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Abstract—The distributions of cobalt and manganese in the water column of Paul Lake, a small
meromictic lake located in the upper Michigan peninsula, follow remarkably similar patterns. At the
oxycline, these elements show pronounced concentration gradients. In May 1994, Co and Mn increase
from detection limits to 6 nM and 3 M, respectively. The association between Co and Mn can be
attributed to the sorption of cobalt to manganese hydrous oxides, and the redox-driven interconversion
between dissolved Mn and particulate Mn-oxides species, which is often mediated by micro-organisms.

In this paper, we have used a multi-method approach to the study of Co:Mn association in an aquatic
system. First, using equilibrium calculations, we discuss the chemical speciation of dissolved Co and Mn
in the water column. Second, we present a Transmission Electron Microscopic (TEM ) characterization of
individual Mn-rich micro-particles. These particles were primarily observed at the oxic/anoxic transition.
Micrographs confirm the biological origin of the hydrous manganese oxides. Analytical Electron Micros-
copy clearly establishes that Co and Fe are scavenged by micro-organisms bearing a Mn-oxide crust.
Co:Mn ratios were determined on individual particles by Energy Dispersive Spectrometry (EDS). The
comparison of the average Co:Mn ratio in particles to the one in solution shows that Co is enriched in
the Mn-oxides overgrowths. High resolution TEM-EDS analyses of environmental particles proves to
be a powerful tool to unveil chemical associations that are difficult to deduce from changes in the water
chemistry. Copyright © 1997 Elsevier Science Ltd

1. INTRODUCTION

Cobalt is a transition metal of biological and economical
importance. It is an essential oligo-element, playing an im-
portant role in the bio-methylation of heavy metals, e.g., Hg
(Fergusson, 1990). At high concentration (>17 uM) Co is
toxic to living organisms, but these concentrations are rarely,
if ever, observed in the environment (Williams, 1971;
Schrauzer, 1991). In pristine freshwater systems, it is usually
present in trace amounts, around a few nano-molar (Forstner
and Wittmann, 1979). Cobalt is also a metal of environmen-
tal interest since the radionuclide *°Co is an activation prod-
uct of radioactive wastes and has been identified as a priority
contaminant (U.S. Department of Energy, 1994). Cobalt is
released to the environment from the burning of fossil fuels
and is consequently transported through the atmosphere.
Soils, dust, and seawater have been recognized as important
natural sources of Co and contributes to its global biogeo-
chemical cycle (Schrauzer, 1991).

The geochemical behavior of Co in aquatic systems has
often been related to the presence and oxidation of Mn (e.g.,
Spencer et al., 1972; Murray, 1975) and Fe (Balistrieri et
al., 1992b). The oxidation of Mn(II) to Mn(III-IV) oxides,
or MnO,, is autocatalytic, and in natural systems it is also
mediated by micro-organisms (Diem and Stumm, 1984;
Nealson et al., 1988). Microbial catalysis has been observed
at oxic/anoxic boundaries in marine systems (Emerson et
al., 1982; Tebo, 1991) and in lakes (Chapnick et al., 1982;
Gregory and Staley, 1982; Richardson et al., 1988; Tipping
et al., 1985).
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The chemical association of Co and Mn has been primarily
inferred from the analysis of bulk water samples (e.g., Balis-
trieri et al., 1992b, 1994 ), because the direct determination
of Co in environmental Mn-rich micro-particles has never
been performed. Moreover, the speciation of trace elements
like Co has been limited by collection artifacts and analytical
difficulties. Membrane clogging, equilibrium shifts, differen-
tial sedimentation, and resuspension impede particle size
fractionation schemes that use either filtration or centrifuga-
tion. These obstacles apply not only to the determination of
trace concentrations of dissolved species, but also to the
chemical analysis of micro-particles and colloids (Hon-
eyman and Santschi, 1988, 1992; Buffle et al., 1992). The
detection limit of conventional trace analysis techniques,
e.g., graphite furnace atomic absorption, usually requires a
pre-concentration step for the analysis of water samples.
Furthermore, the direct inspection and analysis of environ-
mental micro-particles, which have been recognized as po-
tential trace element carriers, is still in its infancy (Leppard,
1992).

