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BIOMOVS II

Preface

BIOMOVS II (BlOspheric MOdel Validation Study - Phase II) is an international
cooperative study to test models designed to quantify the transfer and
bioaccumulation of radionuclides and other trace substances in the environment. The
first phase of BIOMOVS was completed in 1990. The second phase, BIOMOVS II, is
due to cover the period from 1991-1996.

The BIOMOVS II study is jointly managed by five organisations:

• The Atomic Energy Control Board of Canada;

• Atomic Energy of Canada Limited;

• Centro de Investigaciones Energeticas Medioambientales y Tecnologicas,
Spain;

• Empresa Nacional de Residuos Radiactivos SA, Spain;

• Swedish Radiation Protection Institute.

The primary objectives of BIOMOVS II are threefold, namely:

1. to test the accuracy of the predictions of environmental assessment models
for selected contaminants and exposure scenarios;

2. to explain differences in model predictions due to differences in model
structure, modelling assumptions and/or differences in selected input data;

3. to recommend priorities for future research to improve the accuracy of model
predictions.

A secondary objective of the study is to act as a forum for the exchange of ideas,
experience and information in order to improve the confidence with which the
environmental behaviour of trace substances in the biosphere can be assessed
quantitatively.

This particular BIOMOVS II Technical Report is concerned with modelling the
transfer of C-14 through the aquatic foodchain following release to a Canadian
shield lake. Model performance has been tested against field data supplied by
Atomic Energy of Canada Limited. The primary author of the report was Dr Glen
Bird.

The views expressed in this report are those of the participants and not necessarily
the organisations they work for.
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Executive Summary

Carbon-14 was added in 1978 to the epilimnion of a small Canadian Shield lake to
investigate primary production and carbon dynamics. Data from this experiment
were used within BIOMOVS II to provide a validation test, which involved modelling
the fate of the C-14 added to the lake. The nature of the spike and the subsequent
monitoring allowed the investigation of both short-term processes relevant to
evaluation of the impacts of accidental releases as well as longer-term processes
relevant to routine release and to solid waste disposal.

Four models participated in the scenario: 1) a simple mass balance model of a lake
(AECL, Whiteshell Laboratories, Canada); 2) a relatively complex deterministic
dynamic compartment model (QuantiSci Ltd.,UK); 3) a complex deterministic model
(Studsvik Model A) and a more complex probabilistic model (Studsvik Model B;
Studsvik Eco & Safety AB, Sweden). Endpoints were C-14 concentrations in water,
sediment and whitefish over a thirteen year period.

Each model produced reasonable predictions when compared to the observed data
and when uncertainty is taken into consideration. About 0.2 to 0.4% of the initial C-
14 inventory to the lakes remained in the water at the end of the study, because of
internal recycling of C-14 from sediments. The simple AECL model did not account
for this internal recycling of C-14 and, in this respect, its predictions were not as
realistic as those of the QuantiSci and Studsvik models for concentrations in water.
However, the AECL model predictions for the C-14 inventory remaining in lake
sediment were closest to the observed values. Overall, Studsvik Model B was the
most accurate in simulating C-14 concentrations in water and in whitefish, but
overestimated C-14 retention in the lakes as did the QuantiSci Model.

Choice of parameter values for the transfer rate to sediment and gaseous evasion are
important in influencing model prediction. Large uncertainty in the observed C-14
concentrations in whitefish, together with a tendency for the models to underestimate
these values, emphasizes the need for a better understanding of the processes that
influence contaminant concentrations in fish. The Studsvik and QuantiSci dynamic
models for consumption of C-14 into fish resulted in better estimates of
concentrations of C-14 in fish when compared with the use of equilibrium
concentration ratios typically used in assessments. All the models failed to
accurately predict peak C-14 values in fish and tended to overestimate the loss of C-
14 from fish. The results from the modelling exercise indicate the factors that need to
be taken into account in other site-specific assessments.
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1. Introduction

BIOMOVS II (BlOspheric MOdel Validation Study - Phase II) is an international
cooperative effort to test models designed to quantify the transfer and
bioaccumulation of radionuclides and other trace substances in the environment. The
primary objectives of BIOMOVS II are:

• to test the accuracy of the predictions of environmental assessment models
for selected contaminants and exposure scenarios;

• to explain differences in model predictions due to differences in model
structure, modelling assumptions and/or differences in selected input data;
and

• to recommend priorities for future research to improve the accuracy of model
predictions.

Model validation is essentially a process of testing whether the model adequately
describes the system modelled and is an important part of model development and
improvement. It is impossible to directly validate environmental assessment models
for long-term assessment of a nuclear fuel waste management system because of the
long time periods involved. However, it is possible to make comparisons with
observed data. In this respect, short-term data on the fate of C-14 experimentally
added to Lake 226, Experimental Lakes Area (ELA) in northwestern Ontario by the
Department of Fisheries and Oceans in 1978 [Bower, 1981] can be used for model
testing.

A scenario for C-14 in a Shield lake (Appendix A) was developed based on
information from Lake 226. Whiteshell Laboratories (Atomic Energy Canada
Limited, AECL, Canada), QuantiSci Ltd (United Kingdom) and Studsvik & Eco
Safety AB (Sweden) participated in the scenario. Site-specific data for lake
morphology and hydrology presented in the scenario were used in the models to
predict C-14 concentrations in lake water, sediment and lake whitefish as a function
of time (1978 to 1991). The participants were also to estimate the total inventory of
C-14 in sediments in 1989.

All four models are shown schematically in Figure 1. AECL's model is a simple mass
balance model of a lake [Bird et al., 1992, 1993] and is the simplest model used in
the scenario. QuantiSci's model is a relatively complex representation of the system,
implemented using a pre-release version of a code AMBER which was under
development at the time of the work. Studsvik & Eco Safety AB applied two models
to the scenario: a deterministic model (Studsvik Model A) and a probabilistic model
(Studsvik Model B), which differ in their level of complexity. Complexity of the
models was in the order AECL < Studsvik Model A < QuantiSci < Studsvik Model
B. A brief description of the models is presented in Table 1. A detailed description
of the models is provided in Appendix B.

The objectives of the C-14 scenario were to intercompare the predictions generated
by the models and to compare predictions with the observed data. An important
feature of the observed data is that it allows investigation of short-term processes
following spike releases as well as longer-term dispersion and accumulation over the
following decade or so. Both the modelling and observational results are of interest
to the evaluation of short and longer-term C-14 impacts.
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Figure 1: Schematic Representation of the Four Models used to Predict the Fate of C-14
in Lake 226, Experimental Lakes Area, in Northwestern Ontario (a) the AECL Model,

(b) the QuantiSci Model, (c) the Studsvik Model A, and (d) the Studsvik Model B.
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Table 1: Characteristics of the AECL, QuantiSci, Studsvik A
and Studsvik B Models

Description

Water Compartment

Losses

Inputs: release from
sediment
-fish
- phytoplankton

Chemistry

Sediment
Compartments
- surficial-mixed
sediment
- deep-bed
sediment

Transfer from
surficial-mixed
sediment
- to water
- to deep-bed
(permanent)
Transfer to fish

Foodchain

Time step

AECL

One,
instantaneously
mixed
Gaseous evasion,
downstream
outflow and loss
to sediment

no
no
no

no

one

yes

no

no

n.a.
Specific activity

Water or
sediment/fish

Specified value
divided by 100

QuantiSci

One,
instantaneously
mixed
Gaseous evasion,
downstream
outflow and loss
to sediment and
biota

yes
yes
yes

no

two

yes

yes

yes

yes

dynamic

Water
/phytoplankton
/fish

specified

Studsvik
Model A

One,
instantaneously
mixed

Gaseous evasion,
downstream
outflow and loss
to sediment and
biota

yes
yes
no

no

two

yes

yes

yes

yes

Dynamic
concentration
ratio with
biological half life

water/fish

monthly

Studsvik
Model B

One,
instantaneously
mixed

Gaseous evasion,
downstream
outflow and loss
to sediment and
biota

yes
yes
yes

DIC, DOC +
POC

two

yes

no

yes

n.a.
dynamic

water/DIC
/phytoplankton
/fish

monthly

n.a. = not applicable
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2. Scenario Description

The scenario description is presented in full in Appendix A. A synopsis of the
scenario involving the addition of C-14 to Lake 226 is presented below.

