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Abstract

We have carried out experiments to study the uptake of radiocaesium by
sediment cores from Esthwaite Water, Cumbria, UK in order to develop a model
to simultaneously describe uptake of radiocaesium from the water column and
diffusion of activity within the sediment. By measuring the rate of diffusion of
activity through the sediment and sediment pore waters as a function of time we
have assessed the validity of the equilibrium approach to modelling
radiocaesium sorption and mobility in sediments. By comparison with in situ
measurements it was found that rates of diffusion of activity introduced by
diffusion across the sediment-water interface (as in our experiments) were
approximately one order of magnitude greater than those determined from
Chernobyl and weapons test activity-depth profiles. Modelling of the removal of
activity from Esthwaite Water showed that the majority of the activity was
transported to the sediments by attachment to and settling of suspended
particles. It is concluded that activity deposited on particulates (forming the
majority of activity observed in situ) was more strongly bound to sediments than
that introduced by direct diffusion. This explanation is consistent with observed
"two-phase" 137Cs profiles in sediments. Predictions of future evolution of the
weapons test peak are made on the basis of our studies. It is shown that the
peak in the activity-depth profile will remain an important marker for dating
studies for the forseeable future.
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Introduction

Previous studies into the sorption of radiocaesium to sediments have shown that
the solids-aqueous distribution coefficient (Ka) is inversely proportional to the
content of competing ions (specifically NH4+) in the sediment pore waters. It is
also known that over time Cs progressively "fixes" to illitic clay minerals in soils
and sediments, the rate of uptake having a half time of around 100 d (Comans &
Hockley 1992). The continuing mobility of radiocaesium in sediments over long
time periods (years after fallout, Evans et al. 1983) further suggests a reverse
reaction from "fixed" sites to chemically available phases. Using measurements
of bomb- and Chernobyl-derived radiocaesium in the sediments of Hollands
Diep and Ketelmeer in The Netherlands, a model for transport in lake sediments
was developed which incorporated competitive and sorption kinetic effects
(Smith & Comans 1996). This model showed that the mobility of radiocaesium in
these sediments was broadly consistent with independent studies of its sorption
properties. It was further shown that Cs may desorb from the "fixed" phase with
a half-time of approximately 10 years.

Detailed measurements of 137Cs activity-depth profiles in laminated sediments
(Crusius & Anderson 1989; Crooks 1991; Meili & Worman 1996), have, however,
shown mobility which cannot be explained by current models. Such profiles are
characterised by a sharp peak in activity corresponding to the 1986 Chernobyl
fallout, with a "tail" of activity penetrating several cm below the peak. These
profiles imply that 137Cs may be transported in two fractions: an "immobile"
fraction corresponding the the peak and a more mobile fraction forming the tail.
This behaviour cannot, to our knowledge, be explained by current models of Cs
sorption chemistry, including that outlined in Smith & Comans (1996). In
addition, modelling studies cannot reliably "deconstruct" such a profile to
determine sorption processes since this would require modelling the evolution of
either a series of profiles over time, or a knowledge of the distribution of 137Cs
between sorption phases at the time of deposition.

We have carried out experiments to study the uptake of radiocaesium by
sediment cores from Esthwaite Water, Cumbria, UK in order to develop a model
to simultaneously describe uptake of radiocaesium from the water column and
diffusion of activity within the sediment (Smith et al. 1998). By measuring the
rate of diffusion of activity through the sediment and sediment pore waters as a
function of time we have assessed the validity of different approaches to the
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modelling of radiocaesium sorption and mobility in sediments. Comparisons will
be made of processes and models determined from these experiments with in
situ measurements of activity-depth profiles of radiocaesium resulting from
weapons testing and Chernobyl. The implications of diffusional transport of
radiocaesium for dating studies will be discussed.

Methods

Experimental measurements.

During December 1994, 14 sediment cores were taken from Esthwaite Water at
a water depth of 14 m using a Jenkin Corer. Each core was extruded into a
plastic core tube which was constructed from a series of separable concentric
rings (Fig. 1), the rings being sealed with waterproof tape covered by two
coatings of wax.

Plastic Core Tube.