Consequently, the current understanding of the behavior
of trace elements in the presence of particulate material relies
on recent conceptual advances made in aquatic surface
chemistry (Stumm, 1992). These concepts have been veri-
fied with laboratory experiments that have consistently used
concentrations of dissolved elements and model particles
which are orders of magnitude higher than those encountered
in natural systems (Stumm, 1993). Their application to the
speciation of metals in natural aquatic systems requires fur-
ther detailed field studies and concurrent progresses in the
analytical chemical speciation of trace elements.

In this research, we have investigated an alternative ap-
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proach based on the analysis of water samples and individual
micro-particles to demonstrate the unequivocal association
of Co and Mn. This study was performed in a small meromic-
tic lake (Paul Lake, MI) where the chemical signatures are
intensified at the oxic/anoxic transition.

2. STUDY AREA

Paul Lake is located at UNDERC (University of Notre
Dame Environmental Research Center), at the border of
Wisconsin and the upper peninsula of Michigan, USA (Fig.
1). The center of the property is positioned at 46°13’'N
89°32’E, with an altitude range between 500 and 520 m.
UNDERC lies in Northern Highland Province, which is the
southernmost extension of the Canadian Shield. This prov-
ince is characterized primarily by Pre-Cambrian bedrocks
capped by a thin layer of sedimentary rocks left by the
Paleozoic seas. On top of this formation are glacial deposits
left by the Woodfordian and Valderan substages of the Wis-
consinian glaciers. These glacial deposits are young and the
drainage system is poorly developed. The surface deposits
are characteristic of glacial retreat, consisting of infertile,
sandy, pitted glacial out-wash or boulder and clay morainic
deposits. As a result of their composition, the soils have a
reduced capacity for cation exchange, leaving them very
susceptible to acidification. Many of the lakes in this region
are kettle lakes, others originate from irregular depressions
in the ground moraine or were scoured out of the bedrock
as the glaciers passed.

Paul Lake has a surface area of 1 ha, a mean depth of 6
m, and a maximum depth of 13 m (Fig. 1). All the water
entering Paul Lake comes from atmospheric deposition and
groundwater seepage. Paul Lake generally remains stratified
year-long because of a biogenic meromixis (Carpenter and
Kitchell, 1993) and has been classified mesotrophic (St.
Amand, 1990). The concentration of soluble reactive phos-
phorus remains low in surface waters year-long, but nutrient
regeneration at the oxic/anoxic transition promoties phyto-
planktonic blooms just above this interface (Carpenter and
Kitchell, 1993).

3. METHODS

The water column chemistry of Paul Lake was investigated in May
1994 (water sampling) and July—August 1995 (water and particle
sampling ). The chemical distribution of the dissolved species, major
and trace elements, as well as the elemental analysis of the micro-
particles formed at the oxic/anoxic transition, was determined. We
present here the results relevant to the partitioning of Co and Mn
between the dissolved and particulate phases, as obtained by two
complementary analytical tools: ICP-MS and TEM-EDS.

3.1. Water Sampling and Analysis

The physical and chemical characteristics of Paul Lake were estab-
lished using a portable CTD-pH-O, probe (Scout, Hydrolab). The
response of the O,-probe was standardized by concurrent Winkler
titrations. Water samples were collected every 50 cm by peristaltic
pumping using a portable, battery operated, pump (Cole Parmer)
with acid-cleaned Tygon® tubing. The samples were retrieved in
line, i.e., without contact to the atmosphere, using pre-cleaned syrin-
ges made of a polypropylene barrel and polyethylene plunger
(HSW). The waters were subsequently filtered through acid-cleaned
0.45 pm Acrodisc LC-PVDF Gelman filters. The first fractions of
filtrate were discarded, and subsequent aliquots were preserved for
the analysis of trace elements in acid-cleaned polypropylene tubes
(Falcon) and for the analysis of major and minor species in cleaned
polypropylene bottles (Nalgene). All the sampling equipment and
the containers were cleaned with HNO, Trace Metal Grade (Fisher)
and Millipore Milli-Q water.