2.1 Lake 226

Lake 226, is a dimictic, double-basin lake with a surface area of 16.1 ha. A shallow
channel divides the lake into two similar basins, northeast (Lake 226N, 8.3 ha with a
maximum depth of 14.7 m) and southwest (Lake 226S, 7.8 ha with a maximum
depth of 11.6 m). The two basins were separated by a curtain from 1973 until 1984.
There are no permanent stream inflows into Lake 226. The single outflow is located
at the north end of the northeast basin. Lake 226 was the site of a fertilization study
from 1973 to 1980 with Lake 226S receiving annual inputs of carbon (C, 3.67 g nv2

y-i) and nitrogen (N, 1.92 g m-2 y1) and Lake 226N receiving equivalent amounts of
C and N plus phosphorus (P, 0.34 g m.-2 y-i) [Findlay and Kasian, 1987]. During the
enrichment study, Lake 226N became eutrophic, while Lake 226S remained
mesotrophic. Upon cessation of nutrient inputs, Lake 226 quickly returned to
prefertilization conditions [Shearer et al., 1987]. Thus, Lake 226N was eutrophic
from 1973 to 1980 and mesotrophic from 1980 to the present. The bottom waters of
both basins become anaerobic during stratification [Bird et al., 1995].

2.2 C-14 Additions

A stock solution of C-14 O32- was prepared by dissolving 8.5 x 1010 Bq (=2.3 Ci) of
BaCO3 powder in 1 litre of EDTA - NaOH. All CO32- released from binding of Ba2+
by EDTA would remain as dissolved carbonate ion at pH >10. Four additions of
1.15 x lOio Bq were made to Lake 226N - on 18 June, 19 July, 11 August and 31
August, 1978. One addition was made to Lake 226S on 14 July, 1978. Therefore,
Lake 226N received 4.6 x lOio Bq (0.01993 mol) of C-14 to its epilimnion and Lake
226S received 1.15 x 10™ Bq (0.00468 mol) [Bower, 1981; Stephenson et al., 1994].

2.3 Endpoints

2.3.1 Water

Lake 226S: Concentrations in water (Bq m-3) were to be given on day 1 and day 4
following the C-14 addition to the lake on 14 July, 1978. Both water and sediment
concentrations were to be predicted at monthly (30 day) intervals until ice-up in
1978 (14 August to 14 October) and annually thereafter (14 July, 1979, to 14 July,
1991).

Lake 226N Simplified: The four C-14 additions to Lake 226N were assumed to be
added as one single spike to Lake 226N on 18 June, 1978. Concentrations were
calculated at monthly (30 day) intervals in 1978 until ice-up (18 July to 18 October),
and annually thereafter until 1991 (18 June, 1979 to 18 June, 1991).

Lake 226N Complex: Concentrations in water were to be given on days 1 and 4
after each addition (day 0, 18 June; day 30, 18 July; day 54, 11 August; and day 74,
31 August) and immediately prior to each of three subsequent additions in 1978.
Concentrations were given at monthly (30 day) intervals until ice-up in 1978 (30
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September and 30 October) and at annual intervals thereafter (30 September 1979 to
30 September 1991).

2.3.2 Sediments

Concentrations in sediment (Bq kg-*) were to be calculated from times in 1978 until
ice up, and then annually thereafter. In addition, the total inventory of C-14
remaining in sediments in 1989 was to be calculated, assuming the area of sediment
is equal to the lake area.

2.3.3 Fish

Concentrations (Bq kg-1) in whitefish flesh were to be calculated at yearly intervals,
15 October, 1978, to 15 October, 1991. Concentration in fish were also calculated
using C-14 concentration ratios representing the range of values (5,000 L kg-1 [IAEA,
1994] and 50,000 L kg-i [NCRP, 1991; IAEA, 1994; CSA, 1987]) found in the
literature, to compare the model predictions with those values generated using
representative concentration ratios used for environmental assessment.

3. Results

3.1 Observed Data

3-1.1 Water

Unfortunately, data for C-14 concentrations in water over the entire simulation
period are not available. However, data are available for the summer of year 0
(1978) [Bower, 1981; Bower et al., 1987], year 1 (1979) [C.A. Kelly, University of
Manitoba, Winnipeg, Manitoba, pers. comm., 1995] and from samples collected
between years 12 and 16 (1992 and 1994) [Stephenson et al., 1994]. Total C-14
concentrations in water for the 29-day period following the spiking of Lake 226S and
the 48-day period following the initial spiking of Lake 226N, the autumn of year 0
and 1 (1978 and 1979) and in years 12 to 16 are illustrated in Figures 2 and 3.
About 13.4% of the initial C-14 inventory still remained in the water column of Lake
226N in September of year 1 (1979). On the basis of C-14 concentrations in the
water profile in year 14 to 16 (1992 to 1994) [Stephenson et al., 1994] and assuming
the C-14 was uniformly mixed throughout the water column, the C-14 concentration
in water is about 84 ± 18 Bq m-3 in Lake 226S and about 142 ± 39 Bq m-3 in Lake
226N (Table 2). Therefore, about 0.35% of the C-14 initially added to Lake 226S
still remains in the water column, whereas only 0.14% remains in the water of Lake
226N.

3.1.2 Sediment

Only one set of eight sediment cores was collected from Lake 226S in year 12 (21
March, 1990). In Lake 226N, sediments were collected on day 81 (7 September), day
116 (12 October), day 143 (8 November) and day 171 (6 December, 1978), during
the summers of year 2 and 7 (1980 and 1985), and in year 11 (12 May, 1989). On
the basis of C-14 inventories found in these sediment cores, Stephenson et al. [1995]
estimated that about 6.3% of the C-14 initially added to Lake 226S and 16.9% of
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that added to Lake 226N remained in the sediments in year 11 to 12 (1989 to 1990)
(Tables 3 and 4). Stephenson et al. [1995] reported that the sediment inventory of
Lake 226N peaked at about 29% of the amount added to the lake on day 143 (8
November, 1978). The inventory in the sediment was established to be about 19.8%
by day 171 (6 December, 1978), 18.9% by year 2 (1980), 13.5% by year 7 (1985) and
16.9% by year 11 (1989). Inventories in year 11 (1989) are based on data from ten
sediment cores. No information was given on the number of sediment cores used to
estimate the inventories on the other sampling dates or the uncertainty in measured
values.

3.1.3 Whitefish

Whitefish were periodically collected from Lake 226 in the autumn by the
Department of Fisheries and Oceans. Concentrations of C-14 measured in fish are
presented in Figure 4 and in Table 5. C-14 concentrations in fish peaked in 1979
with GM values of 99M.5 kBcl kg"1 w w measured in Lake 226S and 129x+1.2 kBq
kg-1 ww in Lake 226N. Subsequently GM concentrations in whitefish declined to
about 4 to 7.5 kBq kg-i ww in the whole lake by year 11 to 15 (1989 to 1993)
[Stephenson et al., 1994]. Initially higher concentrations were recorded in smaller
fish than large fish. Later, there was a trend for larger (older) fish to have higher
C-14 concentrations than smaller (new recruits) fish. As shown in Figure 4,
considerable variability occurred in C-14 concentrations, because the samples
analysed included fish representing a wide range of sizes, ie, a single cohort of fish
was not followed throughout the study.