Wax Seal

. Water Level

Concentric Kings

Sediment

Figure J. Experiment design.
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The overlying water was reduced to a depth of 2 cm, then spiked with 10 kBq
134Cs. The cores were sealed and stored in a cold room at 4°C. After different
incubation periods (15 min., 3 h, 24 h, 3 d, 10 d, 61 d, 1 y), two cores were
sectioned by cutting through the tape and wax seal and removing each ring in
turn (corresponding to sediment depths 0 - 0.5cm, 0.5 - 1.0 cm, 1.0 - 1.5 cm, 1.5 -
2.0 cm, 2 - 3 cm, 3 - 4 cm, 4 - 5 cm, 5 - 6 cm, 6 - 8 cm, 8 - 10 cm). At each time, the
sediment from one core (labelled (a)) was centrifuged at 10,000 rpm for 10 min to
remove the pore water. The pore water was filtered through a 0.45 urn cellulose
acetate filter and counted on a Ge-Li gamma detector, a sub-sample being
retained for determination of NH4+ concentration. The sediment was
resuspended in 1 M ammonium acetate solution (solidrsolution ratio
approximately 1:10) and agitated for 24 h before being re-centrifuged to remove
the extractant. Three sequential extractions were carried out, the extractant
being bulked and filtered through 0.45 fim cellulose acetate filters, then counted
for 134Cs. The solid was dried, weighed, then counted for 134Cs. At each time
period, the second core (core (b)) was sectioned in the above manner, the
sediment from each slice being simply dried and counted for 134Cs. The overlying
water from each core was also counted.

In-situ measurements.

During August 1991, three sediment cores were taken from Esthwaite Water
at a water depth of 14m using a Mackereth type corer. The core samples were
analysed according to the methods outlined in Comans et al. (1989) and Smith
and Comans (1996). The cores were sliced in a glove box under nitrogen at-
mosphere in order to preserve their anoxic status. The porewater from each
sample was removed by centrifugation then filtration through a 0.2 um cellu-
lose acetate filter. The porewater samples from each core were combined, each
having been checked for their major ion composition to ensure that there were
no lateral variations between the cores. The exchangeable 137Cs on the solid
phase was determined by three 24h sequential extractions with 0.1 M NH4AC
at a solid:liquid ratio of approximately 1:10. The solid and (after pre-
concentration using ammonium molybdophosphate, AMP) aqueous and ex-
change solutions were counted for 137Cs on a Ge-Li gamma-detector.
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Modeling

If it is assumed that the activity is input to the sediment as a sharp "spike" at
the sediment surface, and that this spike diffuses through the sediment with
constant diffusion coefficient, D (cm2.?1) then the transport of the activity with
concentration C (Bq.g-1) can be described by the advection-diffusion equation:

(1)

dt ex2 ~ dx

where o is the sedimentation rate (cm/y) and X is the radioactive decay constant.
In our experiments co is zero and activity concentrations were decay-corrected to
the date of the beginning of the experiment. Assuming that all of the sorbed
activity is in exchangeable form, and that this exchange process is in equilibrium
with respect to the diffusion timescale, then D is approximated by:

(2)

£>*-

(e.g. Berner 1980) where Do is the molecular diffusion coefficient (1.45 x 105

cm2/s at 10 °C, Li & Gregory 1974) of Cs in water, § is the porosity, s is the
drymass per unit wet volume and y/ is a tortuosity factor, approximated by y/ =
<t>2 (Lerman, 1979). Ke

d is the equilibrium solids-aqueous distribution coeffi-
cient (cm.g-1), the superscript "e" distinguishing this "exchangeable" distribu-
tion coefficient from that calculated from the total sorbed activity (Kd) which
may include non-exchangeable fractions. We will use the exchangeable distri-
bution coefficient, Ke

d, to denote model determined values in which equilib-
rium sorption is assumed. The "total" Ka denotes measured solid sorbed activ-
ity divided by measured pore water activity. This latter quantity is not a true
equilibrium distribution coefficient since slow sorption reactions mean that
true chemical equilibrium may not have been reached. For an impermeable
upper boundary (i.e. diffusion can only take place downwards from the sedi-
ment surface), the solution to equation (1) for a decay-corrected tracer is ap-
proximated by:
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M \ (x-at/\ , f (x + o>t)

(3)
2' "

, x , . 4Dt \ r\ 4Dt
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(Kudelsky et al. 1996) where M is the mass of diffusing substance, t is the time
since input to the sediment, and x is sediment depth.

Diffusion across the sediment/water interface & transport in the sediment.