At UNDERC, the determination of £H,S was performed on 50
mL aliquots, preserved at pH = 10 using NaOH. Within an hour,
the samples were titrated with HgCl, using an Ag/Ag,S electrode
and a double junction reference electrode. A computerized titration
scheme was developed from the manual method of Boulegue et al.
(1979), and the equivalence point was determined by means of a
Gran function (Dyrssen and Wedborg, 1986). The concentration of
dissolved ferrous iron, Fe(II),, was determined by colorimetry using
ferrozine (Stookey, 1970), while total iron, Fer, was determined
similarly after reacting unfiltered samples with hydroxylamine hy-
drochloride. The positive interference of Fe** on the Fe**/ferrozine
colorimetric determination (Siffert, 1989) was checked with stan-
dard Fe** solutions in the range 107 ®to 2 X 10™* M, but was found
to be negligible for the concentrations of Fe(IIT), found in Paul
Lake ([Fe(IlI),] = 2.5 X 107° M produces a colorimetric signal
equivalent to 107 M Fe**). The turbidity of the bulk water samples
was determined using a Hach 2100 A turbidimeter.

In the laboratory, Fer recovery was checked using Atomic Absorp-
tion Spectrometry (AAS, Varian SpectrAA-20). Particulate iron,

Fig. 1. Location and bathymetric chart of Paul Lake, UNDERC, Michigan, USA. The filled circle indicate the

sampling location.
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Fe,, was determined by difference: Fe, = Fer — Fe(Il),. Dissolved
manganese was determined either as Mn**, by capillary electropho-
resis (CE, Waters), or as total dissolved manganese (AAS and ICP-
MS). The water samples were analyzed for trace elements by Induc-
tively Coupled Plasma Mass Spectrometry ICP-MS (VG-Plasma-
Quad2-STE) on the acidified aliquots. Indium, terbium, and
yttrium were used as internal standards. Quality control was per-
formed using 1 ppb standards and the National Research Council
Canada river water standard SLRS-2. The preparation of the samples,
standards, and reference solution was conducted in a clean laboratory
in order to minimize contamination. The detection limit, reported
within a confidence interval of 3¢, was 0.3 nM for Co.

3.2. Micro-Particles: Sampling and Analysis

The bulk water samples were collected by peristaltic pumping
and were retrieved, in line, using 50 mL syringes as described before.
The syringes were immediately sealed, transferred to a N-purged
glove-bag (model X27-27, I°R), and brought to the laboratory. TEM
grids (200 mesh, Cu, carbon-coated and collodion-covered, SPI Sup-
plies) were placed at the bottom of centrifuge tubes (Nalgene).
Under N, atmosphere, an aliquot of the bulk water sample was
transferred to centrifuge tubes (30 mL) which were tightly sealed.
The volume of aliquot used was determined from turbidity measure-
ments to insure an appropriate micro-particle coverage of the grid.
The tubes were spun under nitrogen atmosphere, within 30 min after
retrieval from the field, for 14 h at 6000 rpm using a swing-out rotor
in order to obtain whole mount specimens. After centrifugation, the
tubes were transferred to a glove-bag and the supernatant was care-
fully withdrawn, by slow nonturbulent pipetting. The TEM grids
were then protected with a thin film of hydrophilic resin (Nanoplast
FB101; Plano). Previous laboratory tests showed that, under these
conditions, Fe?* is not oxidized into Fe(Il),. More details about
this sampling procedure are presented in Perret et al. (1991).

