Notes

Limnol. Oceanogr., 39(5), 1994, 1211-1222
© 1994, by the American Society of Limnology and Oceanography, Inc.

1211

Microautoradiography (with combined liquid scintillation)
applied to the study of trace metal uptake by
suspended particles: Initial results using >Ni as a tracer

Abstract—We report the development of a mi-
croautoradiographic method for the study of trace
metal-particle interactions in natural waters. This
technique, in combination with conventional liquid
scintillation counting methods, was applied to sur-
face water samples from the Belgian coastal zone and
Scheldt estuary. ©*Ni was used as the metallic radio-
tracer. Ni partitioning in our experimental system
was shown to be a primarily abiotic process, driven
by passive sorption reactions and limited in extent
on a 24-h time scale by the slow reaction kinetics of
Ni. Small particles (<1 um) were important as sorp-
tion sites, while large particles exhibited variable and
particle-specific scavenging potential.

The cycling of trace metals in the marine
environment is a complex process, influenced
by many geochemical, physical, and biological
parameters. The removal of dissolved metal
species from the water column by particles (i.e.
scavenging) is a fundamental step in the cycle,
leading to the deposition of trace elements in
the sediment. The drive to understand parti-
cle-mediated removal processes has, in the last
decade, led to intensive research on the nature
of particle-metal interactions in the water col-
umn.

Laboratory studies of metal uptake have been
instrumental in elucidating the kinetic aspects
of trace metal sorption (e.g. Nyffeler et al. 1984;
Jannasch et al. 1988). Sorption here is taken
to include all processes responsible for the
transfer of metals from the dissolved to the
solid phase. In the basic methodology of such
experiments, the uptake of a radiotracer onto
a well-defined solid phase or a natural collec-
tion of particulates in aqueous suspension is
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monitored over time by periodically filtering
solids out and radiochemically counting the
filters.

This technique has been modified for field
application by several workers (Wollast and
Loijens 1991; Moffett 1990) to study the bi-
ological and chemical processes behind the ki-
netics of metal uptake in natural systems. Wol-
last and Loijens (1991) have combined the
basic radiotracer experiment with different in-
cubation conditions (light, dark, azide inhi-
bition) and concurrent measurement of 4C
primary productivity to determine the role of
active phytoplankton assimilation in scaveng-
ing. Moffett (1990) has also used varied in-
cubation conditions along with ascorbate
treatments to identify the significance of mi-
crobial Mn oxidation in the scavenging of met-
als such as Ce.

A natural extension of such process-oriented
work in complex marine environments would
be to identify the different scavenging mech-
anisms at work in a heterogeneous particle ma-
trix, along with their relative significance. To
achieve this level of understanding in a radio-
tracer experiment, it is necessary to identify in
some detail which components of a given par-
ticle assemblage are associated with the tracer.
In the work presented here, we demonstrate
the use of a microautoradiographic technique
to obtain such information.

Grain-density microautoradiography uses a
photographic film coating over microscopi-
cally mounted radiolabeled objects to visualize
the location of a radiotracer on particles at the
level of light or electron microscopy. Precedent
for the use of microautoradiography to study
marine particles comes from the field of ma-
rine ecology, in which microautoradiography
with *C- and 3H-labeled substrates has been
used to study primary productivity (Daven-
port and Maguire 1984; Knoechel and Kalff
1976) and bacterial metabolism (Douglas et al.
1987; Ward 1984). The technique detailed here
is based largely on the work of Meyer-Reil
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(1978) and Tabor and Neihof (1982). The
choice of tracer was constrained by the neces-
sity of using a metallic radioisotope with a
mode of decay appropriate to autoradiograph-
ic recording. Although %*Ni has not been as
widely applied to autoradiography as some
other metallic radioisotopes like 3Zn (Fowler
et al. 1970) or 35Fe (Hutchins et al. 1993), the
low-energy (0.067 Mev) soft-beta emissions of
the isotope make it ideal for high-resolution
microscopic studies using very thin emulsion
coatings. In addition, the vertical distribution
of Ni in the oceanic water column (Bruland
1980) indicates that Ni is involved in some
scavenging process.

The data set presented here is limited, and
we therefore regard our results as provisional.
We present quantitative data on ¢3Ni parti-
tioning, obtained by established methods of
liquid scintillation counting, together with
qualitative data obtained by microautoradiog-
raphy. Our intention is to explain the details
of the autoradiographic method and to dem-
onstrate its feasibility and potential value as a
tool for studying trace metal—particle interac-
tions in combination with more conventional
methods.