3.2 Model Predictions

3.2.1 Lake 226S

The predicted C-14 concentrations in water in Lake 226S by the various models are
presented in Figure 2. The AECL model predicts that the C-14 is rapidly lost from
the water with GM predicted values becoming nondetectable within a year and 95%
confidence limit (CL) values becoming nondetectable at about two years (Figure 2a).
Because we are simulating a single input (nonequilibrium conditions), the ±95%
confidence limits in the AECL model continue to increase with time around a smaller
and smaller number. For this reason, a value of 1 Bq m-3 was used as a cutoff point.

Predicted water concentrations by the other more complex models differ from those
of the AECL model in that the initial loss of C-14 from water is not as rapid and the
C-14 inventory in water is never completely depleted. From 100 to 1000 Bq m-3 is
still predicted to remain in the water column thirteen years following the addition
(Figure 2b, c and d). This is because the QuantiSci and Studsvik models allow for
release of C-14 deposited to sediments. This difference in predicted water and
sediment concentrations is evident in each of the simulations. Release of C-14 from
sediments governs concentrations in water predicted by these models from about
year two onwards.

The QuantiSci and Studsvik models predict a more rapid loss of C-14 from the
water over the first year than in later years with a corresponding increase in C-14
sediment concentrations. Thereafter, concentrations in water decrease slowly as
C-14 is released from the sediments and is either transferred back to the sediment or
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is lost to the atmosphere via degassing or downstream via hydrological flushing. The
QuantiSci model predicts 938 Bq m-3 (4% of the initial inventory) remain in the water
at thirteen years (Figure 2b), which is more than that predicted by the Studsvik
models (Figure 2c and d). Using a C flux to the atmosphere of 60 g C m-2 y-i
(Studsvik's most probable value), Studsvik Model A predicts 360 Bq m-3 (1.5% of
the initial inventory) remain in the water column at year thirteen. Doubling the flux
to the atmosphere decreases this value to 200 Bq m-3 (0.9%), whereas decreasing the
transfer rate to the sediments by a factor of five results in a value of 250 Bq nv3

(1.1%). Changing both the degassing rate and the transfer rate to sediment
simultaneously results in 96 Bq nv3 (0.4%) remaining in the water. Thus, based on
their best estimates for rates of gaseous evasion and transfer to sediment, Studsvik
Model A predicts from 96 to 360 (0.4 to 1.5%) Bq m-3 remain in the water at thirteen
years. In comparison, Studsvik Model B predicts 56 Bq m-3 (0.2%) remaining in the
water at thirteen years.

Concentrations in sediment rapidly increase as C-14 is lost from the water to
sediment (Figure 5). The AECL model predicts sediment concentrations increase
then remain constant with time, because the model does not allow for releases of
C-14 from sediment or for sediment resuspension (Figure 5a). The AECL model,
QuantiSci model and Studsvik Model B predict sediment concentrations peak at
about 2.1, 44 and 11 kBq kg-1 dw, respectively, after one year. For the latter two
models, sediment concentrations decrease slowly as C-14 is released back into the
water (Figure 3b and c). (Note: sediment concentrations predicted may in part
reflect the amount of uncontaminated sediment assumed to mix with contaminated
sediments. Therefore, sediment inventories more accurately reflect differences in
model predictions than do sediment concentrations.)

The percent C-14 predicted and observed remaining in Lake 226S sediment is
presented in Table 3. The AECL model predictions are within a factor of 2.2 of the
observed value of 6.3% remaining in Lake 226S sediment. QuantiSci did not
calculate a total inventory in the sediment, but estimated it at about 70%. This is
within a factor of 11 of the observed value. Studsvik Model A predictions ranged
from within a factor of 8 (50.4%) for their reference (most probable) case to a factor
of 1.4 (8.7%) when both gaseous evasion was doubled and the transfer to sediment
was decreased by a factor of five simultaneously. The Studsvik Model B prediction
(21.7%) was within a factor of 3.4 of the observed value.

The C-14 concentrations predicted in whitefish are illustrated in Figures 6 and 7.
The AECL model predicted whitefish concentrations ranging from a maximum of 8.3
kBq kg-1 ww based on the specific activity in the water immediately following the
addition of C-14 to Lake 226S to 1 kBq kg-i ww (± 95% CL of 0.2 and 2.9 kBq kg-i
ww) based on the specific activity in sediments at year 13. In comparison, the
QuantiSci model, which models the uptake of C-14 by fish dynamically, predicts C-
14 concentrations in fish peak in year 0 (1978) at 16 kBq kg-1 ww, which decline
fairly rapidly at first and then more gradually to 3.2 kBq kg-1 ww in year 13 (1991).

Studsvik Model A predicts a peak concentration at about 5.3 kBq kg-1 ww in fish in
year 1 (1979), whereas Studsvik Model B predicts a peak concentration of 25 kBq
kg-1 ww in year 0 (1978). In both cases, there is an initial rapid decline in values
followed by a more gradual decline to 2.2 kBq kg-1 ww and 0.58 kBq kg-1 ww,
respectively, in year 13 (1991). Concentrations calculated in fish using concentration
ratios of 5,000 or 50,000 and water concentrations predicted by Studsvik Model B,
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initially resulted in much higher values than both the models predicted and the
observed data. However, after one or two years, depending on the concentration
ratio used, the calculated values bracketed those predicted by the models (Figure 6).

3.2.2 Lake 226N

Predicted C-14 concentrations in Lake 226N (Figure 3) were similar to the trends in
model predictions for Lake 226S (Figure 2). However, higher concentrations were
predicted because the addition to Lake 226N was four times greater than that to
Lake 226S.

3.2.2.1 Lake 226N simple scenario

To simplify the scenario, the four separate C-14 additions to Lake 226N were
treated as a single addition. Predicted C-14 concentrations in water are presented in
Figure 3 along with the observed values. The various models predict an initial rapid
loss of C-14 from the water and accumulation of C-14 in lake sediments (Figure 8).
In the case of the AECL model, most of the C-14 is lost from the water within a year.
The upper 95% CL for C-14 in water reached nondeductible levels at about two
years. AMBER predicts a rapid loss of C-14 over the first year, after which there is
a slow but steady loss of C-14 from the water column over the next twelve years. In
year 13 (1991), AMBER predicts 3.2 kBq m-3 (3.4% of the initial inventory) still
remains in the water column. Studsvik Model A predicts 1.2 kBq m-3, ie, 0.3 to 1.2
Bq m-3 (0.3 to 1.3%) still remains in the water column in year 13 (1991).

The models predict maximum sediment concentrations occur in year 1 (1979), after
which they slowly decrease as C-14 is released from the sediment, except for the
AECL model (Figure 8). Predicted sediment concentrations in year 13 (1991) were
15.4 kBq kg-1 dw for the AECL model, 84 kBq kg-i dw for the QuantiSci model and
29 kBq kg-1 dw for Studsvik Model B.

The C-14 inventory predicted by the AECL model to be remaining in Lake 226N
sediment is 22.3% of the initial C-14 inventory added to the lake, about 70% for
AMBER, 47.8% (8.5 to 47.8%) for Studsvik Model A and 28.3% for Studsvik Model
B (Table 4). Thus predicted sediment inventories were within a factor of 1.3 of the
observed value of 16.9% for Lake 226N for the AECL model, 4.1 for AMBER, 2.8 for
Studsvik model A and 1.7 for Studsvik Model B.

The AECL model predicts a maximum concentration of 33.7 kBq kg-1 ww in
whitefish immediately following the addition of C-14 to Lake 226N with values
decreasing to about 7 kBq kg-1 ww (± 95% CLs of 1.1 and 22.6 kBq kg-1 ww) based
on a specific activity model for sediment to fish (Figures 9 and 10). In comparison,
the QuantiSci model predicts a maximum concentration of 64 kBq kg-1 ww in the
fish in year 0 (1978), which gradually decreases to 5.3 kBq kg-1 ww by year 13
(1991). Studsvik Model A predicts a maximum concentration of 20 kBq kg-1 ww in
fish in year 1 (1979), with concentrations decreasing to 8 (5 to 9.1) kBq kg-1 ww by
year 13 (1991). Studsvik Model B predicts a maximum concentration of 130 kBq
kg-i ww in whitefish in year 0 (1978) with concentrations decreasing to 3.1 kBq kg-1

ww (± 95% CL of 1.1 and 6.5 kBq kg-1 ww) by year 13 (1991). Again,
concentrations calculated in fish with the use of concentration ratios and water
concentrations predicted by Studsvik Model B were initially much higher than both
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the values predicted by the models and the observed values. However, after one or
two years values generated using the concentration ratios enveloped those values
predicted by the models for fish.