The grids were first observed on a Jeol 100C TEM (University
of Notre Dame, Indiana, USA) to verify the optimal deposition
and lay-out of the micro-particles. TEM identifications were then
performed on a medium-resolution TEM Zeiss EM10 (Centre de
Microscopie Electronique, University of Lausanne), while elemental
microanalyses were performed on a High Resolution Electron Micro-
scope (HREM, Hitachi HF-2000 FEG, Centre Interdépartemental
de Microscopie Electronique, EPFL, Lausanne). This instrument is
equipped with a narrow probe (ca. 2 nm in diameter) that provides
X-ray spectrometry (EDS) with a high lateral definition. The beam
sampling depth was estimated to equal the thickness of the analyzed
particles under the conditions of operation. Spectra were acquired
and analyzed using the Noran Voyager software running on a Sun
SparkStation IPX. For the optimal determination of elements present
in low concentration, analyses were performed under the following
conditions: acquisition time: 80-300 sec spot size: (3—-5) nm® (de-
pending on particle size), beam current 10° ¢ “/nm®, magnification:
7 x 10* = 5 X 10° X, EDS detector: Ge with a Norvar window.

Spectral deconvolutions were accomplished by performing multi-
ple Gaussian fitting of the spectra using theoretical energies corre-
sponding to (1) Mn K, (5.894 keV), (2) Fe K, (6.398 keV) plus
Mn K; (6.489 keV), and (3) Co K, (6.924 keV) plus Fe K; (7.057
keV). For each peak, the width obtained by adjustment was consis-
tently ca. 145 eV, which is in perfect agreement with the resolution
of the detector determined on Mn-standard material (146 eV ). Quan-
titative standardless analyses (Reed, 1993) were effected using fitted
peak heights and theoretical intensities of the K, transitions of Mn,
Fe, and Co.

4. RESULTS AND DISCUSSION

In this section, we present first the water column chemis-
try, emphasizing the chemical gradients observed at the oxic/
anoxic transition, and the results of thermodynamic calcula-
tions providing some insights into the chemical speciation.
Then, we proceed with a short description of the particulate
material, as observed by TEM, while focusing on the mor-
phology and elemental composition of Mn-rich micro-parti-
cles.

4.1. Characterizing the Oxic/Anoxic Transition

The water column profiles of temperature, O,, pH,
SO7, and XH,S, observed in May 1994, are shown in Fig.
2. The distribution of the concentrations of dissolved cobalt
(Coy) and dissolved manganese (Mny), observed in May
1994 and July - August 1995, are presented together with the
May 1994 profiles of dissolved iron (Fe,) and particulate
iron (Fe,) in Fig. 3. The concentrations of particulate Mn
were below our detection limits, since the differences be-
tween Mny and Mny were always small. All these profiles
demonstrate that large gradients of concentration occur in
the water column as a result of the oxic/anoxic transition.

In May 1994, the temperature profile clearly establishes
the extent of the thermal stratification. The oxycline spans
over depths ranging from 4.5 to 6 m. The profile of dissolved
O, concentration shows a pronounced maximum above the
chemocline as a result of photosynthetic activity. The varia-
tions of pH reflect the major biogeochemical processes tak-
ing place in the water column: above the oxycline, the photo-
synthetic activity leads to an increase in pH, whereas the
utilization of Q,, either for the oxidation of biogenic organic
matter or reduced species (e.g., Mn** and Fe®"), results in
a pH decrease. The driving reactions, at the oxycline, can
be summarized as follows:

CH.O + O, - CO, + H,0 (1)
4 Fe® + 0, + 10 H,0 — 4 Fe(OH),, + SH*  (2)
2 H,0 + 2 Mn?* + 0, -2 MnO, + 4H*  (3)

where CH,O stands for the metabolizable fraction of natu-
ral organic matter. At depth, the pH stabilizes around 6.3,
where the buffering capacity of the carbonate system
(H,CO¥/HCO7) is maximum. This demonstrates that, in
the anaerobic region, the pH is controlled by inorganic car-
bon species.