Samples for this work were obtained as part
of a larger program (of G. Billen) to monitor
the spring bloom of Phaeocystis pouchetii in
the southern bight of the North Sea. Samples
were taken from the surface water at station
330, located in the Belgian coastal zone, 10 km
off Ostend (51°26'05”N, 2°49'08"”E). This site
has been described previously by Lancelot and
Mathot (1987). Additional samples for our ex-
periments were taken from the Scheldt estuary,
at a point roughly 80 km up the estuary, sa-
linity of ~ 5. It was felt that by sampling several
times over the course of a bloom, and in both
ocean and estuarine locations, the technique
could be applied to a wide variety of partic-
ulate assemblages.

Samples were collected in acid-cleaned plas-
tic containers and stored in darkness at 4°C for
transport back to the laboratory (<4 h). Upon
arrival at the laboratory, subsamples were dis-
pensed into acid-cleaned 200-ml polycarbon-
ate Co-Star culture bottles for liquid scintil-
lation experiments, or 20-ml polycarbonate test
tubes for autoradiography experiments. Sub-
sample inhomogeneity was avoided by thor-
oughly mixing the original sample before dis-
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pensing each subsample. In addition to adding
63Ni to samples for both liquid scintillation
counting and autoradiography, some separate
samples were spiked with #C for liquid scin-
tillation counting in order to determine levels
of primary productivity.

Samples were spiked with a solution of ¢>Ni
as Ni(ITI)chloride in dilute (<0.01 M) HCI or
a H“CO; solution (Amersham Radiochemi-
cals). '“C was added to samples at a level of
0.22 MBq per 100 ml. For liquid scintillation
analysis of 3Ni uptake, samples were spiked
with ~30 nM of the Ni(Il)chloride solution,
resulting in an activity of about 0.085 MBq
per 100 mli. Samples for autoradiographic
analysis were spiked to about twice that level.
Although ambient Ni concentrations in our
samples were not determined, it should be not-
ed that concentrations of dissolved Ni off the
Belgian coastal zone have recently been deter-
mined at 6-10 nM during this season (Zhang
unpubl. data), while those in the upper Scheldt
are ~150 nM (Wollast unpubl. data). Al-
though it would have been desirable to add the
Ni in tracer amounts, the fact that the ¢>Ni was
not carrier-free precluded this possibility for
the coastal samples. It was determined that
adding 30-60 nM Ni reduced the '*C uptake
in our coastal samples by ~20%, thus indi-
cating some reduction in algal growth. Due to
these conditions, the results of this study are
not necessarily reflective of processes affecting
Ni uptake in natural marine systems.

Incubations were performed on a shaker at
8°C for periods of not longer than 24 h. Various
incubation conditions included constant
fluorescent light, constant darkness, or bioin-
hibition with 1.2% sodium azide. (This con-
centration of azide inhibited '*C uptake in our
marine samples by ~90%, but its effect on
bacterial metabolism was not determined.)
Nonlabeled incubations for autoradiographic
controls were performed at the same time un-
der identical conditions.

For liquid scintillation samples, unfiltered
1-ml subsamples were taken immediately after
tracer addition and again immediately before
sample filtration. Both subsamples were
counted to ensure that no significant amount
of tracer was lost to the walls of the polycar-
bonate bottles. At time intervals ranging from
10 min to 24 h, 50-200 ml of sample (de-
pending on filter pore size and particle density)
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Table 1. Effect of rinsing on $*Ni retention by particles
(station 330, 5 June, 24-h incubation, 0.2-um filter).

*'Ni uptake for various
types of seawater rinses (%)

Type of Ni-spiked EDTA
incuba- seawater Natural scawater
tion (30 nM) seawater (10-* M)
Light 0.57 0.51 0.48
Azide 0.49 0.40 0.43

were filtered at low pressure (<250 mm of Hg).
14C samples were passed through Whatman
GF/F 0.7 um filters. Filters for *C analysis
were fumed over HCI to remove inorganic “C,
and filtrate subsamples for analysis were mixed
with 50% vol/vol 1 N NaOH to prevent '*C
loss. ®3Ni samples were passed through Sar-
torious 47-mm 0.2- and 0.45-um cellulose ac-
etate filters. All *Ni samples were rinsed after
filtration with 10 ml of 0.2-um-filtered sea-
water (or Milli-Q water for the Scheldt sample)
spiked with 30 nM of nonradioactive Ni(II)
chloride. Rinse water was spiked to minimize
the Ni concentration gradient between samples
and rinse. This method caused slightly less ad-
sorbed ¢3Ni loss than rinsing with plain filtered
seawater (Table 1).