3.2.2.2 Lake 226N complex scenario

In the Lake 226N complex scenario, the four C-14 additions to Lake 226N are
modelled as four consecutive spikes. Model predictions for this scenario were
submitted only for the AECL model and Studsvik Model B (Figure 11). The AECL
model predicts much faster losses of C-14, from the water column than Studsvik
Model B. This results in the AECL model predicting a concentration in water of 31.4
kBq m-3 immediately following the addition of the fourth spike to the lake compared
to 49 kBq m-3 for Studsvik Model B. At the end of year one, the AECL model
predicts concentrations of <1 Bq m-3, whereas the Studsvik Model B predicts about
1.5 kBq nv3 remaining in the water column. Studsvik Model B predicts a mean value
of 300 Bq m-3 (0.3% of the initial inventory) (± 95% CL of 160 Bq m-3 (0.2%) and 570
(0.6%) Bq m.'3) remaining in the water column in year 13 (1991), which is lower than
the values predicted by Studsvik Model A in the Lake 226N simple scenario.

4. Discussion

4.1 Observations

The loss of C-14 added to a nearby dimictic, oligotrophic lake, Lake 224, was
primarily via C-14 O2 evasion to the atmosphere [Hesslein et al., 1980]. Likewise,
loss of C-14 added to the epilimnion of a limnocorral (enclosure) in Lake 226 was
predominantly via gaseous evasion [Bower and McCorkle, 1980). In Lake 224, the
next most important loss of C-14 was by photosynthetic fixation of inorganic carbon
by epilimnetic phytoplankton. Carbon-14 fixed by phytoplankton can be released
by respiration, lost from the epilimnion to deeper waters and sediment, incorporated
into epilimnion sediments, lost from algae by excretion or degradation of algae when
they die or are eaten, or become part of the epilimnion dissolved organic carbon
(DOC) pool [Hesslein et al., 1980].

In Lake 226, the pool of dissolved inorganic carbon (DI C-14) added to the lake was
rapidly depleted by both gaseous evasion and photosynthetic uptake [Bower, 1981].
After this, the C-14 inventory of the epilimnion was controlled by sedimentation of
particulate organic carbon (PO C-14) to the metalimnion and hypolimnion. The loss
rate of C-14 to the hypolimnion was 1.2 x 106 Bq d-1 [Bower, 1981]. During a three
week period, over 80% of the particulate C-14 that settled through the
epilimnion-metalimnion boundary remained suspended or was degraded to DOC
and DIC in the metalimnion. About 50% of the POC that reached the hypolimnion
decomposed within several days [Bower, 1981]. This is consistent with the
observation that about 60% of the POC decomposed enroute to the sediments in
Lake Mendota, Wisconsin, and that further decomposition at the sediment-water
interface resulted in only about 10% of the original organic carbon becoming
incorporated into the sediments [Fallon and Brock, 1980]. Thus, the thermocline
(metalimnion) is a major site for detritus metabolism in stratified lakes, and only a
small portion of the settling particles is actually lost to the sediment [Bower, 1981].

On the basis of data presented in Bower [1981 - Table 4-19], 17.7% of the C-14
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added to the epilimnion of Lake 226S was lost to degassing and 11.7% was lost to
the epilimnetic sediments, the outflow, and the metalimnion and hypolimnion
between day 10 (24 July) and day 33 (16 August, 1978). In Lake 226N between day
1 and 22 (June 19 and July 10,1978) [Bower, 1981 - Table 4-4], it was estimated that
26% of the C-14 was lost to degassing, and 22% to epilimnion sediments, the
outflow, and the metalimnion and hypolimnion. By difference 52% of the C-14 still
remained in the epilimnion. Therefore, gaseous evasion to the atmosphere was an
important route for C-14 loss from the lake. However, intense productivity resulted
in a pH >9 in Lake 226N after day 10 to at least day 52 (28 June to 10 August), the
last day for which data are presented, so degassing was negligible during this period
[Bower, 1981]. Information for C-14 concentrations in water in the autumn of year 0
(1978) and the following year [Figures 6 and 10, C.A. Kelly, ibid.] indicates that the
AECL model overestimated the gaseous evasion of C-14 to the atmosphere in Lake
226N. About 13.4% of the C-14 inventory still remained in the water in year 1
(September 1979) (C.A. Kelly ibid), although it is not clear how much of this C-14
was derived from C-14 released from the sediments under anoxic conditions. Thus,
the total C-14 inventory remaining in the lake (water + sediments) at one year may
have been as much as 33% of the initial inventory. Note also that there was no
degassing of C-14 from Lake 226N during the period from day 10 to at least day 53
(June 28 to August 10,1978) and probably longer, because of alkaline conditions (pH
>9) during an algal bloom. This was the result of the nutrient additions to the lake.
In more productive lakes, pH can be rapidly modified by metabolism on a diurnal
basis and pH may range from 6 to 10 or more in 24 hours [Wetzel, 1975]. This did
not appear to be the case in Lake 226N [Bower, 1981]. Therefore, a greater portion
of the C-14 in Lake 226N could be fixed by algae and subsequently lost to the
sediments. Thus, retention of C-14 in Lake 226N was greater than would be
expected for a circumneutral Shield lake, because of the inhibition of gaseous evasion
of C-14 by alkaline conditions. Presumably degassing of C-14 was a continuous,
although variable process in Lake 226S, except during the period of ice-cover.
Unfortunately data on C-14 concentrations in Lake 226S were not collected in the
autumn of year 0 or year 1 (1978 or 1979).

Large diurnal variation occurs in the CO2 gas exchange [Bower, 1981, Sellers et al.
1995]. From day 36 to 48 Quly 24 to August 5), CO2 gas exchange was dominated
by evasion near dawn and by invasion after midday. High wind speeds may
generate large excursions in the CO 2 evasion rate, although these will be short-term in
nature. Bower [1981] estimated that the gaseous evasion rate averaged 9.0 mmol
m-2 d-1 for the first 12 days of the experiment and 4.5 mmol nv2 d-1 for the last
three weeks (a transfer rate of 2.5 to 5.5 y1) in Lake 226S and ranged from about 25
to 0 mmol irr2 d-1 (a transfer rate of 8 to 21 y 1 while degassing occurred) in Lake
226N.

The C-14 inventory measured in Lake 226N sediment between year 0 and 11 (1978
and 1989) suggests a rapid loss of C-14 from water to the sediment. The C-14 over
this time period only decreased from about 19.8% of the initial inventory added to
the lake on day 171 (6 December, 1978) to 16.9% in year 11 (May, 1989)
[Stephenson et al., 1994]; a 16% decrease in the sediment C-14 inventory over 11
years or 2.9% of the initial inventory added to the lake. The release of contaminants
from, sediments can be expected to occur for a period of about ten years following
their addition because of decomposition processes [Carignan et al., 1994]. The
observation that about 15% of the sediment-associated C-14 was released back into
the water with sediment diagenesis is consistent with the release of 7 to 45% of
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organic carbon sedimentation reported in other water bodies [Adams and Fendinger,
1984; Kelly et al. 1990]. The C-14 released from sediment is available for recycling in
the lake or may be lost from the lake by gaseous evasion to the atmosphere or
hydrological flushing downstream.