The concentration of sulfate decreases below the oxycline
from 12 uM to below the detection limit (<0.2 uM), and
total sulfides {ZH,S), produced by sulfate reducing bacteria
and the anaerobic decomposition of organic matter, become
detectable at a depth of 7 m and reach 8 uM in deep waters.
The concentration of dissolved Fe®" increases sharply at 7
m to reach 75 yM at depth, whereas the concentration of
Fe, shows a pronounced peak (Fe, = 25 uM) at a depth of
6 m, the end of the oxic/anoxic transition zone. On the other
hand, the concentrations of dissolved Mn and Co increase
sharply across the oxic/anoxic transition, from 5 to 5.5 m
depth. The concentration of Co rises from detection limit,
when O, is still present, to 6.8 nM and 12 nM, respectively,
for May 1994 and July—August 1995. Similarly Mn in-
creases from detection limit to, respectively, 3 uM and 4
#M. Analogous profiles for these major and minor species,
obtained from the water column of various dimictic or mero-
mictic lakes, have been reported in the literature (i.e., Balis-
trieri et al., 1992a,b, 1994; Michard et al., 1994; Viollier et
al., 1995). The key features of our study are: (1) The maxi-
mum concentration of Fe, occurs in the suboxic region where
oxygen is almost entirely depleted, which shows that the
interplay between transport and reaction determines the loca-
tion of the particulate iron peak. (2) From the inspection of
the concentration profiles of Co, Mn, and Fe, the speciation
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Fig. 2. Depth profiles of temperature, dissolved oxygen, pH, and dissolved sulfur species: ZH,S (shaded squares),

SO%, in the water column of Paul Lake (May 1994).

of Co appears mainly linked to Mn, because the well devel-
oped peak of particulate iron does not influence significantly
Co concentrations. If Fe, is involved in the scavenging of
Co, as reported by Balistrieri et al. (1992b), it must be to
a lesser and not discernible extent.

4.2. Chemical Speciation from Solution Chemistry

The chemical speciation of Paul Lake’s water column
was computed using PHREEQC (Parkhurst, 1995) and the
complete set of water analyses (May 1994) to assess the
likelihood of the presence of mineral phases (i.e., oxides
or sulfides) and the distribution of dissolved species. The
thermodynamic database was extended to include cobalt and

sulfide complexes were updated using recent compilations
(Dyrssen and Kremling, 1990; Balistrieri et al., 1992b).
These calculations provide, however, only a qualitative
framework for interpreting solution chemistry, since true and
complete equilibria are rarely attained in low temperature
aquatic environments. Moreover, we have presently little
information on the complexing nature of the dissolved or-
ganic matter and equilibrium constants for metal sulfide
complexes remain questionable. Nonetheless, the major
chemical species that should prevail can be delineated. In
the oxic mixolimnion, dissolved Co remains primarily under
its free hydrated form (Co[H,0]Z*), whereas in the anoxic
bottom waters it seems to be primarily present as a sulfide
complex (CoS?). In the oxic/anoxic transition zone when



Association of Co and Mn in aquatic systems 1441

Coyq nM

Depth [m]

12 . . . . .

0 20 40 60 80

Depth [m]

10+ 1

12 L : L "

Mnd HM
5
12 . ‘ - .
Fep UM
0 5 10 15 20 25
0 + : : :
24

10 4 ]

12 o L 1 ¢

Fig. 3. Concentration profiles of dissolved cobalt (Coy), manganese (Mn,), and iron (Fe,), and of particulate iron
(Fe,) in the water column of Paul Lake. Filled circles: May 1994, shaded squares: July—August 1995. Note that
during the summer 1995 the oxycline was 1.5 m below that of May 1994.

oxygen is still present, dissolved manganese, measured as
Mn?* by CE, is supersaturated with respect to manganese
oxides, i.e., manganite (MnOOH) and the allotropic forms
of pyrolusite (MnQO,), whereas in the anoxic zone the pre-
dominant species is free Mn**. With respect to Fe, the only
potentially stable mineral phase predicted by thermodynamic
calculations is amorphous iron sulphide (FeS,) which
reaches saturation: Qs = 1.175, where Qps = IAP/Kg in
bottom waters. In oxic waters, dissolved iron remains below
detection limits. At depth, the presence of small amounts
of ZH,S may contribute to the reductive dissolution of the
hydrous oxides of Mn and Fe formed in the oxic/anoxic
transition ( Burdige and Nealson, 1986; DeVitre et al., 1988).