All liquid scintillation samples were ana-
lyzed on a Packard Tri-Carb 3255 liquid scin-
tillation counter, with an external standard so-
lution of '*C hexadecane to determine counting
efficiency. Quench potentials of liquid and sol-
id samples were equalized by adding 1 ml of
Milli-Q water to the filter plus 10 ml of Beck-
man Ready Safe liquid scintillator. ¢3Ni uptake
at each time point was calculated as Filter/
(Filter + Filtrate) (in %). By calculating uptake
in this way, wall-adsorption effects are ac-
counted for, and the change in the relative per-
cent of ®*Ni over time on the solid phase is
clearly shown. *C uptake was calculated as
Filter/Total (in %), using the initial unfiltered
subsamples as the value of Total.

Following 24 h of incubation, all autoradio-
graphic samples were preserved by adding 1%
ethanol. Subsamples (1-5 ml, depending on
particle density) were passed at low pressure
(<250 mm of Hg, to minimize cell damage)
through 25-mm 0.2-um Nuclepore polycar-
bonate filters within 3 h of preservation. Filters
were then rinsed with 10 ml of 0.2-um filtered
seawater (Milli-Q water for Scheldt samples)
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spiked with 60 nM of nonradioactive Ni(II)
chloride.

Immediately following filtration, filters were
cut into quarters and the quarters placed sam-
ple side down on an acid-cleaned, gelatin-coat-
ed slide (gelatin solution—5% gelatin, 0.05%
chrome alum, both Merck). Prior to applying
filters, coated slides were steamed over a bea-
ker of boiling Milli-Q water for several seconds
to soften the gelatin. After thorough drying,
slides with mounted samples were dipped into
1% glycerol for several seconds and allowed to
dry again before filters were peeled away. This
method (adapted from Tabor and Neihof 1982)
has been found to give virtually complete sam-
ple retention on the slide.

Samples for epifluorescent viewing were
mounted in identical fashion, but on subbed
coverslips mounted on slides so that the fin-
ished preparations could be turned over and
viewed with the sample in between the emul-
sion and the microscope lens. Nonradioactive
controls for positive and negative chemogra-
phy (chemical effects on emulsion which can
cause spurious grain formation or grain re-
moval) were preserved, filtered, and mounted
in the same fashion as labeled samples.

In a darkroom under low safelighting at
+75% relative humidity, mounted samples
were dipped in Amersham LM-1 autoradio-
graphic emulsion (diluted 1 part emulsion to
2 parts Milli-Q water) held at 38°C. Imme-
diately after dipping (without draining), slides
were placed on a chilled metal plate to gel the
emulsion. The plate was sealed in a light-tight
box, and slides were allowed to dry for 3 h.
Silica gel was then placed in the box and the
slides left overnight. All subsequent steps were
carried out in complete darkness to reduce
background.

Prior to insertion into exposure boxes, all
slides were dipped into Beckman Ready Safe
liquid scintillator. This procedure (adapted
from Durie and Salmon 1975) reduced expo-
sure time by amplifying the number of silver
grains produced for each decay event. Several
control slides in each batch were exposed to
light before exposure to act as controls against
latent image fading and negative chemogra-
phy. Each batch also included several non-
light-exposed, nonradioactive control slides for
false positive results.

Optimum exposure conditions for slides were
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19 d at —12°C in the presence of silica gel. At
the end of the exposure period, slides were
developed in a dilute amidol developer (250
ml of Milli-Q water, 1.125 g of anhydrous so-
dium sulfite, 0.2812 g of Amidol, 0.5 ml of
10% KBr solution, all chemicals Merck),
dipped in 0.5% glacial acetic acid solution for
30 s, and then fixed in 30% sodium thiosulfate
solution for 8 min. After extensive rinsing in
distilled and Milli-Q water, half the slides in
each sample and control set were stained with
methyl-green pyronin stain (Aldrich) for 20
min and destained in 70% ethanol for 1 min
(Rogers 1973). The remaining half of each
sample and control set was stained in 8.6 M
4’ 6-diamidino-2-phenylindole (DAPI) (Boeh-
ringer-Manneheim) for 1 h and rinsed with
Milli-Q water (Porter and Feig 1980). All de-
velopment and staining procedures were car-
ried out at room temperature.

Autoradiograms stained with methyl-green
pyronin were viewed and photographed on a
Zeiss photo microscope under oil immersion
with transmitted light. Kodak TMax 100 black-
and-white 35-mm film was used for photos.
DAPI-stained autoradiograms, of which no
photographs were taken, were examined under
alternate transmitted and epifiluorescent light-
ing on a Leitz fluorescence microscopy system.