4.2 Predictions

4.2.1 Comparison with Observations

Although all the models predicted an initial rapid loss of C-14 from the water over
the first year, this was most rapid for the AECL model and for Studsvik Model A
when gaseous evasion was set to 100 gC nv2 y-i (Figures 2a, c and 3a,c). Because the
AECL model does not explicitly account for the release of contaminants from
sediments back to water, GM C-14 concentrations in water reach nondeductible
levels after about a year and after about two years for the upper 95% confidence
limit. The range in C-14 concentrations predicted in water by the QuantiSci and
Studsvik models during this period of rapid loss of C-14 from the water before C-14
release from sediment governs water concentrations, are around the upper 95% CL
value for the AECL model. The large uncertainty in the AECL model predictions
reflects the parameter values for transfer to sediment and gaseous evasion, which
cover the full range of behaviour expected in Canadian Shield lakes. The complex
models account for this release of C-14 from the sediments. Therefore, the
QuantiSci and Studsvik models provide more realistic predictions of C-14
concentrations in water, once water concentrations are dependent on the release of
C-14 from sediments, since C-14 gradually released from sediments continues to
recycle in the lake with low concentrations being measured in the water fourteen to
sixteen years after the addition [Stephenson et al., 1994].

The QuantiSci model predicts concentrations in Lake 226S decrease rapidly over the
first two years to about 2 kBq m.-3, after which concentrations gradually decline as C-
14 cycles between the sediments and water column. Most of the C-14 released from
the sediments is returned to the sediments, because of the high transfer rate to
sediment. Concentrations predicted in water by the QuantiSci model, after the initial
rapid loss of C-14, are greater than those predicted by the Studsvik models (Figure
2). Unfortunately, uncertainty was not estimated so it is not clear whether an
uncertainty analysis based on random sampling of distributed values would have
resulted in predicted values overlapping those of the other models. Studsvik Model
A predicts that C-14 in water decreases to about 570 Bq m-3 at two years in Lake
226S and then declines slowly to 360 Bq m-3 over the next 11 years. This was their
most probable (reference case) prediction and is based on a degassing rate of 60 g C
nv2 y-i. A statistical uncertainty analysis was not performed with Studsvik Model
A, but parameter values for degassing and the transfer rate from water to sediment
were perturbed by what was considered reasonable amounts based on the modeller's
expertise. Of the four simulations with Studsvik Model A, the reference case
parameter values produced the highest concentration in water (Figure 2c).
Simultaneously decreasing the rate of transfer to sediments by a factor of five and
doubling the degassing rate in Studsvik Model A resulted in the lowest predicted
concentration in water. Studsvik Model B predicted lower (56 Bq m-3)
concentrations in water than Model A. Trends for the various models' predictions
for Lake 226N (Figures 3 and 11) were similar to those for Lake 226S (Figure 2).
Overall, Studsvik Model B predicted water concentrations closest to the observed
values of 84 Bq m-3 for Lake 226S (Figure 2d) and 142 Bq m-3 (Figure 11) for Lake
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226N.

The models predicted a rapid increase in sediment C-14 concentrations following the
addition of C-14 to the lakes (Figures 5 and 8). Once the C-14 is lost from the water
column, the AECL model predicts that sediment concentrations remain constant,
because the model does not allow for release of contaminants back into the water. In
contrast, the QuantiSci and Studsvik Models A and B predict sediment
concentrations slowly decrease with time as C-14 is released from superficial
sediments. In these models, the loss of C-14 to the deep sediment sink is permanent.
In the QuantiSci model, most of the C-14 is recycled back to the sediments again,
whereas in the Studsvik models greater losses occur to gaseous evasion.

Intermodel comparison of predicted sediment concentrations is not particularly
informative, because sediment concentrations will vary with sedimentation rate
employed in the model and the amount of uncontaminated sediment that the C-14 is
assumed to mix with. Comparison of the predicted C-14 inventory in sediment is a
better endpoint. However, the observed sediment inventory cannot be measured
directly. Therefore, there is uncertainty in extrapolating from the measurements to
the total sediment inventory.

Comparison of predicted values with observed values for Lake 226S (Table 3) and
Lake 226N (Table 4) revealed that the models tend to be conservative in their
predictions for the inventory of C-14 in sediment and are within a factor of 2 to 11
of the observed value. Examination of uncertainty in the observed and predicted
values for Lake 226S (Table 3) revealed considerable overlap between the lower half
of the AECL model predictions and the observed data. Large uncertainty in AECL's
predicted values reflects the large uncertainty in the gaseous evasion rate and
transfer rate to sediment; the only two parameters allowed to vary in their model.
The high C-14 inventory predicted in sediment by the QuantiSci model reflects the
relatively large value for the transfer rate to sediment which dominates over a
relatively low rate of degassing to the atmosphere utilized in the model. For
Studsvik Model A, doubling the gaseous evasion rate and decreasing the transfer rate
to sediment by a factor of five resulted in 8.7% of the initial C-14 inventory
remaining in Lake 226S, which is a value close to the observed value. The C-14
inventory predicted in sediment by Studsvik Model B was within a factor of 4 of the
observed value. Taking uncertainty into consideration, the lower 95% CL of the
values predicted by Studsvik Model B overlap the upper 95% CL of the observed
values only for the mud deposition boundary depth method (Table 3). Uncertainty
estimates in Studsvik Model B predictions are based on a statistical uncertainty
analysis, but are generated by allowing parameter values to vary within a reasonable
distribution based on expert opinion.

In Lake 226N, 16.9% of the initial inventory of C-14 was observed remaining in the
sediments in year 11 (1989) (Table 4). The prediction of 22.1% by the AECL model
is close to the observed value. However, uncertainty in this value is large and the ±
95% CLs greatly exceed the uncertainty in the observed value (Table 4). QuantiSci
estimated the greatest inventory (70%) remaining in Lake 226N sediments. The
Studsvik Model A reference case prediction of 47.8% also overestimated the
inventory remaining in the sediment. However, the simulation in which the transfer
rate was decreased by a factor of 5 predicted 15.6% remaining, which is close to the
observed value. In comparison, simultaneously doubling the degassing rate and
decreasing the transfer rate, which resulted in a value close to the observed value in
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Lake 226S, resulted in an underestimate in the inventory (8.5%) by about a factor of
2. Studsvik Model B overestimated the inventory remaining (28.3%) by a factor of 2,
but the lower range of predicted values are consistent with the observed value when
uncertainty is taken into consideration.

Observed GM concentrations of 98.6X
+1.5 kBq kg-1 ww in whitefish from Lake 226S

and 129 1.2 kBq kg-1 ww in whitefish from Lake 226N (Figure 4) for the first year are
generally higher than the predicted values for each model (Figures 6, 9, and 10). An
exception is the predictions by Studsvik Model B for C-14 concentrations in
whitefish in Lake 226N. Studsvik Model B predicts 130 kBq kg-1 ww in 1978; a
value greater than the observed arithmetic mean of 63 and GM of 20 kBq kg-1 ww.
Predictions for 1979 (and subsequent years) tend to underestimate observed
concentrations in fish, ie, a value of 53 kBq kg-1 ww was predicted, whereas a value
of 129 kBq kg-1 ww was observed. Generally, concentrations were predicted to peak
in fish during the first few months following the C-14 addition (an except was
Studsvik Model A whose values peaked in 1979), whereas observed values
appeared to peak in 1979. Model predictions and their uncertainty are within the
range of uncertainty in the observed data in 1989 and 1993. However, there is a
greater discrepancy between predicted and observed values for Lake 226S, where the
models underestimate concentrations in fish by a factor of 6 (QuantiSci) to a factor
of 20 (Studsvik Model A). It is not clear why observed concentrations are so high in
fish from Lake 226S, considering that four times more C-14 was added to the north
basin. Predicted values for Lake 226S for each model in 1991 tended to be lower
than the median observed values of 7.5 and 4.4 kBq kg-1 ww for the whole lake in
1989 and 1993, respectively, but within the range of measured values. Predicted
values for Lake 226N in 1991 were in close agreement with the observed data in
1989 and 1993. As might be expected, predicted values were initially lower than
those calculated using concentration ratios.