4.3. Electron Microscopy

TEM investigations were carried out on four different
grids for each depth. A two step approach was undertaken:
(1) Observation of the different grids, reflecting the micro-
scopic particulate material present in the water column, by
conventional TEM. (2) Analysis of the micro-particles col-
lected between 4 and 9 m by Energy Dispersive Spectrome-
try (TEM-EDS), in order to determine their elemental com-
position along the water column.

4.3.1. General Trends

One finds a great diversity of particles in the entire water
column. The apparent size distribution ranges from a few
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Fig. 4. Transmission electron micrograph of particles collected in
the suboxic zone of Paul Lake water column. The black spherical
micro-particles are bacteria covered by an electron dense material
which is Mn-rich. The algae, shaped like tennis rackets, are chryso-
phytes of the genus Synura spinosa (bar = 2 ym).

nm to hundreds of zm. We observed predominantly organic
fibrils, mixed aggregates of mineral and organic compounds,
electron dense mineral particles, various diatoms, but rarely
clay-like material. In the 5—5.5 m suboxic layer, numerous
bacteria covered with electron dense inorganic deposits were
encountered (Figs. 4 and 5a). TEM-EDS analyses revealed
that these micro-particles are Mn-rich (Fig. 5b). Although
these bacteria have not been identified yet, their morphology
and the characteristics of their Mn-rich crust significantly
differs from the Metallogenium-like particles (Schmidt,
1979) which systematically appear as dendritic entities, or
from strains of Siderocapsae and Leptothrix (Ghiorse, 1984)
exhibiting larger sizes and ellipsoidal shapes.

Although the bulk water concentration of Fe, shows a
pronounced peak centered at 6 m, almost all TEM-EDS mea-
surements show the presence of Fe in particles along the
entire water column, with the exception that their count is
much higher at 6 m. Manganese, however, was clearly identi-
fied on EDS spectra of well distinct micro-particles exclu-
sively localized at depth around 5 m, as illustrated on Fig.
5a. This can be attributed to a specific nucleation and growth
of manganese hydrous oxides at the surface of some micro-
organisms, when suitable chemical conditions prevail as sug-
gested by our previous calculations (see section 4.2). It is
worthy to note that, even if the set of individual particles
analyzed by EDS is relatively limited (n = 250 particles,
ca. 30 particles at each sampling depth), measurements by
TEM-EDS are able to evidence Mn-rich particulate material.
The failure to observe Mn-rich particles at depths below 5.5

m is probably due to the negligible mass concentration of
that species.

4.3.2. Analytical Electron Microscopy of Mn-Rich
Particles

As mentioned earlier, we may infer, from the water chem-
istry data, that Co and Mn are intimately associated. Conse-
quently, we focused our attention on a more detailed descrip-
tion of the elemental composition of these Mn-rich particles.

The spectrum presented in Fig. 5b shows interesting fea-
tures in the 5.5-7.5 keV region. A spectral deconvolution
allowed us to clearly demonstrate that Co and Fe were asso-
ciated with the Mn-rich bacterial overgrowth (Fig. 6). In the
spectral deconvolution presented, the only parameter fitted is
the height of the peak. Although the signal to noise ratio is
relatively low in the region of the Co (K,) plus Fe (Kp)
peak, it is possible to clearly identify Co. The majority of
the spectra acquired on Mn-rich particles show a contribution
from Co, with varying contributions from Fe.

