteobacterial probes account
for less than 5% of the universal probe hybridization in the
anoxic zone, while they account between 10 and 50% of total
hybridization in the first 5 m of the water column. This is
consistent with a number of other studies that have shown
that some δ proteobacteria may be more oxygen tolerant
than once believed (68). The δ proteobacteria include
numerous species able to reduce manganese and/or iron
oxides (Figure 6, 69), and at least one species has been shown
to reduce Co (71). The Geobacter/Pelobacter/Desulfuromonas
group has been the most extensively studied; most of the
other species shown in Figure 6 have not yet been tested for
metal reduction. Mn-reducing species are among those
targeted by both of the δ proteobacterial probes used; thus,
these data are consistent with a microbial contribution to
MnOx reduction at 6 m. However, because metal-reducing
species are found in many different microbial lineages, they
can only be considered indicative of species that might be
active. This study has defined the depth intervals of greatest
microbial activity and established a foundation for more
detailed analyses of population structure in relationship to
this process.

The fact that microbial reduction may be responsible for
the reductive dissolution of Mnp in the water column is
supported by TEM-EDS data. An investigation during the
previous summer showed that MnOx formed a crust at the
surface of some bacteria, hypothesized to be Mn oxidizers
(15). In contrast, TEM-EDS data collected in August 1996
find no Mn-encrusted bacteria in the chemocline (Figure
3a), supporting the bulk chemistry data showing that Mn2+

oxidation was probably slow and that dissolution of MnOx

occurred in the water column during this period. Although
it is not possible to infer from these data that microbial
reduction occurs in the chemocline, one can speculate that
if microbial reduction is involved a consortium of Mn
oxidizers and reducers is located in the suboxic zone. From
these different measurements, we can conclude that the fast
dissolution of MnOx observed at 5.25 m may only occur by
reduction in the presence of organic ligands (19), ammonium
oxidation (17), or microbial reduction (25, 26). These data
suggest that the cycling of Mn is not at steady state in the
water column of Paul Lake.

Co and Mn Association. On August 3, during the dis-
solution period, Cop correlates extremely well with Mnp. It
forms a peak in the lower end of the chemocline with a
maximum concentration around 9 nM between 5.5 and 6.5
m (Figure 7a). On August 15, Cod forms a peak between 5.25
and 7.25 m, with a maximum of 32 nM at 6.25 m (Figure 7b).
This peak coincides with the Mnd peak formed upon
dissolution of MnOx. In addition, Cop and Mnp are below
detection limit on August 15, confirming their dissolution in
the water column.

Data from the water column and the sediment porewaters
showed that Co is not significantly brought to the water
column from the deep sediment but only recycled from the
particulate material at the sediment-water interface and in
the water column (46). Good correlations were found between
Cod and Mnd to support this idea (15, 46), and it was suggested
that Co is scavenged by MnOx in the mixolimnion and
released in the chemocline when these mineral phases

FIGURE 7. Direct evidence of the interaction between Co and Mn in the water column of Paul Lake: (a) Mnp and Cop on August 3 and
(b) Mnd and Cod on August 15. Mnp and Cop were below detection limit on August 15. The particulate fraction was collected using the
filter digestion method. The dashed lines indicates the location of the chemocline.
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dissolve (15). Figure 7 presents clear evidence that Co is
associated with MnOx and is released upon their reductive
dissolution during the 2-week period in 1996. In addition,
two fine resolution depth profiles of Mnp and Cop collected
on August 3 and August 8 between 5.25 and 6.5 m (Table 1)
show that the Cop:Mnp ratio increases with depth, indicating
Co is enriched in Mn particles in the lower end of the
chemocline. More importantly, the Cop:Mnp ratio increases
by 20-30% between 5.75 and 6.5 m from August 3 to August
8, suggesting that even though the dissolution of Mnp releases
Co in solution, Co is rapidly recycled and sorbed on Mnp.
The specific sorption of Co by MnOx has been documented
in laboratory and field studies (33, 34), and it is believed that
Co(II) is chemically or microbially oxidized to Co(III) at the
surface of manganese and hydrous iron oxides (35, 36, 39,
40). The depth distributions of particulate and dissolved Co
and Mn observed in Paul Lake demonstrate that their
limnological biogeochemical cycles are coupled and that the
recycling of trace metals at the oxic-anoxic transition can
be fast. Although the dissolution mechanism of MnOx is still
unknown, chemical reduction by H2S and Fe2+ can be ruled
out in this system because they are not present at the depth
of MnOx dissolution. Microbial reduction, organic ligands or
ammonium oxidation are the only known processes that
could result in such a rapid reductive dissolution of MnOx

and release of Co in the dissolved phase. This process is
probably favored because of the low pH in the suboxic zone.
To maintain a steady-state, the formation of the particles
must be equally fast; however, this was not the case in July
1996.

The cycling of Mn and Co in the water column of Paul
Lake may be inferred from these results (Figure 8). Manganese
crusts are formed at the bacterial surface (symbolized by the

dark round shapes) in the chemocline, and Co is adsorbed
or incorporated in the crust. Eventually, oxidation of Co(II)
to Co(III) may occur and might be coupled with the reductive
dissolution of MnOx at the bacterial surface. However, the
latter process should have a negligible impact on the
reduction of MnOx since the Co:Mn ratio is below 1%.
Manganese-encrusted bacteria may settle to the lower end
of the chemocline, where dissolution of MnOx releases Mn2+

and Co in solution. This study shows that a combination of
several analytical techniques helps assess biogeochemical
processes in aquatic systems. In this regard, the recent
emergence of rRNA hybridization molecular probes allows
a greater insight into the role of microorganisms when
compared to geochemical data.
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