Concentration ratios for fish (ww) to water recommended for use in radiological
assessments are in the range of 5,000 to 50,000 L kg-1 [CSA 1987, NCRP 1991, IAEA
1994]. Results here confirm that these data should only be applied in circumstances
were equilibrium conditions have been achieved, which for Shield lakes appears to be
a period about a year, or more, following an acute release. Concentration factors
should not be used to calculate concentrations in fish immediately following an acute
release. Predicted concentrations in fish using concentration ratios resulted in values
ranging from 245 to 7.5 kBq kg-1 in fish during the first 1.4 years using a
concentration ratio of 5,000 and values a factor of 10 higher than these when a
concentration ratio of 50,000 was used. Values predicted in fish using the
concentration ratio of 5,000 ranged from about 7.5 to 1.5 kBq kg-1 in fish from year
1.4 to 13 after the radionuclide addition. These results indicate that the
recommended range of concentration ratios tend to underestimate the concentration
of C-14 in fish for Shield lakes.

Comparison of predicted C-14 concentrations in whitefish (Figures 6, 7, 9 and 10)
with the observed values (Figure 4) is complicated by the fact that fish may have
moved between the basins, despite the curtain being in place. Also, once the curtain
was removed, the fish were free to move between basins, so the samples were treated
as collected from the whole lake [Stephenson et al., 1994]. Analysis of the data is
further complicated by differences in the size of fish collected in the various years. A
single cohort of fish was not followed throughout the study. Following the C-14
addition, smaller, faster growing fish had higher C-14 concentrations than larger fish.
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However, later in the study there was a trend for larger, older fish to have higher C-
14 concentrations than recent recruits (smaller fish). These differences in fish size
cause large uncertainty in the observed data.

4.2.2 Interpretation and Model Structure

Differences in modeller interpretation of the scenario and in model complexity can
also explain differences in model predictions. A more detailed description of the
scenario, particularly water chemistry (pH) of Lake 226N during the period of C-14
addition to the lake, may have allowed a more accurate interpretation of the fate of
the C-14 added to the lake. The more rapid loss of C-14 from the water in the
AECL model than the other models is the result of using a much higher rate of
gaseous evasion to the atmosphere and a higher transfer rate to sediment. In the
AECL model, loss of C-14 from water by transfer to sediment was secondary to
losses via degassing. This accounts for the lower inventories predicted in sediments
by the AECL model than the other models. When the GM transfer rate to sediment
(2.2 y-i) and the GM gaseous evasion rate (0.92 y-i) for Shield lakes (Bird et al. 1992)
were used, model predictions more closely reflected the observed values in Lake
226N (Figure 3a). These GM values are lower than those used in the scenario,
Appendix B. In the QuantiSci model, transfer to sediment was the most important
process; degassing and hydrologic flushing were secondary processes. Because of
this, more C-14 was predicted to remain in the sediments than did the other models.
In the Studsvik models, degassing, transfer to sediment and to a much lesser extent
hydrological flushing were important processes by which C-14 was lost from the
water. Transfer rates to sediment used in the Studsvik models were slightly lower
than those used by QuantiSci. Thus, predicted inventories in sediment were between
those of the other two models. Assuming no gaseous evasion of C-14 to the
atmosphere or transfer of C-14 to sediment, and using the hydrological flushing rate
for 1978 for both basins, the AECL model predicts that only 13.7% of the initial
inventory in Lake 226S and 1.3% in Lake 226N would remain in the water after
thirteen years.

Complex models, which allow for recycling of C-14 within the lake, produce more
realistic predictions of water and sediment concentrations. However, the simple
AECL model provided estimates closest to the observed C-14 inventories remaining
in the lake. Only a small amount of C-14 was recycled into the lake water towards
the end of the study period; < 0.5% of the initial inventories. Therefore, not
accounting for contaminant release from sediments in this simple model is acceptable
for that particular endpoint. Despite only a small portion of the C-14 being recycled
within the lake, the observation of high levels of C-14 in biota more than a decade
after its addition to the lake [Stephenson et al., 1994] illustrates its continued
bioavailability and importance. This emphasizes the need for relatively complex
models, which account for internal lake recycling of contaminants, to model dynamic
pulse releases to aquatic systems. (In this respect, a complex model has been
developed by AECL [Stephenson and Reid, 1996], but could not be used in the
scenario because the model was calibrated using C-14 data for Lake 226N.)

Most of the C-14 added to Lake 226 was initially deposited in littoral sediments.
However, with time, sediment focussing resulted in the redistribution of C-14 with
higher concentrations being found with water depth [Stephenson et al., 1995]. None
of the models account for the redistribution of C-14 in the lake, ie, each model
assumes uniform mixing throughout the lake water. Also, each model assumes the
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C-14: inventory in each sediment layer is uniformly distributed over the whole lake.
However, observations of the C-14 profiles in sediment cores taken from Lake 226N
and Lake 226S reveal distinct peaks in C-14 concentrations in certain cores, whereas
others (primarily from the littoral region) are more uniformly mixed [Stephenson et
al., 1994, 1995].

The modeller appears to be as important as the model in predicting the fate of a
contaminant in the environment. The choice of a higher degassing rate and lower
transfer rate to sediments in both the AECL model and Studsvik Model A resulted in
predicted inventories remaining in Lake 226S that are in reasonably close agreement
with the observed inventories (Table 3). Choice of a higher degassing rate and higher
transfer rate to sediment also resulted in the AECL model predicting an inventory
close to the observed inventory in Lake 226N (Table 4). However, Studsvik Model A
also predicted an inventory consistent with the observed value in Lake 226N by only
decreasing the transfer rate to sediment. Simultaneously increasing the degassing
rate and decreasing the transfer rate underestimated the inventory by a factor of
two. A simulation simultaneously increasing the degassing rate and the transfer rate
in Studsvik Model A would have been informative. From the available data for Lake
226N, it is evident that gaseous evasion of C-14 played an important role in the loss
of C-14 from the lake, but not to the extent incorporated into the AECL model. In
this respect, had detailed information on pH been provided in the scenario (it was
assumed the lakes were circumneutral) a more accurate interpretation of events (and
parameter values) following the radionuclide addition may have been possible. The
fact that there was no degassing of C-14 from Lake 226N during the period from day
10 to a least day 53 and probably longer, indicates that more accurate predictions of
C-14 in water by both QuantiSci and the Studsvik models were perhpas partially
fortuitous, as no model accounted for a period of no degassing immediately
following the C-14 addition. This also indicates that at least the short-term
processes observations for C-14 in Lake 226N are not representative of Shield lakes
as few of these lakes have a pH>9. Also, to more accurately model the short-term
processes in a lake, it may be necessary to allow parameter values to vary.
Presumably degassing of C-14 was a continuous, although variable process in Lake
226S, except during the period of ice-cover. Unfortunately, data on C-14
concentrations in Lake 226S were only available for the first thirty-six days following
the addition and for 1993. Thus data for comparison with model predictions for
short-term processes is limited. To instill confidence in a model, predictions for all
compartments need to be as accurate as possible. Our findings point to the need to
better define the C-14 gaseous evasion rate and C-14 transfer rate to sediment for
Shield lakes. The underestimation of C-14 concentrations in fish also points to the
need for research in this area.

5. Conclusions

On the basis of this validation test, each model is capable of providing reasonably
accurate predictions of the fate of C-14 in Lake 226 when uncertainty is taken into
consideration. The AECL surface water model provided reasonable predictions of
C-14 retention in lake sediments, but was too simplistic to provide realistic
predictions of water concentrations over the long-term following an acute release.
More complex models, such as the QuantiSci and Studsvik models, are required to
simulate the internal recycling of contaminants under non-equilibrium conditions.
Overall, Studsvik Model B most accurately simulated C-14 concentrations in water
and in whitefish, but overestimated C-14 retention in the lake sediment. The AECL
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model most accurately predicted the inventory of C-14 remaining in the lake
sediment. The choice of parameter values for the transfer rate to sediment and
gaseous evasion was important in influencing model prediction. The large
uncertainty in observed C-14 concentrations in whitefish, together with a tendency
for the models to underestimate both these values and the time to peak values,
emphasizes the need for a better understanding of the processes that influence
contaminant concentrations in fish.