4.4. Co:Mn and Fe:Mn Associations

As the concentrations of Co, and Mn,, determined by
difference between total and dissolved fractions, are below
detection limits, it becomes difficult to determine from con-
centration profiles the molar ratio of Co to Mn expected in
the particulate phase. However, if we hypothesize that Co
is scavenged uniquely by hydrous manganese oxides, and
that these two elements are released concomitantly and com-
pletely during the reductive dissolution of these oxides at
depth, a Co:Mn ratio can be inferred from the water data.
A regression analysis between Coq and Mny (Fig. 7) gives
a molar Co:Mn ratio of (2.6 = 0.02)10 .

On the other hand, Co:Mn ratios of the Mn-rich over-
growth can be estimated, for each particle analyzed, using
a standardless analysis of the TEM-EDS spectra. For the
entire set of analyses, we obtained a Co to Mn ratio an order
of magnitude higher, Co:Mn = (2.0 = 0.7)107% (n = 9).
In all the selected spectra the EDS signals for Co were
four to six times higher than the 30 detection limit. Similar
estimates for the abundance of Fe in these Mn-rich particles
led to Fe:Mn = 0.33 = 0.29 (n = 13).

The Co:Mn ratio of the micro-particles is relatively close
to the average value of Co:Mn in crustal rocks (2.6 X 1072)
and the one observed in marine oxic waters (2.5 X 1072)
(Whitfield and Turner, 1987). This ratio is, however, 1 order
of magnitude larger than the one determined from the water
data. This difference indicates that Co is significantly en-
riched in these Mn-rich micro-bioparticles compared to the
solution. This is not a new finding, since manganese oxides
have been used to concentrate Co (Fukai, 1968), but we
present here direct evidence of this phenomenon at the level
of individual particles present in an aquatic system.

The specific sorption of Co by manganese oxides has been
documented in numerous laboratory and field studies (e.g.,
Spencer et al., 1972; Murray, 1975). Using X-Ray Photoelec-
tron Spectroscopy (XPS), Crowther et al. (1983) have sug-
gested that Co(II) is oxidized to Co(IlI). Recent EXAFS
investigations of the crystal structure of y-MnQO,, which cer-
tainly is the closest known model of the hydrous oxide formed
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Fig. 5. (a) Close up micrograph showing the pool of bacteria present in high number concentration at 5 m depth.
Some are covered with Mn-rich material (large arrow), whereas others (small arrow) show little evidence of Mn
overgrowth (bar = 1 pum). (b) EDS spectrum of a Mn bearing bacteria. The Cu and Zn peaks originate from the

TEM supporting grid.

at the surface of bacterial walls, have shown that it consists
of assemblages of tunnels presenting numerous defects (Go-
dart et al., 1992). In this environment, the Co** ion could be
oxidized to Co** (Manceau et al., 1992), a d® ion able to
exhibit octahedral coordination and having an ionic radius
almost identical to Mn**. Unfortunately, we do not have, at
present, any information about the valence states of Co nor
Mn in these bacterial crusts, at the individual particle level.
This information could be obtained by careful Electron Energy
Loss Spectrometry (EELS) analysis of the Mn-rich particles.
A recent study has shown that Mn(II) is directly oxidized to
Mn(IV) by bacterial spores (Mandernack et al., 1995). This

study does not provide any definitive conclusion on Co enrich-
ment due to the selective sorption and oxidation of Co by
manganese oxides, it only demonstrates their association on
a per particle basis. One may also envision that biological
pathways may be responsible for Co biomagnification and
oxidation (Tebo et al., 1984; Lee and Tebo, 1994).

These results can be compared to recent estimates of
Co:Mn ratios observed in anoxic waters of other lakes. In
the case of Hall Lake (Balistrieri et al., 1994), a meromic-
tic lake in Washington, this ratio was approximately 8.75
X 107*, whereas for the hypolimnion of Lake Sammamish
(Balistrieri et al., 1992b), it was 1.12 x 107*. For Aydat
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Fig. 7. Dissolved Co:Mn relationship as determined from the water
column data of May 1994 and July—August 1995 (p = 0.946, n
= 51).