Autoradiographic analysis was strictly qual-
itative, the intention being to determine gen-
eral trends in Ni adsorption over the various
particulate fractions (i.e. phytoplankton, bac-
teria, detritus, inorganics) in each sample. In
these categorizations, detritus is taken to refer
to biogenic material not present as discrete cells,
while inorganics (most likely metal oxides) were
identified mainly by their crystalline appear-
ance and lack of staining under the micro-
scope.

Methyl-green pyronin-stained autoradio-
grams were used to determine labeling of par-
ticles larger than developed silver grains (grains
~0.2 wm in diameter). Background grain
counts, as determined by nonlabeled control
slides, were normally on the order of 5-7 grains
per oil immersion field (125 X magnification).
Such low backgrounds enabled detection of la-
beling at very low levels, the limit being about
3-5 grains localized over 5 um? of particulate
surface area. Very large dense detrital aggre-
gations (> 100 pm in diameter) were omitted
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from this analysis due to chemographic effects
observed on controls (desensitization of emul-
sion).

Labeling of small (<1 um) cells was esti-
mated by viewing DAPI-stained autoradio-
grams under alternating fluorescent and trans-
mitted light in order to correlate the location
of grains and fluorescent cells. Those grains
not associated with fluorescent cells on DAPI-
stained slides were considered as labeled small
inorganic or detrital particles. Because back-
ground counts as determined by DAPI-stained
control slides were so low (again 5-7 grains per
field), background grains were neglected in
these rough estimations of Ni-uptake patterns.

Determinations of suspended matter in the
station 330 samples were carried out in the
laboratory of Gilles Billen using 0.7-um What-
man GF/F filters. (See Lancelot and Mathot
1987 for methods.)

Detailed studies of ©3Ni uptake kinetics were
carried out on two representative samples, the
station 330 sample taken on 22 May and the
Scheldt estuary sample taken on 25 May. In
comparing the results for each sample (Fig.
1), it is necessary to keep in mind the quality
of the two environments considered. In ad-
dition to the great difference in salinity be-
tween the coastal North Sea (station 330) and
the Scheldt estuary, there was also a vast dis-
parity in the particulate load of the samples
(58.2 mg liter ~! in the Scheldt, 17.33 ug liter '
for station 330, 22 May).

On the basis of these particle concentrations
and the data in Fig. 1, the log of the experi-
mental partition coeflicient (log K;) at 24 h is
~3.1 for the Scheldt and 3.8 for station 330.
This result is somewhat contradictory to ex-
pectations based purely on salinity consider-
ations, where one would predict higher metal
partitioning in lower salinity waters. One pos-
sible explanation for the data is that the lower
partitioning in the Scheldt sample is due to the
“particle concentration effect” documented by
Honeyman and Santschi (1988), in which K,
has been observed to decrease with increasing
particle concentration.

It is apparent that the basic shapes of the
adsorption curves in Fig. 1 are similar, despite
the aforementioned differences in salinity and
particle concentration. There was a rapid ini-
tial uptake in both samples, occurring in <10
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Fig. 1. Kinetics of *Ni uptake in samples from station

330 and the Scheldt estuary. Samples were treated with
azide and incubated for 24 h under constant light. Error
bars are the mean SE of two replicates.

min. This first period was followed by a stage
of slower but still comparatively fast uptake
until ~35 h, at which point there was a notable
reduction in the uptake rates for both samples.
It appears that equilibrium partitioning was
not achieved in either sample by 24 h. (Al-
though the Scheldt sample exhibited a slight
decrease in % ¢3Ni uptake after 15 h, possibly
indicating equilibrium, further time points
would be necessary to confirm this trend.) The
fact that both samples exhibited similar changes
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in uptake rate over time, despite the undoubt-
edly higher number of uptake sites in the
Scheldt sample, indicates that the extent of
partitioning was limited by the slow reaction
kinetics of Ni (Morel and Hering 1993) rather
than by saturation of available Ni uptake sites.

The shape of these adsorption curves is sim-
ilar to what has been observed for other metals
in similar experiments (e.g. Al, Moran and
Moore 1992; Zn and Cd, Wollast and Loijens
1991), and so from this point of view the re-
sults are not surprising. Ni appears to interact
with particles in much the same fashion as
other divalent trace metal cations that have
been studied, the only difference perhaps being
slower reaction kinetics. This finding is con-
sistent with complexation theory, which pre-
dicts slow complexation kinetics for Ni due to
its low rate constant for water exchange (Morel
and Hering 1993). The more interesting aspect
of these results is the observed interplay be-
tween the various factors of salinity, particle
concentration, and Ni reaction kinetics, as dis-
cussed above. Further speculation is beyond
the limited scope of these data.