For the case in which activity is transferred to the sediment across the sediment-
water interface (as in our incubation experiments) we have used a numerical
model based on that detailed in Smith & Comans (1996). The equations are
somewhat simplified since, in our experiments, the sedimentation rate, co (cm.y1)
is zero and there is no physical mixing of the sediment.

According to this model, activity sorbed to exchangeable sites on the solid is in

equilibrium with that in solution with distribution coefficient, Ke
d . The trans-

port of activity, Ce> in the aqueous/exchangeable phases is described by:
(4)

Ot fa ' - . ^ . u , , ^ . , , -kfC. + kbsCt-'

where kf, kb (d1) are, respectively, rate constants for transport to and from
"fixed" sites. The transport of activity in the "fixed" phase, G, is given by:

(5)

s^+ = - kbsCi + kfCe - XsCi

and the boundary conditions for transfers of activity across a boundary layer of
thickness z (cm) are:

(6)

- Ca)
)

81



STUK-A145

(7)
F,(O,t) = 0

where Ca is the changing concentration of activity in the overlying water:

(8)

Ce(O,t))c ) 7C

dt bz[a $ + sKed} a

where 8 is the depth of overlying water.

Results

Experimental measurements.

The initial removal of activity from the overlying water (Fig. 2) was very rapid,
around 90% of the activity being removed after 3 days, although removal at a
slower rate continued over the whole experimental period. The removal of
activity from the overlying water was accompanied by a progressive diffusional
transport through the sediment and sediment pore waters (Fig. 3.). The
similarity of the activity-depth profiles in the solid phase and pore waters show
that the two phases are strongly coupled by sorption processes which are short
with respect to the diffusion timescale.

None of the key chemical parameters (Kd, exchangeability and [NH4+]) showed
any significant changes with depth at any of the incubation periods. Over the
period of the experiment, measured Ka and exchangeability values remained
remarkably constant at values of ca. 2060 ±740 l.kg-1 and 65 ±8.4% respectively.
[NH4+] showed a tendency to increase over the period of the experiment,
although with the exception of the last time period (after 1 year) it remained
within the range observed from in situ measurements in Esthwaite Water (J.
Hilton, unpubl. res.). The increase in ammonium concentration over time
appeared to have no effect on 134Cs exchangeability or Kd. Potassium
concentrations in the sediments were approximately a factor of 10 lower than
[NH4+] and, also given the significantly higher selectivity of [NH4+] over [K+] in
sediments (Wauters 1994), could therefore be considered negligible in its effect
on radiocaesium Ka in these sediments.
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Figure 2. Change in overlying water activity vs. time. Error bars show range
in the two replicate samples (Smith et al. 1998). It can be seen that after a pe-
riod of 10 days the thickness of the boundary layer, z, no longer has an influ-
ence on removal: in the long term, removal is determined by the sediment Kd.

In situ measurements

Total 137Cs activities were partitioned between activity resulting from nuclear
weapons testing (largely deposited in 1958-63) and the Chernobyl accident
(1986) by measurement of 134Cs and using a 134Cs/137Cs ratio of 0.6 for activity
resulting from the Chernobyl accident (Cambray et al. 1987). Due to its
relatively short half life (ca. 2.2 years), no 134Cs activity deposited during nuclear
weapons testing is now present in the environment. The activity-depth profiles
resulting from the weapons test and Chernobyl fallout events are shown in
Fig. 4.
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Figure 3. (a) Change in solid phase activity over time; (b) change in pore water
activity over time (Smith et al. 1998). Model simulations are normalised to the
mean of the total sediment activity at each time period. Solid lines show simu-
lation for K'd - 2000 I/kg; dotted line for Ke

d = 1000 I/kg; dashed line for Ke
d

= 3000 I/kg. (o) Measured values for core (a); (-) measured values for core (b).

The 137Cs activities measured in the sediment pore waters were close to the limit
of detection and should be treated with some caution. Mean activity in the pore
water was Ca. 4 mBq.H leading to an in situ Ka value of approximately 7 x 104

l.kg-1. There was no discernable change in Kd with depth. The fraction of solid
sorbed activity which was exctractable with NHiAc solution (the "exchangeable
fraction") was approximately 7% and again showed no dependence on depth.
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Figure 4. Activity-depth profiles from in situ cores (Smith et al. 1998). Activity
was partitioned between weapons test and Chernobyl using 134Cs measure-
ments.

Modelling: experimental measurements.