6. Acknowledgments

This work was supported by the Canadian Nuclear Fuel Waste Management
Program which is jointly funded by AECL and Ontario Hydro under the auspices of
the CANDU Owners Group. We thank C.A. Kelly, Department of Microbiology,
University of Manitoba, Winnipeg, Manitoba, for kindly making unpublished data on
C-14 concentrations in Lake 226N in 1978 and 1979 available for comparative
purposes. We also thank S.C. Sheppard and R. Zach, both at WL, and R. Peterson,
at Chalk River Laboratories, Chalk River, Ontario, for their constructive criticisms of
this manuscript and W. Schwartz (WL) for the illustrations.

References

1. Adams, D D and Fendinger N J (1984). Early Diagenesis of Organic Matter
in the Recent Sediments of Lake Erie and Hamilton Harbour I. Carbon Gas
Geochemistry. In: P.G. Sly (ed.) Sediments and Water Interactions.
Proceedings of the Third International Symposium on Interactions Between
Sediments and Water, Geneva, Switzerland, August 27-31, p. 305-318.

2. Bird G A, Stephenson M and Cornett R J (1992). The Surface Water
Submodel for the Assessment of Canada's Nuclear Fuel Waste Management
Concept. Atomic Energy of Canada, Research Report, AECL 10290,
COG-91-193.

3. Bird G A, Stephenson M and Cornett R J (1993). The Surface Water Model
for Assessing Canada's Nuclear Fuel Waste Disposal Concept. Waste Mngt.
13: 153-170.

4. Bird G A, Stephenson M, Roshon R, Schwartz W J and Motycka M (1995).
Fate of Co-60 and Cs-134 Added to the Hypolimnion of a Canadian Shield
Lake. Can. J. Fish. Aquat.Sci. 52: 2276-2289.

5. Bower P M (1981). Addition of Radiocarbon to the Miixed-Layers of Two
Small Lakes: Primary Production, Gas Exchange, Sedimentation and Carbon
Budget. PhD. Thesis Faculty of Pure Science, Columbia University, 236 pp.

6. Bower P M, Kelly C A, Fee E J, Shearer J A, DeClercq D R and Schindler D W
(1987). Simultaneous Measurement of Primary Production by Whole Lake
and Bottle Radiocarbon Additions. Limnol. Oceanography. 32: 299-312.

7. Bower P M and McCorkle D. 1980. Gas-Exchange, Photosynthetic Uptake,
and Carbon Budget for a Radiocarbon Addition to a Small Enclosure in a
Stratified lake. Can. J. Fish. Aquat. Sci. 37: 464-471.

16



BIOMOVS II
TR14

8. Carignan R, Lorrain S and Lum K (1994). A 50-y Record of Pollution by
Nutrients, Trace Metals, and Organic Chemicals in the St. Lawrence River.
Can. J. Fish.Aquat. Sci. 51: 1088-1100.

9. CSA (1987). Guidelines for Calculating Derived Release Limits for
Radioactive Material in Airborne and Liquid Effluents for Normal Operation
of Nuclear Facilities (Standard). Canadian Standards Association report,
CAN/CSA-N288.1-M87, Canadian Standards Association, Rexdale,
Ontario.

10. Fallon R D and Brock T D (1980). Planktonic blue-green algae: production,
sedimentation, and decomposition in Lake Mendota, Wisconsin. Limnol.
Oceanogr. 25: 72-88.

11. Findlay D L and Kasian S E M (1987). Phytoplankton Community
Responses to Nutrient Addition in Lake 226, Experimental Lakes Area,
Northwestern Ontario. Can. J Fish. Aquat. Sci. 44(Suppl. 1): 35-46.

12. Hesslein R H, Broecker W S, Quay P D and Schindler D W (1980). Whole
Lake Radiocarbon Experiment in an Oligotrophic Lake at the Experimental
Lakes Area, Northwestern Ontario. Can. J. Fish. Aquat. Sci. 37: 454-463.

13. IAEA (1994). Handbook of Parameter Values for the Prediction of
Radionuclide Transfer in Temperate Environments. Technical Reports Series
No. 364, International Atomic Energy Agency, Vienna, Austria.

14. Kelly C A, Christopher C S, Martens S and Chanton J P (1990). Variations
in Sedimentary Carbon Remineralization Rates in the White Oak River
Estuary, North Carolina. Limnol. Oceanogr. 35: 372-383.

15. NCRP (1991). Effects of Ionizing Radiation on Aquatic Organisms. National
Council on Radiation Protection and Measurements. Washington, DC.
NRCP Report No. 109.

16. Rowan D J, Kalff J and Rasmussen J B (1992). Estimating the Mud
Deposition Boundary Depth in Lakes from Wave Theory. Can. J. Fish.
Aquat. Sci. 49: 2490-2497.

17. Sellers P, Hesslein R H and Kelly C A (1995). Continuous Measurement of
CO2 for Estimation of Air-Water Fluxes in Lakes: An in situ Technique.
Limnol. Oceanography. 40: 575-581.

18. Shearer J A, Fee E J, DeBruyn E R, and DeClercq D R (1987). Phytoplankton
Productivity Changes in a Small Double-Basin Lake in Response to
Termination of Experimental Fertilization. Can. J. Fish. Aquat

19. Stephenson M, Motycka M and Schwartz W J (1994). Carbon-14 Activity in
Water, Sediments and Biota of Lakes 226 North and 226 South and 224,
Experimental Lakes Area, 1989 to 1994. AECL Research Technical Record,
TR634 COG-94-97.

17



BIOMOVS II
TRU

20. Stephenson M, Rowan D J, Kelly C, Schwartz W J, Motycka M F and Roshon
R D (1995). Fate and Distribution in Sediments of Carbon-14 Added to
Canadian Shield Lakes of Differing Trophic State. Limnol. Oceanogr. 40:
779-790.

21. Stephenson M and Reid J A K (1996). Technical Description of a Model of
the Carbon Cycle in Canadian Shield Lakes. AECL Technical Report,
TR-743, COG-96-156.

22. Wetzel R G (1975). Limnology. W.B. Saunders Co., Philadelphia, U.S.A.

18



BIOMOVS II
TR14

Table 2: Observed* C-14 Concentrations (Bq m-3) Remaining in the
Water Column of Lakes 226S and 226N in Years 14 to 16 (1992 to 1994)

Following the Radionuclide Addition

Date

17/03/92

26/08/9 2

23/02/93

15/09/93

29/09/93

09/03/94

mean

% of initial inventory

Lake 226S

97

64

92 .

84 + 18

0.35

Lake 226N

199

139

181

90

130

142 + 39

0.15

"mean concentrations were estimated on the basis of data for the C-14 profile in
the water column [Stephenson et al., 1994] accounting for the lake volume depth
relationship.
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Table 3: Percent C-14 Inventory Observed in [Stephenson et alv 1995]
and Predicted in Lake 226S Sediments in Year 12 (March, 1990)

Following the Radionuclide Addition

Observed* CL

Random Sampling
Depth Regression
MDBD*

Predicted

AECL Model
QuantiSci Model
Studsvik Model A

reference case
double £**
decrease a**
double e & decrease a

Studsvik Model B

Mean

5.7
6.3
6.7

13.9
70.0***

50.4
36.5
15.6
8.7

21.7

-95% CL**

2.6
3.5
3.5

3.1

12.2

+95%

10.5
11.3
13.1

39.5

33.0

*The C-14 C inventory was calculated three ways:

(1) each core was assumed to be a randomly selected sample of the sediment C-
14 inventory, and the GM and GSD of the inventory were calculated from the
logio transformed data;

(2) regressions of C-14 activity verses site depth were made for each lake, and
predicted C-14 at the midpoint of each 1-m depth interval was calculated
along with the 95% confidence limits; and

(3) the equation of Rowan et al. [1992] was used to classify the sediments as
erosional, transitional or depositional using the mud deposition boundary
depth (MDBD) method. The C-14 inventory in these three sediment zones
was estimated as the product of the GM C-14 inventory in sediment (Bq nv2)
and the area of the sediment zone (m-2). The mean value for the depth
regression was used to calculate predicted: observed ratios.