To evaluate further the parameters affecting
63Ni uptake, we characterized three samples
from station 330 with respect to their primary
productivity (as determined by “C uptake) and
suspended matter concentration. Figure 2 pre-
sents these results compared with the 3Ni up-
take in each sample (24 h, light incubation).
On the basis of replicate analyses, these dif-
ferences in $3Ni uptake are significant. It is
apparent that the sample of 22 May had the
highest 53Ni uptake, despite the fact that it had
the lowest suspended matter concentration of
the three samples. The sample of 5 June had
almost twice the ®3Ni uptake of the sample
of 15 May (0.26+0.01% as opposed to
0.14+0.01%), although the suspended matter
concentration of both samples was about the
same. This result suggests that the quality of
the suspended matter, rather than its quantity,
was a determining factor in the scavenging ca-
pacity of these samples.

A further possibility is that $3Ni uptake was
affected by some biologically driven process
that was independent of suspended matter
concentration. Active uptake by phytoplank-
ton, for example, could explain why there was
a weak correlation between *C and %*Ni up-
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Fig. 2. Correlation of suspended matter concentration
and '*C uptake with ¢*Ni uptake for three station 330
samples. Black bars represent suspended matter concen-
tration, shaded and open bars represent “C and ®3Ni up-
take, respectively. ¢*Ni uptake was determined after in-
cubation under constant light for 24 h, followed by filtration
through a 0.45-um cellulose acetate filter. '*C uptake was
also determined after 24 h of incubation.

take in these samples (Fig. 2). Because this data
set was too small to permit a statistically sig-
nificant analysis of such patterns, controlled
experimentation was necessary to evaluate the
effect of biological activity.

In Fig. 3, N1 uptake results for the same
three samples under different incubation con-
ditions are compared. No significant trends are
observable in the response of ¢*Ni uptake to
different levels of biological activity during 24
h of incubation, suggesting that this was not
the major determining factor in ®3Ni uptake
on this time scale. Differences in the parti-
tioning of 43N in these three samples are then
apparently related to differences in their par-
ticulate composition. (The influence of dis-
solved substances is beyond the scope of this
experiment.) It should be noted that, due to
the elevated levels of Ni added to these sam-
ples as a consequence of using noncarrier-free
63Ni, some biologically mediated uptake path-
ways of significance in natural systems may
have been saturated. Therefore these results
do not necessarily reflect primary uptake
mechanisms operative in natural waters.

In an attempt to examine further the par-
ticle-specificity of ¢3Ni uptake in these sam-
ples, some rudimentary size fractionation with

1.00 —

% Uptake

5 Jun (0.45)

15May (0.2) 22 May (045) 5Jun(0.2)
Sample

Fig. 3. Comparison of $Ni uptake in station 330 sam-
ples at 24 h under different incubation conditions. Open
bars represent light incubations, black and shaded bars
represent dark and azide incubations, respectively. Pore
size of the filters used to collect particles (0.2 or 0.45 ym)
is indicated in parentheses next to the sample date. Values
shown are the mean of two replicates. Mean standard er-
rors for these values are on the order of 5-8%.

0.2- and 0.45-um cellulose ester filters was at-
tempted in the 5 June sample. These results
are also shown in Fig. 3. The 0.2-um filters
were substantially more efficient at retaining
particulate ¢3Ni, indicating that a quantita-
tively significant fraction of the tracer was in-
corporated into particles <0.45 um in size,
such as bacteria or colloids. This effect is most
likely due to the high ratio of surface area to
volume of such particles. Similar results have
been noted in other size-fractionation studies
of oceanic particulate material (e.g. Moran and
Buesseler 1992).

The picture of Ni partitioning that emerges
thus far from this limited set of liquid scintil-
lation data is controlled by abiotic sorption
processes and limited by slow reaction kinet-
ics. While the effect of particle concentration
seemed to dominate in the extreme environ-
ment of the Scheldt estuary, in the station 330
samples there appeared to be some particle-
specific effect in operation, possibly related to
ratios of particle surface area to volume. We
next discuss how qualitative autoradiographic
data complemented this information.
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Fig. 4.

Autoradiograms made from station 330 sample,
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19 March. A-C. Chaetoceros. D-F. Other planktonic

organisms. All microphotographs shown at 125x magnification except panel F, which is at 400 x.

In Figs. 4 and 5, examples ofautoradiograms
(transmitted light, methyl-green pyronin stain)
are shown. Epiflourescent microscopy was also
applied in this investigation, but facilities to
photograph slides under epifluorescent light
were not available. The intent of these figures
is to show that autoradiography oftrace-metal
sorption is possible and to give some indica-
tion of the quality of visual information ob-

tainable through use of the technique as de-
scribed here.

