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FIG. 3 A schematic model of mixing-layer distortion at the confluence of
two flows of different depth. This planform diagram illustrates that deforma-
tion of the vertical mixing-layer vortices leads to the production of horizontal
vorticity, enhanced mixing and fluid upwelling downstream of the confiuence.

3). In Fig. 3 we illustrate a schematic model of this process of
vortex and mixing-layer distortion.

Such complex three-dimensional deformation of the mixing
layer is characteristic of all the unequal-depth mixing flows that
we have studied. Although we have examined only zero degree
confluence angles, mixing-layer distortion such as that described
here can be expected at any junction in which the confluent
channels are of different depths. The orientation of the separ-
ation zone is controlled by the planform geometry of the negative
step, which in natural channels is formed by avalanche faces of
tributary mouth bars which dip into the central confluence
scour™®. Consequently, the degree of entrainment of deeper-
channel fluid into the separation zone and the position of the
zone of upwelling will be dependent on the position of the
tributary mouth bars, this itself being controlled by the junction
angle and the ratio of discharges between the confluent chan-
nels™'®, This process of mixing-layer distortion and fluid
upwelling may be invoked to explain patterns of fluid mixing
at natural river junctions®?*® where fluid from one channel is
observed to upwell within the body of the other tributary flow
downstream from the confluence.

The process we have outlined here has many implications.
The dispersal of sediment at junctions across channel towards
the shallower tributary may be greatly enhanced by such a depth
differential between the confluent channels. This may influence
erosion, through the position of the mixing layer and its associ-
ated higher Reynolds stresses, and deposition through control
of the location of both zones of upwelling and the principal
sediment transport pathways. Helical flow cells, which have
been described at river channel confluences'*°, may also origi-
nate from such depth-differential-controlled processes and not
from any inherent helical flow where flows of equal depth
combine. Attempts at modelling the near-field of side discharges
in effluent dispersal®* must also account for this mixing-layer
distortion, which may significantly increase the potential for
mixing across the shallower channel at a junction while simul-
taneously decreasing the rate of mixing across the deeper chan-
nel. Thus, effluents suspended in a deep channel may be rapidly
transferred across the flow of a shallower channel when the two
flows merge. O
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Microbial reduction of uranium
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REDUCTION of the soluble, oxidized form of uranium, U(vI), to
insoluble U(1v) is an important mechanism for the immobilization
of uranium in aquatic sediments and for the formation of some
uranium ores''°, U(VI) reduction has generally been regarded as
an abiological reaction in which sulphide, molecular hydrogen or
organic compounds function as the reductant“*>''. Microbial
involvement in U(VI) reduction has been considered to be limited
to indirect effects, such as microbial metabolism providing the
reduced compounds for abiological U(VI) reduction and microbial
cell walls providing a surface to stimulate abiological U(vT1) reduc-
tion"'>'3, We report here, however, that dissimilatory Fe(1rr)-
reducing microorganisms can obtain energy for growth by electron
transport to U(vI). This novel form of microbial metabolism can
be much faster than commonly cited abiological mechanisms for
U(v1) reduction. Not only do these findings expand the known
potential terminal electron acceptors for microbial energy trans-
duction, they offer a likely explanation for the deposition of
uranium in aquatic sediments and aquifers, and suggest a method
for biological remediation of environments contaminated with
uranium.

It is becoming increasingly clear that the reduction of metals
in anaerobic environments is often the result of the direct enzy-
matic reduction by bacteria'*!®. For example, the Fe(111)-
reducing microorganism, strain GS-15, grows under anaerobic
conditions by enzymatically coupling the oxidation of acetate
to carbon dioxide with the reduction of Fe(1r1) to Fe(11)!'*"’
according to:

CH,COO™ + 8Fe(111) + 4H,0 - 8Fe(11) + 2HCO3 + 9H"

Thermodynamic calculations have indicated that, per electron
transferred, acetate oxidation coupled to U(VvI) reduction has
the potential to yield more than twice the energy that is available
from Fe(111) reduction®. When GS-15, grown on acetate and
Fe(111), was inoculated into an anaerobic medium with acetate
as the sole electron donor and U(VI) as the potential electron
acceptor, U(vI) was reduced to U(1v) over time (Fig. 1a).
Growth coincided with U(v1) reduction and stopped as U(v1)
became depleted. When [2-'*C]-acetate was incorporated into
the medium, '*CO, was generated in direct proportion to U(Vvr)
reduction (Fig. 1b). In a separate experiment in which acetate
concentrations were measured in cultures growing with U(vI)
reduction, U(v1) and acetate loss over time were linearly related
(correlation coefficient r=0.9) with a U(v1)/acetate ratio of
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FIG. 1 Cell numbers, and U{vi) and U(iv) concentra- 15 T
tions over time (a), and relationship between *C0., a
production from [2-**C]-acetate and U(vi) reduc-
tion (b) when GS-15 was inoculated into a medium
with acetate as the electron donor and U(vi) as
the electron acceptor. GS-15 obtained energy to
support growth by reducing U(vi} to U(iv) while
oxidizing acetate to carbon dioxide.