Lake, a dimitic lake in the Massif-Central (F), Viollier
(1995) reports Co:Mn ratios of 6.3 X 10™* and 8.2 x 10~*
for September 1993 and 1994, respectively. Finally, using
the Viollier (1995) data for Lake Pavin, a meromictic crater
lake in the Massif-Central, one finds a ratio of (3.13 * 0.02)
1073, whereas the Co:Mn ratio in sediment trap material
varies from 1.5 X 107% to 2.8 X 1073, All these ratios are
at least an order of magnitude less than the one we determine
from individual particles. Aqueous phase concentrations,
then, are not simply the result of the dissolution of manga-
nese oxides bearing Co.

A Fe:Mn association can not be evidenced from the bulk
water chemical analysis. Conversely, TEM-EDS proved to
be a powerful method for determining the amounts of Fe
associated with Mn. One should first notice that the Fe:Mn
ratio that we have determined is highly variable from particle
to particle. This implies that the mechanisms of Fe incorpora-
tion in the manganese oxide are not the same. Iron can be
present either as adsorbed Fe** or as amorphous hydrous
Fe-oxides aggregates within the matrix of the manganese
oxides. Although EDS spectra cannot discriminate between
Fe(Il) and Fe(IIl), two mechanisms can explain the pres-
ence of Fe in various proportion in manganese oxides. First,
a biological path is possible due to the fact that most types
of bacteria that are responsible of the oxidation of Mn are
known to oxidize Fe, e.g., Galionella, Leptothrix spp., Lep-
tothrix discophora, and Shewanella putrefaciens (Gounot,
pers. commun.; Ehrlich, 1996). In the case of Arthrobacter
siderocapsulatus, the bacterium generates H,O,, which is in
turn degraded by the bacterial catalase using Mn?* (Ghiorse,
1984). It has been shown that Fe** can replace Mn** (Dubi-
nina, 1978) in this reaction. This suggests that biological
processes could be responsible for the simultaneous presence
of Fe and Mn in the oxides analyzed. Second, a chemical
path can explain the uneven presence of Fe in manganese
oxides by considering the possible catalytic effect of freshly
produced Fe(IIT), on the oxidation of Mn?* (Hem, 1978) in
oxic waters. Moreover, since manganese oxides and colloidal
ferric oxy (hydr)oxides have opposite surface charge around
neutral pH, the electrostatic interaction of these particles

could result in the formation of mixed phase aggregates.
According to the TEM observations, particulate iron is pres-
ent along the entire water column, and could, therefore, eas-
ily mix with manganese oxides. Future studies, that will
explore redox processes at the molecular level and consider
either chemical or biotic controls, are necessary.

5. CONCLUSIONS

The depth distributions of dissolved Co and Mn observed
in Paul Lake ( MI) demonstrate that their limnological biogeo-
chemical cycles are coupled, although Fe may also be in-
volved incidentally. The inspection of the particulate material
by TEM, and its analysis by HREM equipped with a narrow
EDS probe, show that bacteria covered by manganese oxide
overgrowth are the most likely candidates for the scavenging
of Co in the water column. These data provide the first direct
evidence of the presence of Co and one of the few indications
of the presence of Fe (Tipping et al., 1984) in bacterial man-
ganese oxides, at the level of individual particles.

Co:Mn ratios, inferred from bulk water analyses, are
smaller than those established by analytical electron micros-
copy of individual particles. This indicates either that manga-
nese oxide overgrowths, formed at the surface of bacteria,
are enriched in Co compared to the solution, or that Co is
bio-accumulated by manganese oxidizing micro-organisms.
Moreover, we have shown that these particles can contain a
relatively high fraction of Fe, a result which can not be
deducted from the change in the chemical composition of
the waters.

The TEM-EDS inspection of particles proves to be a pow-
erful tool to study chemical associations in aquatic systems.
Used in combination with careful trace element analysis, it
opens a completely new horizon for studying the interactions
of trace elements with authigenic hydrous oxides formed at
oxic/anoxic transitions.
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