The autoradiograms in Fig. 4 were made
from a station 330 sample taken on 19 March.
Fig. 4A-C depicts labeled and unlabeled Chae-
toceros cells. It is evident that even closely
associated organisms displayed considerable
variation in their degree of fi3Ni uptake (Fig.
4A, B) and that cells located adjacent to labeled
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Fig. 5.

Notes

Autoradiograms made from the Scheldt sample. A. An unlabeled control. B-D. The dominant diatom of

the sample in close proximity to labeled objects. E, F. Labeled Scenedesmus- and Nficrocystis-type organisms. All
microphotographs shown at 125 x magnification except panel E, which is at 400 x .

detritus were not necessarily labeled them-
selves (Fig. 4C). Figure 4D shows a filamen-
tous alga with labeling at either end ofthe cell.
In Fig. 4E, a diatom (unlabeled) is shown in
close proximity to a highly labeled, unidenti-
fied object. Figure 4F shows an unidentified
labeled alga, most likely a dinoflagellate. The
grains that appear to be isolated in several pho-

tos (Fig. 4E, especially) are most probably due
to small particles (<1.0 j;m) that are obscured
by the silver grains themselves in transmitted
light. Examination of DAPI-stained autora-
diograms of this sample revealed labeling of
free bacteria and other cells of bacterial size.
Most of the labeling in the sample was dis-
tributed between the small particle size frac-
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tion and detrital particles. Background in con-
trols for the 19 March sample set was somewhat
higher than for later station 330 samples—on
the order of 10 grains per oil-immersion field.

The Scheldt estuary sample, collected on 25
May, represented a very different water mass
from that sampled at station 330. Despite the
much greater complexity of its particle matrix,
however, the autoradiographic method was
equally applicable. Examples of autoradio-
graphic data obtained from the Scheldt sample
(methyl-green pyronin stain, transmitted light)
are shown in Fig. 5. (Fig. 5A is a photograph
of an unlabeled control slide, displaying the
extremely low background obtained with this
technique.) The large diatom visible in Fig. 5B
and C was the dominant phytoplankton in the
sample. The diatom is unlabeled in these pho-
tographs, despite the close proximity of a la-
beled dinoflagellate-type cell (Fig. 5B) and a
highly labeled, possibly inorganic, particle (Fig.
5C). The dominant diatom species was not
associated with silver grains in any of the au-
toradiograms examined.

In Fig. SD-F, other types of phytoplankton
(forms similar to Oscillatoria, Scenedesmus,
and Microcystis) are shown with associated sil-
ver grains. These species exhibited variable la-
beling in overall autoradiographic analysis.
DAPI-stained autoradiograms of the Scheldt
sample revealed high densities (generally > 50
per field) of labeled free-living bacteria and
similarly sized particles. The presence of such
labeled objects may account for the high num-
bers of apparently isolated grains in Fig. 5B—
F, in which the small particles could be ob-
scured by the silver grains in transmitted light,
as explained for the station 330 sample in Fig.
SE.

Considering the high productivity of this
estuarine environment, another possible ex-
planation for these grains is that they are as-
sociated with bioproduced unorganized extra-
cellular polymeric material (i.e. “slime””) which
was not stained by the DNA-specific stains
used in this study. DAPI autoradiograms re-
vealed that whole algal cells were generally free
of bacteria, so the labeling of phytoplankton
in these photographs can be primarily attrib-
uted to their own $3Ni adsorption. Detrital and
inorganic particles exhibited a variable label-
ing pattern overall, with some particles ap-
parently adsorbing large amounts of ¢3Ni (see
Fig. 5C).

1219

Table 2 summarizes the particulate specia-
tion and autoradiographic labeling patterns for
all samples. It can be seen that where bacteria
and small cells were present, free-living forms
were consistently labeled. Small detrital par-
ticles were also consistently associated with
developed grains. This finding supported the
liquid scintillation data, which indicated that
63Ni sorption by particles <0.45 um was quan-
titatively significant.

The significance of ¢>Ni labeling on larger
detrital material varied from sample to sam-
ple. In some cases (station 330, 19 March) de-
tritus appeared to account for much of the la-
beling, while in others (station 330, 22 May)
phytoplankton cells dominated ¢*Ni uptake. In
the 22 May sample from station 330, the dom-
inant phytoplankton (a form similar to Ankis-
trodesmus) was shown to be consistently as-
sociated with the tracer, while Phaeocystis did
not appear to sorb ®3Ni in any slide examined.
The large amounts of senescent Phaeocystis in
the 15 May sample from station 330 did not
appear to be labeled either. (It should be noted
that the large size of Phaeocystis colonies made
autoradiographic analysis difficult because of
uneven emulsion coating and chemographic
desensitization in some cases. It is possible
that Phaeocystis may have sorbed more ¢3Ni
than was indicated by autoradiographic anal-
ysis, although liquid scintillation results were
not contradictory.) The presence of a phyto-
plankter with a high affinity for 3Ni may ex-
plain why the 22 May sample exhibited sig-
nificantly greater $3Ni uptake than samples
taken on 15 May and 5 June, despite its some-
what lower suspended solid load (Fig. 2).