METHODS. Cells grown anaerobically at 30 °C in
an acetate-Fe(m)-citrate medium®” were inocu-
tated into a similar medium but with Fe(in) replaced
with 10 mmol i urany! chloride. Acetate con-
centrations were: 10mmoli™* (a) and
3.5 mmol I"* {including 0.5 w.Ci of [2-*4C]-acetate
(63 mCi’/mmol)) (b). Cell numbers®” and **CO,
produced®® were determined as previously
described. All manipulations for the determination

Cells (x 107 mi =1}

N N
— [e4]

Uranium (mmol I~ 1)
—
Py

14CO2 produced (10% d.p.m.)

~

of U(vi) and U(iv) concentrations were carried out
in an anaerobic chamber. Subsamples were
acidified with 12 NHCL to provide a final concentra-
tion of 4 N HCL. In (a), 2 ml of each acidified subsample were immediately
added to a glass column (10-cm length, 1-cm inner diameter) containing
Dowex AG1X8. As previously determined®, on this column U(v1) is retained
in 4 N HCl whereas U(iv) is not. The column was washed with 20 ml of 4N
HCL to collect the Uiv) and then washed with 20 ml of 0.1 N HCL to elute
the U(vi). The concentrations of uranium in the U(vi) and U(iv) fractions were
determined by directly aspirating the samples into a directly coupled plasma

3.6:1. Given that a small proportion of the acetate metabolized
would be incorporated into cells, these results indicate that
GS-15 can obtain energy for growth by oxidizing acetate with
the reduction of U(vI) to U(1v) according to:

CH,COO™ +4U(vI)+4H,0 - 4U(1v) + 2HCO; +9H*

Energy conservation from acetate oxidation coupled to U(v1)
reduction should be through electron-transport and oxidative
phosphorylation, because there is no known mechanism to gen-
erate net ATP through substrate level phosphorylation with
acetate as the substrate. Subsequent studies have indicated that,
in GS-15, electron transport to U(VI) proceeds through a respira-
tory chain containing cytochrome bssz (Y.G., manuscript in
preparation). GS-15 is considered to reduce U(vI) directly rather
than indirectly through reduction of Fe(1i1) with subsequent
reduction of U(vi) by Fe(11), because Fe(it) did not reduce
U(VvI) in the growth medium and U(vI1) was rapidly reduced in
cell suspensions that had been repeatedly washed and resus-
pended in iron-free buffer.

One other organism, Alteromonas putrefaciens, is known to
obtain energy for growth from electron transport to Fe(111)'%!°,
A. putrefaciens grew with H, as the sole electron donor and
U(vI) as the electron acceptor (Fig. 2). In parallel studies, the
stoichiometry of H, consumption and U(v1) reduction was
consistent with the reaction:

H,+U(v1) > U(1v)+2H"

Other electron donors for Fe(111) reduction by A. putrefaciens
(formate, lactate, pyruvate) also supported U(vI) reduction.

Neither H, nor any of the organic electron donors for U(VvI)
reduction by GS-15 or A. putrefaciens reduced U(VI) in the
absence of the organisms (Fig. 3 and data not shown). Further-
more, reduction of U(vI) in washed cell suspensions of GS-15
or A. putrefaciens was much faster than the reduction of U(vI)
in the presence of a high concentration (1 mmol 17!) of sulphide
(Fig. 3). With extended incubation, cell suspensions of GS-15
reduced U(VI1) concentrations below 0.4 wmol 177,

These results demonstrate that, although abiological reduction
of U(vi) by sulphide, H, or organic compounds is typically
considered to be the mechanism for U(vI) reduction in sedimen-
tary environments'**'! | enzymatic reduction of U(v1) by micro-
organisms using U(VI) as a terminal electron acceptor is also
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spectrometer and monitoring absorption at 424,167 nm. In (b), U(vi) in the
anaerobic, acidified samples was analysed with a kinetic phosphorescence
analyser (KPA-10, Chemchek Instruments), which uses a pulsed nitrogen
dye laser and a complexing agent to measure U(vi) in solution. The loss of
U(vi) as measured by this method could be accounted for by the production
of Ulv) when samples were also analysed by the method used in (a).

possible. Furthermore, microbial reduction of U(vi) has the
potential to proceed much more rapidly than abiological U(vr1)
reduction. Previous evidence for the potential of microorganisms
to reduce U(VI) was the report that, in the presence of U(vI),
crude cell-free extracts of Micrococcus lactilyticus consumed H,
in quantities that were consistent with U(v1) reduction to
U(1v)*°. But these extracts reduced a wide range of metals with
no evidence that the metal reduction was an enzymatic reaction
or had any physiological significance in whole cells'’.

