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ABSTRACT

From radiotracer experiments in model ecosystems (MERL tanks), it was established that the
first order removal rate constants (Ayw's) of various radiotracers in shallow coastal water
columns are closely related to their distribution ratios between suspended particles and
seawater (Kq), the particle flux through the system and to season. The seasonal change in the
removal rate constants for the different radionuclides was mainly controlled by the benthic
faunal activities, which was responsible for extent and changes of bioturbation and
resuspension rates of bottom sediments.

INTRODUCTION

The distribution of a trace substance between the water and larger, filterable particles has
been shown to depend, apart from thermodynamic equilibrium constants for all solution and
surface site species, on the concentration of the particulate phase due to particle-particle
interactions, colloids effects and diffusion limited reactions which lead to slow kinetics of the
partitioning (for a review, see (1)).

The fractions of trace elements remaining in the water column as well as their distribution
ratios as a function of time have been modeled using observable macroscopic parameters
such as particle flux, particle concentration, kinetics of solid-liquid partitioning, transfer
velocity for direct sediment uptake, sediment mixing rates in accordance with tracer
penetration into sediments (2,3). The purpose of the present study was to investigate in detail
how the benthic fauna and bottom sediments affect the removal of trace elements from the
water column in different seasons, using the MERL model ecosystems of Narragansett Bay. As
we know, the benthic activities are closely related to the macroscopic parameters mentioned
above.

The details of the MERL mesocosm tank system are described by Pilson and coworkers (4,5). In

short, each MERL tank is 5.5 m high and 1.8 m in diameter, holding 13 m3 of Narragansett Bay
Water and about a 30 cm layer of relatively undisturbed surface sediments from the Bay (silty
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clay with an intact benthic biological community) at the bottom. The porosity of bottom
sediments changes from 0.92 at the surface and decreases lincarly to 0.80 at a depth of 3 cm.
The water is mixed by a mechanical plunger in a 2 hour on - 4 hour off cycle to mimic the
turbulence and rates of sediment resuspension in the Bay. Seawater from the Bay is usually
delivered into and out of the tank (through diaphragm pumps) such that the residence time
of the water in the tank is similar to that in the Bay (~ 27 days). Altcrnatively, the tank can bc
run as a closed (batch) system. To facilitate mass balance, most of the radiotracer experiments
were run in a batch mode, including the present work. As previously shown by (5), a batch
experiment can continue for at least seven months without appreciable biological
divergence from the Bay condition.

In order to test how the seasonal changes in particle flux and bioturbation rate in sediments
affect the removal rate of radiotracers, two separate cxperiments were performed using in
each one pair of MERL microcosm tanks. In one experiment, the removal of radiotracers from
the MERL tanks with and without bottom sediments was monitored during the winter
(January 17 - March 1983; the MERL tanks were designated by MR and MS, respectively) and
summer secason (June 7 - August 1983; MX and MZ, respectively). The objective was to elucidate
the effects of bottom sediments (with normal benthic fauna activities) on the removal of
radiotracers from the water column. However, since particles brought in from the Bay and
produced in the water column were allowed to settle on the bottom of these "no scdiment
tanks" during the 1 and 4 weeks, respectively, before the experiments started, these tanks MS
and MZ already did have some visible flocs on the bottom (a fcw millimeters depth) from the
start. Therefore, tanks MS, and MZ are called here the tanks with sediment vencer. The other
experiment consisted of two MERL tanks with bottom sediments but having drastically
different sediment resuspension rates during the winter season. The purpose was to study the
effect of the secdiment resuspension rate alone on the removal of radiotracers from the water
column. The water temperature of both tanks was maintained at 4°C (winter condition). Onc
tank (MO) had the normal winter sediment resuspension rate (0.1 - 0.5 mg cm-2 day'l), but
the scdiment resuspension ratc of the other tank (MQ) was artificially increased to about 9mg
cm-2 day'1 by increasing the stirring rate of the mechanical plunger. The particle flux
through the water column was minitored every 1 - 2 days by sediment traps placed about 100
cm above the scdiment-water interface.