The autoradiographic data on the station 330
sample of 22 May serves to demonstrate the
utility of autoradiographic techniques for de-
termining the distribution of label over objects
within the same general size class. In the Scheldt
sample, for another example, the dominant
centric diatom was shown to be entirely non-
associated with ¢3Ni, while other large phy-
toplankton in the sample displayed various de-
grees of labeling. In such a complex matrix,
this information would be impossible to ob-
tain by conventional filter-and-count methods
because size fractionation with filters would be
too inaccurate.

The use of autoradiography modified and
contributed to the view of $3Ni partitioning
obtained by liquid scintillation data in several
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Table 2. Summary of autoradiographic analysis of station 330 and Scheldt samples. “‘Large cells” (>2 um) includes
those forms analyzed on methyl-green pyronin-stained autoradiograms. “Small cells” (<1 um) designates forms an-
alyzed on DAPI-stained autoradiograms. Detrital and inorganic material was analyzed with both types of stains,
depending on the same size range.

Sample

Particulate fractions

Ni uptake patterns

Station 330, 19 March
(see Fig. 4)

Scheldt, 25 May
(see Fig. 5)

Station 330, 15 May

Station 330, 22 May

Station 330, 5 June

Large cells— Chaetoceros dominant, also a
few colonies of Phaeocystis and uniden-
tified diatoms, dinoflagellates, and fila-
mentous algae

Small cells—free-living bacteria

Detritus—dense aggregates in 5-um size
range

Large cells—centric diatom dominant, also
forms similar to Scenedesmus, Micro-
cystis, and Oscillatoria present

Small cells—high densities (> 50 per field)
of free bacteria, rods dominant; also
bacteria associated with detritus

Detritus—large amounts in all size ranges,
some large plant fragments

Inorganics— frequent occurrence of miner-
al particles

Large cells—very few intact Phaeocystis
colonies, some ciliates

Small cells—free-living bacteria, some at-
tached to detritus

Detritus—large amount of senescent
Phaeocystis

Large cells— Ankistrodesmus-type domi-
nant, few Phaeocystis

Small cells— very few (<10 per field)

Detritus—small amount of larger, relative-
ly dense aggregates (5-10 um)

Large cells—very few unidentified diatoms
and coccoliths

Small cells—free-living coccoid bacteria,
small phytoplankton

Detritus—large amounts of thin, filmy ma-
terial and smaller (<5 um) dense aggre-
gates

Large cells— Chaetoceros rarely labeled,
Phaeocystis never; other species too few
to generalize

Small cells—consistently labeled

Detritus—labeling highly variable, but
generally more significant than cellular
labeling

Large cells—no labeling of centric diatom,
variable labeling of other species

Small cells—consistently labeled when in
free state

Detritus—smaller pieces consistently la-
beled, larger ones variable

Inorganics—inconsistent, at times intense-
ly labeled

Large cells—nonlabeled

Small cells—consistent labeling of free-liv-
ing forms
Detritus—nonlabeled

Large cells— Ankistrodesmus-type consis-
tently labeled, Phaeocystis not labeled

Small cells—too few to generalize

Detritus— variable labeling, insignificant
relative to large cells

Large cells—too few to generalize
Small cells—consistently labeled

Detritus—less dense material not labeled,
aggregates variably labeled

ways. In the most general sense, the impor-
tance of small (< 1.0 um) particles as sorption
sites was confirmed by comparing tracer dis-
tribution between small and large objects. More
significantly, autoradiography demonstrated
that particle-specific effects were operative on
objects in the algal size range. This finding has
important implications for scavenging studies,
since it is particles in the larger size class that
are responsible for the downward flux of scav-
enged material.

In this experiment both liquid scintillation
and microautoradiographic methods were ap-

plied to the study of ¢*Ni partitioning in nat-
ural water samples. Results indicate that Ni
sorption under the conditions described here
was a primarily abiotic, passive chemisorption
process. Partitioning was limited in extent on
a 24-h time scale by the slow reaction kinetics
of Ni. While small particles were shown to be
quantitatively significant sorption sites, sorp-
tion behavior of the larger-sized particle pool
was shown to be patchy and, in some cases,
highly particle-specific.