To evaluate more fully the relative potential for microbiologi-
cal and abiological U(v1) reduction in reduced sediments, U(v1)
was added to highly reduced methane-producing, sulphide-
containing sediments of the Potomac River (Fig. 4). U(vi)
reduction was much more rapid and extensive in the biologically

T T T T

U(vi), no hydrogen

Uranium (mmol | ~1)

Time (h)

FIG. 2 Cell numbers and U(vi) and U(v) concentrations over time when
Alteromonas putrefaciens was inoculated into a U(vi)-containing medium
with or without H,. A. putrefaciens grew with the reduction of U(vi) to U(iv)
in the presence of H,, but not with H, omitted.

METHODS. Cells grown anaerobically at 30 °C with H, (60 kPa) as the electron
donor and Fe(in)-citrate as the electron acceptor'® were inoculated into a
similar medium but with Fe(m) replaced with 10 mmol I"* uranyl acetate.
Controls had no added H,. U(vi) was determined as in Fig. 1b.
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a

FIG. 3 U(v1) concentrations over time in the pres-
ence of various combinations of potential U(vi)
reductants and cells of GS-15 (a) or Alteromonas
putrefaciens (b). Ulvi) was only reduced in the
presence of actively metabolizing cells.
METHODS. Washed cells of Fe(i)-grown GS-15 (a)
or A. putrefaciens (b) were suspended at 30 °C
under N,-CO, (80:20) in 10 ml of bicarbonate
buffer (NaHCO5, 0.025g; pH 6.7) containing urany!
acetate (0.4 mmol I™%) to provide ~100 ng of cell
protein per mi. Sodium sulphide (1 mmol ™Y or
H, (56 kPa) were added as noted. Aliquots were
removed over time, flushed with N,-CO, to remove 0.1r
sulphide if necessary, and U(vi) was determined
as in Fig. 1b.

—

03F

0.2r

Uranium (vi ) (mmol § -1}

active sediments than in sediments in which the microorganisms
were inactivated with heat. The microorganisms responsible for
the U(VvI) reduction were not identified, but these sediments do
contain Fe(111)-reducing microorganisms which rapidly become
active when an electron acceptor is added®'. These results further
suggest that models for U(1v) deposition in sedimentary
environments should consider the possibility that microbial
populations that have grown up with Fe(111), or possibly other
electron acceptors, can reduce U(VI) entering these environ-
ments.

Geochemical evidence from a number of environments is
consistent with U(vT) reduction by Fe(111)-reducing microorgan-
isms leading to U(1v) deposition. For example, in marine sedi-

Uranium (umol kg~! sediment)

30

Time (h)

FIG.4 Concentrations of U(vi) and total uranium over time in live and sterilized
sediments. U(vi) was reduced much faster and more completely in live
sediments, which reduced U(vi) below the detection limit of 2 nmol 1™+ within
25h.

METHODS. Uranyl acetate was added to anaerobically incubated, methane-
producing sediments from the Potomac River in which sulphate had aiready
been reduced to sulphide®®. Sediments were autoclaved four times (121 °C,
1 h) for abiotic controls. Over time, subsamples (~0.3 g) were removed and
extracted under anaerobic conditions in 5ml of 100 mmol |™* bicarbonate
for 30 min. U(vi) was measured as in Fig. 10. To determine total uranium in
the extracts, Uliv) was first oxidized to U(vi) by bubbling the extract in air
for 5 min.
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ments, deposition of U(1v) typically takes place within the
sediment zone in which microorganisms oxidize organic matter
with the reduction of Fe(111)*"*'" Sulphide is unlikely to be the
U(vi) reductant in these instances as sulphide does not accumu-
late in the Fe(111)-reducing zone of marine sediments. Further-
more, sulphide does not appear to reduce U(vi) in marine
waters”?>%*. Abiological reduction of U(VI) by organic matter
or H, in the Fe(111)-reducing zone of sediments also seems
unlikely because organic-matter reduction of U(V1) is restricted
to high temperature (>120 °C)**? and, as shown above, at low
temperatures, H, does not readily reduce U(v1) in the absence
of microbial activity.