RADIOTRACER METHODOLOGY

The details of the sampling procedures and the gamma-counting techniques were previously
given (3,6,7,8 and references thercin). In short, they consist of the following procedures:

The water columns of MERL tanks were spiked on April 15, 1982 (tanks MO, MQ), Jan. 17, 1983
(tanks MR, MS), and June 7, 1983 (tanks MX, MZ) with an acid-stabilized mixture of gamma-
emitting radionuclides in ionic form. These isotopes included 203Ag (11), 1138n.(1v), S9Fe
(11D, 54Mn (D), 60Co (1), 51Cr (1), 65Zn (11), 95Nb (1), 109Cd (I) and 134Cs (I) nuclides,
and 141Ce as inert tracer microspheres (plastic particles of 15 pm diameter).

Samples of water, suspendcd particles, settling particles. (in sediment traps onc meter above
the bottom), sediments, plankton, benthic fauna and wall material were collected and gamma-
counted on a Ge(Li) detector, coupled to a 4096 channel analyzer and a computer. Activities
were all normalized to the same geometry (using standards of the same nuclide) and dccay-
corrected to the beginning of the experiment (3,6,9). Removal rates of radiotracers from the
water to the sediments were followed over time.

DESCRIPTION OF THE BENTHIC ECOSYSTEM

Sediments in the MERL tanks were collected from a site north of Conanicut Island on

Narragansett Bay using a 0.25 m2 box corer (10). They are composed of 18% sand, 60% silt and
23% clay (11).

According to Grassle and coworkers (12), the bioturbating macrofauna at this site and in the

MERL Mesocosm are mainly composed of Mediomastis ambisenta (a deposit feeding polychaete
worm) with an abundance of about 103 m-2, Nucula annulata (a deposit feeding bivalve) at
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about 6 x 103 m-2 and Ampelisca abdita (an amphipod) at about 4 x 103 m-2. The meiofauna,
which are responsible for some of the

particle mixing in the sediments as well, arc mainly composed of Nematoda, Herpactoida and
Foraminifera (13).

RESULTS AND DISCUSSION

Fig. 1 summarizes for the first experiment the contrast in physical and biochemical
parameters (temperature, fluorescence intensity, which is a measure of phytoplankton
biomass, suspended particle concentration and the particle flux in sediment traps) for the
MERL tanks with sediment column and veneer. The most important paramecters appcar to be
temperature (Fig. 1a) and particle flux in sediment traps (Fig. 1d).
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As expected, the MERL tank with sediments veneer had a much lower particle flux than the
tank with bottom sediment column, indicating that most of the particle flux in the latter
originated from the resuspension of bottom sediment particles. The temperature and particle
flux measured in sediment traps was considerably higher during the summer than the
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winter. The high resuspension rate of bottom sediments in the tank with sediments during
the summer months was enhanced by intensive benthic fauna activities such as direct
ejection of fine particles by benthic fauna and/or reduction of shear stress of surface
sediments by intensive bioturbation (14 and references therein). The high fluorescence
intensity (at 360 mu) in the tanks during the winter (Fig. 1b) corresponded to high
phytoplankton cell concentrations. The low fluorescence intensity during the summer
indicates the active grazing of phytoplankton by zooplankton. Interestingly, the particle
concentrations in the tanks did not change much with scasons.

The fraction of each radiotracer remaining in the water column decrease more or less
exponentially with time as summarized in Fig. 2 (winter) and in Fig. 3 (summer),

ie. cleg = ergl (1)

where C = the concentration of radiotracer (both dissolved and particulate forms) in the
water column at time t.
Cy = C at time zero.

Aw= removal rate constant (day‘l)

The radiotracers removed from the water mostly resided in the bottom sediments cexcept that
just a few percent of Mn and Co were adsorbed onto the walls of tanks at the end of cach
cxperiment.
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Fig. 3: The same plots as in Figure 2 but for the summer season.

The half removal times (tw= the time span for radiotracer activity in the water column to be
reduced exponentially to one half of the original activity = 0.693/Ay) of radiotracers was
estimated from the slopes of straight line segments in Figures 2 and 3 are summarized in
Table 1.