This work has demonstrated that microau-
toradiography can be successfully applied to
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the study of trace metal-particle interactions.
The potential of the method is clear, even
though it has been used here only in the most
qualitative capacity. Although autoradiogra-
phy will never be as quantitative in the ab-
solute sense as other, detection-based methods
of counting radioactivity, relative quantitation
is possible when the proper controls and sta-
tistical counting methods are applied (e.g.
Brock and Brock 1968). Sensitivity could also
be markedly improved by using a carrier-free
tracer. Thus, although 60 nM was the concen-
tration of noncarrier-free tracer necessary to
achieve our results, lower tracer levels (7-8
nM) are certainly possible.

Although the utility of autoradiography may
currently be most apparent when dealing with
highly complex, heterogeneous systems where
filter fractionation is ineflicient, wider appli-
cations can be considered. Selective stains, for
example conjugated lectins for isolating car-
bohydrate moities (Cushion et al. 1988), could
be combined with microautoradiography to
study the role of particle surface chemistry in
trace-metal scavenging. Eventually, further re-
finement of the method could permit its use
at the level of electron microscopy for the lo-
calization of specific metal receptor sites on
cell surfaces and within cells. Additional metal
isotopes to which this technique could possibly
be applicable include 5!'Cr, %Fe, ¢°Zn, '9°Cd,
139Ce, 203Hg, 2!°Pb, and 2**Th. Further research
is needed to determine whether suitable pa-
rameters can be established for high efficiency,
high resolution microautoradiography of these
isotopes.

Katherine Barbeau!
Roland Wollast

Laboratory of Chemical Oceanography

Free University of Brussels

Campus Plaine, C.P. 208., Bd. du Triomphe
1050 Brussels, Belgium
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Disequilibrium between 22°Ra and supported 2'°Pb in a
sediment core from a shallow Florida lake

Abstract—2'9Pb dating can be used to assign ages
in lake sediment cores, calculate rates of sediment
accumulation, and determine the timing of recent
changes in lake-watershed ecosystems. We used low-
background gamma counting to measure 22°Ra and
total 2'°Pb activities in a core from Lake Rowell,
Florida. 2?Ra activity was high and strongly variable
throughout the core, even exceeding total 2!°Pb ac-
tivity in recently deposited sediments. We traced one
source of Ra-rich sediments to the only inflow, Al-
ligator Creek, where stream-bottom deposits display
disequilibrium between 22¢Ra and supported 2'°Pb.
High and variable 226Ra activity in the Lake Rowell
profile argues for direct estimates of in situ Ra in
lake sediment cores from disturbed watersheds that
have Ra-bearing bedrock. Isotopic disequilibrium
between 226Ra and supported 2'°Pb makes it difficult
to distinguish between supported and unsupported
219Ph activity throughout the Lake Rowell core and
would require special assumptions and nonconven-
tional dating models to establish age-depth relation-
ships.

210Ph dating is used widely to determine the
age of recent lake sediments. The dating meth-
od is invaluable for establishing the timing of
ecological changes, especially in lakes for which
long-term limnological data are lacking. The
procedure yields a sediment age-depth rela-
tionship that extends back in time 100-150 yr.
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210Pb is a naturally occurring radionuclide that
has a half-life of 22.3 yr. Core dating requires
estimation of unsupported 2'°Pb activity in a
sediment section (often called atmospherically
derived, excess or fallout ?!°Pb activity) and
application of an appropriate dating model
(Appleby and Oldfield 1978; Robbins and
Herche 1993).

The ultimate source of unsupported 2'°Pb in
lake sediments is radioactive decay of 226Ra in
local rocks and soils. 22Ra decays to radon
(**?Rn) that outgases to the atmosphere. Rn
gas (t,,, = 3.8 d) decays rapidly through several
short-lived daughters (2'3Po—2'4Pb-214Bi-214Po)
to 2'°Pb that is ultimately deposited on land
and lake surfaces (El-Daoushy 1988). Some of
the 2!°Pb that reaches a lake is adsorbed to fine
particles and incorporated into accumulating
sediments. 2!°Pb is also produced via the decay
of in situ 22Ra that is part of the sediment
matrix. 2!°Pb derived from this source is called
supported 2!°Pb,

210Pb activity in lake sediments can be as-
sessed by alpha or gamma detection. Alpha
counting involves the measurement of the
granddaughter nuclide 2'°Po and assumes
210Po/210Ph equilibrium (Joshi 1989), whereas
gamma counting measures 2!°Pb decays di-
rectly (Appleby et al. 1986). Supported 2!°Pb
activity is often estimated by the mean of sev-
eral low-activity, downcore samples. Support-
ed 2'Pb activity is assumed to be constant
throughout the profile, and unsupported activ-