If radiocaesium were gradually being fixed to sediment solids during our ex-
periments we would observe a gradual slowing of the rate of diffusion of activ-
ity through the sediment. Contrary to expectations (from Cs sorption times-
cales in illite of ca. 100 days, Comans & Hockley 1992), this slowing effect was
not observed. It appears that after a few days, diffusion of activity through
these sediments occurs at a uniform rate, with no evidence of "fixation". This
conclusion is in agreement with our measurements of Kd and exchangeability
which also showed no significant changes over time.
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These observations greatly simplify the modelling of 134Cs transport in our
experiments. We assume that transport of activity through the sediments can
be modelled using an equilibrium distribution coefficient, Kd which is con-
stant with time and depth. The removal of activity from the overlying water
and transport within the sediments (solid and aqueous phases) is then mod-
elled using a numerical solution of Eqs. (6-8) with kf, kb equal to zero. Assum-
ing porosity, <(>, and solids concentration, s, equal to their mean values of 0.93
and 0.1 g.cnr3 respectively, we have modelled the transport of 134Cs in our ex-
periments for different values of boundary layer thickness, z, and distribution
coefficient, Kd (Figs. 2 & 3). As shown in the figures, values of z = 0.5 cm and
Kd = 2000 l.kg-1 (equal to the mean of measured Kd values) give a good corre-
lation of model simulations with observations in the overlying water and in the
solid and aqueous phases of the sediments.

Modelling: in situ measurements.

Eq. 3 was fitted to the activity-depth profiles resulting from the weapons test
and Chernobyl fallout events (Fig. 4), as shown in Table I. If the mobility of
137Cs in the in situ measurements could be attributed wholly to diffusion, these
effective diffusion coefficients, D, would translate, using Eq. 2, to Kd values of

1.5 x 104 and 1.3 x 104 l.kg-1 for Chernobyl and weapons test 137Cs, respec-
tively. In fact, it is likely that these sediments have undergone significant bio-
logical mixing: oligocheate worms have been found at a density of up to several
thousand per square metre in Esthwaite sediments (Reynoldson 1983). The in
situ Kd values we have determined from the activity-depth profiles are there-

Table I. Comparison of experimental and in situ measurements on diffusion of
137Cs in Esthwate Water bottom sediments (Smith et al. 1998).

Ka (measured)
D (measured)
Kd (modelled)

Exchangeability
Velocity, co

Experimental

2 x 103 I/kg
1.7 cm^y1

2 x 103 17kg

65%
-

In situ
Chernobyl
7 x 104 I/kg
0.25 crn^y1

> 1.5 x 10" I/kg

7%
0.58 cm/y

weapons test
-
0.28 cm^y1

> 1.3 x 104l/kg

-
0.32 cm/y
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fore likely to be significant underestimates since Eq. 2 assumes that all of the
transport is by pore water diffusion. This is further demonstrated by the very
high Kd values obtained from the in situ pore water measurements (ca. 7 x 104

1-kg-i).

Role of direct diffusion in the removal of activity from Esthwaite Water after
Chernobyl.

The removal of activity from the lakewater, Ca, can be described by the follow-
ing equation (see, for example, Smith et al. 1997):

(9)
dC C f v Do(l-fn)a _ a P P n PC — c -

°dt T & a

where Tw is the water residence time of the lake, fP is the fraction of activity
sorbed to suspended participates:

(10)
s'K,

d

and Vp is the participate settling velocity (m.d1) and s' denotes the solids con-
centration of suspended matter in the lakewater (cf. "s", the solids concentra-
tion of the bottom sediments).

Using the model for transport of radiocaesium within the bottom sediments
outlined in Eqs. 4-7, we have modelled the removal of activity, Ca, from
Esthwaite Water following a contamination event such as that from the Cher-
nobyl accident.

Assuming that the rate of transfer to the sediments by settling of suspended
particles is zero, the removal of activity from the lakewater (defined by Eq. 9)
is determined by the thickness of the benthic boundary layer, z, and the distri-
bution coefficient, Kd, in the bottom sediments. For mean measured values of
porosity, ((>, and solids concentration, s, of 0.93 and 0.1 g.cnr3' respectively, we
have calculated the change in lakewater activity assuming only lake flushing
and diffusion into the sediments. Independent measurements of the boundary
layer thickness, z, (Santschi et al. 1983; Hesslein 1987; Devol 1987) gave val-
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ues in the range 0.05 - 0.2 cm. For our estimation of removal of 137Cs from the
water column, we have used a value of 0.05 cm, though it was found that dif-
ferent z values within the measured range had little effect on removal rates.