For individual radiotracers, the half removal time (ty) is much shorter in the tanks with a
sediment column than with sediment vencer, and in summer than in  winter, corresponding
to the overall change in the particle fluxes as mecasured by the sediment traps (Fig. 1d).

The activities of radiotracers on the suspended particles from the water column and on the
deposited materials in sediment traps were also measured. Therefore, the partition or
distribution ratios of radiotracers (Kgq = activity of filtered particles per gram (dry) or

sediment trap materials activity per cm3 of filiered solution = Xp/C|) were calculated and are
shown in Fig. 4 (winter) and in Fig. 5 (summer) as a function of time.
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Table 1. Half removal time (tw in days) of radiotracers from the water column of MERL tanks
during winter and summer seasons.

Winter Summer
with sediment column with sediment veneer with sediment column with sediment veneer
Isotope (MR) (MS) (MX) (MZ)
Micro-
sphere 0.75 1.1 0.24 0.62
59Fe(11D) 11.0 28.5 1.8 10.1
113gn(1v) 14.1 37.5 1.9 15.9
203ygg(1r) 12.2 51.4 2.5 15.8
Slerqann 19.7 45.1 2.5 20.3
S4Mn(11) 34.4 58.7 5.7 31.4
60Co(11) 69.5 127 9.6 31.8
65Zn(11) 59.3 151 11.8 60.7
109¢q1n) 170 360 27 326
758e(1V) 48 93 17.6 39.1
134¢5(1) 157 2000 43.6 519
95 Nb(111) - - - - 3.5 20.2
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Fig. 5: The distribution ratios in the MERL tanks with (MX) and without (but with veneer)
sediments (MZ) during the summer season

In general, the Kg4's obtained for the filtered particles and for the sediment trap materials in
tanks with sediment veneer are the same within the experimental uncertainty indicating a
same source for these two materials (mostly organic particles with some inorganic fine
particles). For tanks with sediment column, the Kg's obtained for the filtered particles tend to
be initially higher than those for the sediment trap materials, resulting either from the fact
that the former contain more of fine organic particles than the latter, or from removal rate
control by coagulation kinetics (2), leading to higher Kd values for the fine particulate
matter with longer residence times.

During the winter, the Kg's for 203Hg (as well as 113Sn and 59Fe, not shown in Fig. 4), 65Zn
(as well as 109Cd) and 75Se increased with time and reached fairly constant values within 5 to
10 days, indicating the attainment of kinetic equilibria after that time. The K¢ for 51Cr
increased initially, then decreased with time, indicating the oxidation of the less soluble
Cr(ITI) to the more soluble Cr(IV) (8). The Kq for 54Mn (as well as 60Co, not shown) increased
with time, indicating gradual oxidation of soluble Mn(II) to less soluble Mn(IV). The Kq for
1345 reached a constant value within a day's time. The summer experiments also gave
similar results, except that the decrease of Kq for 51Cr with time was much more drastic, and
the Kq for 54Mn increased with time initially then decreased again for the tank with

sediment column, probably indicating partial reduction of Mn(IV) back to Mn(Il) in the
sediments and subsequent release to the water (8,3).Except for redox sensitive trace metals

like 54Mn, 60Co (not shown, but similar to 54Mn) and 31Cr, the Kg's for the other radiotracers
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remained at quite constant values over more than 30 days (except for the first few days)
which is surprising for a dynamic system such as the MERL tanks.