The common observation of U(1v) accumulations in the
bleached ‘reduction spots’ of otherwise red, Fe(111)-rich
rocks®*’ provides another example in which uranium deposi-
tion is likely to be associated with the activity of Fe(111)-reducing
bacteria. The lack of red colour in the reduction spots is due to
localized reduction of Fe(111) which, recent evidence suggests,
is the result of microbial Fe(111) reduction®**®. Even for environ-
ments such as sandstone- or roll-type uranium deposits, in which
there is a co-accumulation of sulphide and U(1v) minerals, there
is no direct evidence for sulphide reduction of U(vI) and other
reduction mechanisms cannot be ruled out'?.

The potential for uranium contamination of surface and
ground waters through uranium mining activities, irrigation of
agricultural lands and disposal of nuclear wastes is an environ-
mental concern. The results presented here suggest that, in many
instances, it may be possible to immobilize uranium contamina-
tion by stimulating microbial U(vI) reduction in aquatic sedi-
ments or ground water. GS-15 and other Fe(111)-reducing
microorganisms can oxidize important organic contaminants
with Fe(111) as the electron acceptor®=°. Thus, in the case of
‘mixed wastes’, which contain both organic contaminants and
radioactive metals, the activity of U(v1)-reducing bacteria might
be able to couple the decomposition of toxic organic compounds
with the immobilization of uranium. Other radioactive metals,
such as plutonium and technetium, which have multiple redox
states and are insoluble in the reduced form, could potentially
be treated in a similar manner. O
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Evidence for volcanic eruption on
the southern Juan de Fuca ridge
between 1981 and 1987
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THE formation of new ocean crust at mid-ocean ridges is known
to be a discontinuous process in both space and time, but little is
known about the frequency and duration of eruptions along an
active ridge segment. Here we present evidence, from Sea Beam
surveys and underwater photography, for the eruption of lavas
along a segment of the Juan de Fuca ridge between 1981 and 1987.
Although previous studies have inferred volcanic activity on ridges
in areas where recent seismicity or young lava flows have been
observed'™, none has yet had direct evidence to date such a recent
submarine eruption. The temporal coincidence between this erup-
tive episode and the megaplumes (huge, sudden emissions of het
mineral-laden water) observed over this part of the ridge®® in 1986
and 1987 supports previous suggestions® ' that megaplumes are
caused by sea-floor spreading events.

The lavas that were erupted during the 1980s occur as a series
of pillow mounds and ridges between 45°00.5' N and 45°09.5' N
along the northern Cleft segment (Fig. 1). The evidence for the
recent eruption of these lavas was first discovered through a
discrepancy between microbathymetry derived from a towed
camera system and bathymetric charts based on Sea Beam
surveys. Three camera tows (collected in 1989 from the National
Oceanic Atmospheric Administration (NOAA) ship Discoverer)
over the southernmost pillow mound (mound 1, Fig. 1) showed
glassy lava flows forming a 35-m-high hill, ~1 km in diameter.
Earlier Sea Beam bathymetry (based on data collected in May
1981 from the NOAA ship Surveyor) shows no such hill, but
instead a gentle slope to the east (Fig. 2a). The Sea Beam and
camera-tow bathymetry correspond closely in other areas.

Other surveys confirm the recent appearance of mound 1.
Bathymetry from Sea Beam surveys conducted over the same
area by the research vessel Atlantis II in September 1987 and
by the Discoverer in August 1990 shows a 25-m-high mound in
the exact location of the glassy lavas delineated by the camera
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tows (Fig. 2b). Mound 1 was also imaged by a SeaMARC I
sidescan survey in August 1987 from the Discoverer, and appears
as an unfractured positive relief feature which covers pre-
existing fractures (Fig. 3). The date of eruption of mound 1 is
further restricted by a single Sea Beam swath collected during
a camera tow by the Surveyor in June 1983. Although the data
only sample the western edge of mound 1, the coverage is
adequate to show that the 1983 swath has the same pre-eruption
depth contours as the 1981 Sea Beam survey, and does not show
the contours of the new lava mound. These Sea Beam surveys
definitely constrain the time of the eruption of mound 1 to
between 1981-1987, and probably to between 1983-1987.
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FIG. 1 Sea Beam bathymetric map of overlap region between Cleft and
Vance segments, southern Juan de Fuca ridge (50-m contours); CS is northern
end of Cleft segment, VS is southern end of Vance segment. Solid black
areas show locations of new pillow lava mounds. Numbers to right of each
mound are for identification in text. Box around mound 1 shows outline of
Fig. 2. On inset map, GR is Gorda ridge, BFZ is Blanco Fracture Zone, and
JAdFR is Juan de Fuca ridge.
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