Fig. 5 shows that the Ke
d value of around 2000 l.kg1 determined from our ex-

periments is far too low to produce the observed rate of removal. It appears
that diffusion of activity across the sediment-water interface is responsible
only for a small fraction of the removal of activity. Fig. 5 also shows the re-
moval of activity under a particle settling model with fP = 0.2 and vj, = 0.7 m.d1

(means of measured values): clearly, rates of removal via particle settling and
lake flushing are sufficient to produce the observed decline in lakewater activ-
ity concentrations.

o

Measured
Diffusion

-Particle settling

so too iso

Time since Chernobyl (days)

Figure 5. Removal of Chernobyl activity from Esthwaite Water by diffusion
and particle settling models (Smith et al. 1998).
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Discussion and Conclusions

Mobility of radiocaesium in sediments

The transport of 134Cs into sediments in our controlled experiments can be
very accurately modelled by assuming simple Fickian diffusion of activity in
the sediment porewaters, retarded by sorption to solids with equilibrium dis-
tribution coefficient Ke

d of ca. 2000 Lkg-1. By measuring the evolution of activ-
ity-depth profiles over time in both solid and aqueous phases we have pre-
sented direct evidence of this diffusional process. The quantitative agreement
between the model estimated Ke

d value and the Kd measured in the experi-
mental cores (2060 ± 740 l.kg"1) is excellent.

Comparison of the experimental measurements and model results with those
made in situ on weapons test and Chernobyl radiocaesium show remarkable
differences. As shown in Table 1, in situ Kd measurements are more than one
order of magnitude lower than those measured in the experiments and, simi-
larly, the in situ exchangeable fraction is one order of magnitude lower than
that measured in the experiments. As a result (in spite of mixing effects), the
mobility of activity in situ is significantly lower than observed in the experi-
ments. This difference in mobility and speciation cannot be explained by the
longer contact times of weapons test (ca.28 years) and Chernobyl (5 years)
radiocaesium compared to our experiments since we have observed no pro-
gressive "fixation" of 134Cs in the experimental cores.

We believe that the explanation for this discrepancy lies in the different
mechanisms by which radiocaesium is deposited to the sediments. In our ex-
periments, all of the 134Cs diffuses into the sediment as a free ion in solution.
Within the sediment itself, it diffuses relatively rapidly and remains available
for exchange with NH4+, possibly because "fixation" is hindered by high ammo-
nium concentrations (as suggested by Comans & Hockley 1992, Comans et al.
1996).

In contrast, in the lake, the majority of the radiocaesium is transported to the
sediment already attached to settling particles. The much lower mobility and
availability of in situ caesium implies that the majority of the deposit must have
been strongly bound to solids at the time of input to the sediments. This expla-
nation is consistent with observed "two-phase" profiles in sediments, but the
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assumption of differing fixation rates between caesium sorbed in the catchment
or water column and caesium sorbed in the bottom sediment remains to be
tested.

Implications for dating studies

The Chernobyl and weapons test peaks in the 137Cs activity-depth profiles are
commonly used as markers for dating lake sediments (see, for example, Ap-
pleby 1997, this publication). Our studies have confirmed that dating sedi-
ments by "first appearance" of 137Cs is not reliable since diffusion of 137Cs into
older sediments than those which were at the surface at the time of fallout is
likely. Our observations on diffusion rates have, however, shown that the peak
in activity will not alter significantly over time since much of the deposited
137Cs is strongly bound to sediment solids. Assuming that diffusion of the
weapons test peak will continue in the future at a rate determined by the in
situ Kd measurements, we have calculated the predicted evolution of the peak
over time (Fig. 6). Our assumption of future diffusion rates is justified as fol-
lows:

(1) The weapons test peak is now below the zone of mixing, so mixing rates
will be negligible;

(2) The majority of the activity is in the "fixed" phase and thus will diffuse at a
(maximum) rate determined by the in situ Kd measurements;

(3) We can assume, for the purposes of modelling, that all of the activity is
potentially mobile since on the timescales of decades we are here considering,
the sorption of 137Cs is reversible (Smith & Comans 1996).

It can be concluded from Fig. 6 that weapons test 137Cs will remain an impor-
tant marker for dating. It is likely that its future use will be limited by radio-
active decay rather than diffusive mobility.
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