The data in Figure 2 to Figure 5 can be fitted by the numerical model of Nyffeler et al.
(2).Their model takes into account measured rates of the slow uptake (adsorption +
coagulation) - release (desorption + disaggregation) kinetics, sediment resuspension, in situ
particle production in the water column, bioturbation of sediments, etc. For example, Fig. 6
gives good model fits (solid lines) to the observed concentrations and Kg's as a function of
time for 113Sn from the first experiments. 113Sn was chosen here as an example of an easily
hydrolysable cation which has a high Kg-value. The model calculations, which used the
observed time-dependent particle concentration (Cp) and particle flux (Sin) as input
parameters as shown in Fig. 1, serve to illustrate the importance of sorption kinetics in the
scavenging process.
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The in_situ particle production rates were assumed to be around 0.04 mg cm'zday'1 in all
cases, similar to measured values of primary production. The bioturbation rates for tanks
with sediment columns were taken to be 3 x 10-8¢cmZ2sec-! in winter and 5 x 10-7cm2sec-! in
summer (3,9). The kinetic constants for adsorption (ki) and desorption (k.j) taken were 103
cm3 g-1 day-! and 0.05 day-l, respectively, (i.e., k1 k.1"1= 2 x 106 cm3 g-1) in all cases except
for the tank MR of the winter experiment, where somewhat lower values for ki(= 2x 104 ¢cm3
g1 day-1) and ki (= 0.01 day-!) but the same ki k.1;-! were used. These values are within the
range of experimental values (2,15). They all yield lower effective Kg(t)-values during the

early part of the experiment than the equilibrium values given in Table 2, in agreement with
the experimental values (Fig. 6). Since the errors in some of the input parametcrs were



sufficiently great (i.e. up to +- factor of two), no rigorous attempt was made to optimize for
best fits to the data. Different ideal combinations of parameters can result in similar model

curves (2).

Finally, the most interesting observation is that the K{'s of radiotracers in each tank arc
inversely correlated to tw's of radiotracers as summarized in Fig. 7 (Kd's are taken from Table
2 at 15 days after spike additions, and tyw's from Table 1. S1Cr data are not plotted in Fig. 7
because K for Cr was affected by the oxidation of Cr (IIl) to Cr (VI) as mentioned earlier).

[able 2. Distribution Ratios (K{ in cm3 g'l) of radiotracers betwcen sediment trap materials
and tank waters 15 days after spike additions.

Winter Summer
' with sediment without sediment with sediment without sediment
Isotope (MR) (MS) MX) (MZ)
5%Fe 1.7E6* 1.0E7 -- 1.0E7
1135y 5.0E5 1.5E6 -- 1.7E6
203yg 3.3E5 4.0E5 1.6E5 8.0ES
Slcr 1.0E5 2.5E6 8.0E3 2.3E5
54Mn 3.2E4 2.7E5 5.1E4 1.0E6
60Co 4.6E3 3.7E4 7.9E3 2.4ES
65Zn 1.0E4 5.0E4 _ 6.3E3 6.0E4
109¢cq 7.3E2 9.0E3 1.3E3 .-
155e 4.6E4 1.0E5 2.2E3 1.0E5
134¢g 2.3E2 (2.3E2) 1.5E2 (1.5E2)
95Nb -- -- __1.8E5 2.0ES

* Ex = 10X

We can visualize that the change of the total activity of a radiotracer in the water column
with unit area in the MERL tank is controlled by :

1) adsorption of radiotracer onto suspended particles followed by gravitational settling, 2)
resuspension of settled particles which have been diluted with underlying uncontaminated
sediments by bioturbation and for physical mixing, and 3) adsorption at water-sediment
interface through diffusional processes. Quantitatively

H dC/dt = - Sin* Xp + Sout * Xm® - D(Xp - X%/ (AZ - Kq4) (2)
where
H = height of the water column in the MERL tank - 500 cm
Sin = particle flux through the water column as measured by sediment trap.

(g cmZ day-1)

Sout = resuspension rate of bottom sediments ~ Sjp

X = the concentration of a radiotracer in sediment trap materials or suspended
particles (dpm g'l)

Xm® = The concentration of a radiotracer in bottom sediments at the water -

sediment interface (dpm g'l)
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D = molecular diffusion coefficient (cm? day'l)

Az = stagnant boundary film or diffusive sublayer, thickness (cm)
Kg = distribution ratio = Xp/Cj = Xp/[C - XpCp]
G = the concentration of suspended particles (g cm-3)

(Xp- Xm©)/(Kq -Az) = the concentration gradient across the stagnant boundary layer.

In addition one obtains by mass balance :

HC®=HC+h (1 -9¢)p Xm® (3)
where
coC = total concentration of radiotracer (dpm cm-3  solution)
in water column at time zero and time t, respectively
G = concentration of tracer in dissolved form at time t
h = the hypothetical mean penetration depth of a radiotracer in the sediments

(at time t), defined as equal to Jo” Xm Az [ XOm

p = solid phase density (~2.5 g cm-3)

o = porosity (~0.9 cm3 water (cm3 wet sedimems)'l)

Xm = the concentration of radiotracer in the bottom sediments at a depth of
z (dpm g'1)

Solving equations 1 to 3, one obtains
Kg/(1 + Kq* Cp) = (exwt-l)H/[(l—q)) - p -h] + Ay -H/[Sin + D/(Kq - Az)] 4)

The above equation (4) is applicable only in the period when the concentration of any
considered radiotracer in the water column decreases exponentially. In this example, the
time t in equation (4) cannot be greater than 15 days for Fe, Sn, Nb and Hg in summer tanks
with sediment columns.

If D/(Kq-Az) < Sin or K4 > D/(Sip - Az), then the D/(Kq +Az) term in equation (4) can be
ignored, i.e. the removal rate of a radiotracer at the water-sediment interface will be
relatively small as compared to the removal rate by settling particles.

Therefore, according to equation (4) without the D/(Kq - Az) term, Kd's should be roughly
proportional to Ay's or inversely related to ty,'s, when other physical parameters (Cp, Sin, H.®,
p, t and h) are constant in the same tank. For example, the D's for most of divalent and tri-
valent cations are in the order of ~0.5 cm2/day (15); Az in the MERL tank is in order of 0.1 cm
(16); and Sj, for the tank MS (with sediment veneer) is about 5 x 10-5 g/cmz/d; thus the
D/(Sip - Az) term is about 105 cm3/g for the tank MS. Except for Cd and Cs, the Kg's for most of
radiotracers are about 105 cm3/g or greater in the tank MS. Therefore, the removal of these
radiotracers (excluding Cd and Cs) from the water column is mainly by the settling particle
flux. Similarly, the D/(Sip * Az) term is about 0.5 x 103 cm3/g for tank MX (with sediment
column in summer). Thercfore, except Cs and Cd, the rest of radiotracers (Kq's > 103m3/g)
were again removed mainly by the flux of settling particles in the tank MX. The solid curves
in Fig. 7. represent a relationship between Kq (at t = 15 days) and ty  using a modified
equation similar to equation (4) but excluding the term for direct sediment uptake, therefore
valid only for particle-reactive elements. The values taken for various parameters are given
in the same figure. The Cp and Sjn values at t = 15 days were read off for Fig. 1, and h-values at
t = 15 days were calculated from the modified equation (4), using mainly Kq and ty data for



59Fe. The radiotracers Cs, Cd and sometimes Co and Zn (low Kg's) are not expected to fall on the
theoretical curves for 5%Fe as shown in Fig. 7, because the removal of these radiotracers werc
dominated by the wuptake at the water-sediment interface through diffusional, and/or
advective processes. Thus their mean penetration depth in sediments (h) should be much
higher than those for 59Fe and other particle reactive radiotracers (i.e. those with high Kg
values).

For example, the values for h, calculated from modified equation (4) for Cs at t = 15 days arc
about 3.1 cm (assuming porosity ¢ = 0.8) in summer and about 0.76 c¢m in winter for the tank
with sediment column. The high h value (3.1 cm) during the summer may indicate active
advective exchange of pore water by benthic macrofauna at the water-sediment interface.

During the summer, the Mn data points fall to the right of the theoretical curves in Fig. 7,
indicating slower removal than expected from its K4 value measured in the water column.
One possible explanation is that actual K{'s for Mn in the bottom sediments should be lower

than those in the water column due to the partial reduction of Mn (IV) to Mn (II) in the
sediments (3).

The relationship between half removal times and Kg values depicted in Fig. 7, for these
ecosystems with close benthic pelagic coupling is quite impressive and extends over
different seasons and extent of benthic-pelagic coupling (i.e., tanks with sediment column or
only vencers).
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Fig. 7. The plot of the half removal times and the distribution ratio (Kq) at time . 15 days for
various radiotracers in the MERL tanks with (MR, MX) sediment column and veneer
(MS, MZ) during winter and summer seasons, respectively. The solid curve represents
the equation (4) without the term for direct sediment uptake (using the parameters in
the upper-right hand corner), thus applying only to particle-reactive elements.
Dashed curves are drawn in as correlation lines only.

The effective slope of the various log Kg vs log ty correlation lines is, however, not -1 as
would be expected from the modified equation (4) for the region with only particle uptake
control, but about - 3.5, probably due to a combination of non-linear effects which were not
considered in the derivation of equation 4. These might have been caused by

1) slow sorption kinetics, affecting mostly high-Kg elements (2,17),
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2) direct sediment uptake by diffusion, affecting mostly low Kq elements (2,16),

3) direct sediment uptake by advection (18), equally affecting all dissolved elements which
adsorb in sediments,

4) differences between Kg values of suspended particles and surface sediments, affecting
mostly elements with intermediate Ky values (e.g., Mn, as described above, see ref. 3).

In short, the half removal times of radiotracers in a MERL tank water column become
inversely related to their distribution ratios by the coupling of a number of mechanisms:
uptake by particles, resuspension and mixing of bottom sediments, active pore-water
exchange by benthic macrofauna in the summer and predominantly diffusive exchange
across the sediment water interface in the winter (2, 3, 9). Furthermore, it is interesting to
notice that the mean residence times of elements in the ocean as a whole are by definition
also inversely related to their average concentrations in oceanic pelagic clays divided by
those in seawater (19). For an individual radiotracer, the seasonal change in its half removal
time in the tank with sediments is mainly controlled by benthic fauna activity, which
enhances the removal of a radiotracer during the summer season by facilitating
resuspension of bottom sediments by a factor of 20 and enhancing the mixing rate and the
mean penetration depth (h) of settled particles with underlying uncontaminated sediment
particles by a factor of about 28 (Table in Fig. 7).

Table 3, Half removal times (tw in days) of radiotracers from the water column
of the MERL tanks with normal (MO) and high (MQ) sediment resuspension rates.

59Fe 1135, 203Hg Sicr 54Mn
MO 4.4 5.0 5.4 8.5 11
MQ 4.0 3.6 5.0 4.5 15

60¢g 6571 109¢4 755e 1344
MO 26 38 130 170 130
MQ 35 27 -- -- 110

The importance of benthic fauna activity, especially the bottom sediment mixing, on the
removal of radiotracers from the water column is reinforced by the results from the second
spring experiment, which was carried out under conditions of low bioturbation conditions.
The half removal times of various radiotracers from the MERL tanks with different sediment
resuspension rates are summarized in Table 3. Other results from this experiment are
discussed elsewhere (3). The interesting observation is that ty's-value for radiotracers in the
two tanks during winter-spring conditions are very similar (they differ by no more thant
40%) even though the sediment resuspension rates differ by more than one order of
magnitude. Obviously, an increase in sediment resuspension rate alone without a
corresponding increase in the sediment mixing rate by bioturbation does not significantly
enhance the removal of radiotracers from the water column and their accumulation into
sediments. The importance of bioturbation rate on the accumulation of 234Th and 239.240py
in near shorc sediments was previously demonstrated (20,21,22).
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CONCLUSIONS

The half removal times, tw, of different radiotracers from the water columns of MERL tanks
with bottom sediments are inversely related to their distribution ratios, Kg's, between settling
particles and solution. The high removal rates of the radiotracers in the tanks with bottom
sediments during the summer season resulted from the high benthic faunal activities which
enhanced 1) the particle fluxes through the water column by resuspension of bottom
sediments and 2) the mixing rates and thus the penetration depths of the settled particles
with underlying uncontaminated sediments. Artificially increasing sediment resuspension
ratcs alone does not greatly increase removal rates of radiotracers.
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