**CL = confidence limit, 8 = the gaseous evasion rate (y1), and a = the transfer
rate to sediment (y1).

***estimated
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Table 4: Percent C-14 Inventory Observed [Stephenson et al. 1995]
and Predicted in Lake 226N Sediments in Year 11 (May, 1989)

Following the Radionuclide Addition

Observed* CL

Random Sampling
Depth Regression
MDBD*

Predicted

AECL Model
QuantiSci Model
Studsvik Model A

reference case
double £**
decrease a**
double e & decrease a

Studsvik Model B

Mean

18.5
16.9
18.0

22.1
70.0***

47.8
36.5
15.6
8.5

28.3

-95% CL**

14.4
14.2
15.7

3.4

17.0

+95%

24.0
21.1
20.7

71.3

41.3

*The C-14 inventory was calculated three ways:

(1) each core was assumed to be a randomly selected sample of the sediment
C-14 inventory7 and the GM and GSD of the inventory were calculated from
the logio transformed data;

(2) regressions of C-14 activity verses site depth were made for each lake and
predicted C-14 at the midpoint of each 1-m depth interval was calculated
along with the 95% confidence limits; and

(3) the equation of Rowan et al. [1992] was used to classify the sediments as
erosional, transitional or depositional using the mud deposition boundary
depth (MDBD) method. The C-14 inventory in these three sediment zones
was estimated as the product of the GM C-14 inventory in sediment (Bq m-2)
and the area of the sediment zone (nv2). The mean value for the depth
regression was used to calculate predicted: observed ratios.

**CL = confidence limit, e = the gaseous evasion rate (y1), and a = the transfer
rate to sediment (y1).

***estimated
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Table 5: C-14 Concentrations (kBq kg-i ww) Remaining in Whitefish
Collected from Lakes 226 Following Spiking of the Basins in 1978.

The Curtain Separating the Basins was Removed in 1985

Year

1

2

4

5

7

8

11

13

1978

1979

1982

1983

1985

1986

1989

1993

C-14 concentration (kBq kg-i ww)*

Lake 226S

GM

11.5

98.6

24.2

30.3

GSD

3.4

1.5

1.6

2.0

Lake 226

GM

17.0

10.7

7.5

4.4

GSD

1.2

1.3

1.3

1.6

Lake 226N

GM

19.8

129.4

66.3

56.6

GSD

4.6

1.2

1.3

1.7

*Based on data presented in Stephenson et al. [1994].
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Figure 6: Observed GM and predicted C-14 concentrations (kBq kg-i ww) in whitefish
in Lake 226S by the AECL Model, QuantiSci Model, Studsvik Model A

and Studvik Model B following the C-14 spike to the epilimnion in 1978 and
GM observed values.
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Appendix A: Scenario for C-14 in a Shield Lake

This appendix is a reproduction of the scenario as presented to the participants.

Introduction

Carbon-14 is generated in nuclear power reactors from the absorption of neutrons by
carbon, nitrogen, or oxygen and is generated in the upper atmosphere by the
N-14(n,p) C-14 reaction. The processing of used nuclear fuel results in the release of
C-14 to the atmosphere, while disposal of nuclear fuel waste will eventually result in
the leaching release of C-14 into the environment. Carbon-14 has also been released
into the environment as a result of weapons testing. The relatively long half-life of
C-14 (5730 years), together with its mobility in the environment and incorporation
into man via inhalation and the food chain make C-14 a radionuclide of considerable
radiological significance.

Modelling of C-14 has primarily been on a global scale using the global carbon cycle,
where C-14 is transferred among various carbon pools. On a local scale, efforts to
model the dispersal of C-14 have focussed mainly on the atmosphere using
atmospheric dispersion models such as the Gaussian plume model. Considerably
less effort has focussed on aquatic ecosystems, although models of the aquatic
carbon cycle are available. Assessment of the dose to man from C-14 in the
environment has relied mainly on the specific activity model.

This scenario deals with the fate of C-14 added to a small Shield lake.
Concentrations of C-14 in water, sediment and biota over time will be predicted.
Initial calculations will ignore biogeochemistry, but further calculations in a second
stage of the scenario may include information on the dissolved/particulate and
organic/inorganic phases.

Objectives

1. To predict C-14 concentrations (and uncertainty) in the various compartments
of the lake using site-specific data for lake morphology and hydrology.

2. To intercompare the predictions generated by the various models, and to
compare model predictions with the observed data.

3. To investigate the effect of more detailed biogeochemical information and
increased model complexity on model predictions.

Description of the Lake

Lake 226 is a dimictic, double-basin lake with a surface area of 16.1 ha. A shallow
channel divides the lake into two similar basins, northeast (Lake 226N, 8.3 ha with a
maximum depth of 14.7 m) and southwest (Lake 226S, 7.8 ha with a maximum
depth of 11.6 m). The two basins were separated by a curtain until about 1984.
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During turnover of the water column, mixing of the water occurs between the two
basins, if the plastic curtain is not in place to isolate the basins. There are no
permanent stream inflows into Lake 226. The single outflow is located at the north
end of the northeast basin. Lake 226 was the site of a fertilization study from 1973
to 1980 with Lake 226S receiving annual inputs of carbon (3.67 g nr2) and nitrogen
(1.92 g m-2), and Lake 226N receiving equivalent quantities of carbon and nitrogen
plus phosphorus (0.34 g m-2). During the enrichment study Lake 226N became
eutrophic; while Lake 226S remained mesotrophic. Upon cessation of nutrient
inputs, Lake 226 quickly returned to prefertilization conditions. Thus, Lake 226N
was eutrophic from 1973 to 1980 and mesotrophic from 1980 to the present, while
Lake 226S remained mesotrophic. Vertical profiles of chlorophyll showed the
epiliminia of both basins of Lake 226 were vertically homogeneous. The bottom
waters of both basins become anaerobic during stratification.

The basins are dimictic and are stratified during summer from about mid-May to
mid-October. Usually the basins are ice covered from about November 1 to about
April 30. The maximum depth of the epilimnion is about 5 m. The sediments are
mainly organic (gyttja) in deeper water (> 6m), and a sand, gravel, organic mix at
about 2 m depth.

Aquatic plants include periphyton on rocks, etc., Potamogeton (a small patch) at 2 m
depth, and Eriocaulon and Lobelia (and other as yet unidentified species) at 1 m
depth. Development of macrophytes is generally sparse, except near shore. Grasses
are abundant along the shoreline.

Fish species include lake whitefish, slimy sculpins and several minnow species (pearl
dace, northern redbelly dace and fathead minnow). Whitefish are generally pelagic
feeders, but in some lakes are benthic feeders. Slimy sculpins are benthic feeders.
The minnow species are opportunistic feeders, that acquire food either from the
water column or off the bottom.

All morphometric data for the basins are summarised in Table Al. The water
renewal time in Lake 226 is given in Table A2. In addition, data on the hydrological
flushing of the basin showed that the mean water residence time from 1973 to 1983
was 6.9 years for Lake 226S and 3.3 years for Lake 226N (data not presented). A
summary of the productivity estimates at 3 m depth during the ice-free seasons is
given in Table A3. Finally, chemical characteristics presented as mean values from
measurements taken during July to October, 1977, are given in Table A4.

Starting Point

A 14CO3
2- stock solution was prepared by dissolving 8.5 x 1010 Bq of C-14 as BaCO3

powder in 1 litre of EDTA - NaOH. All CO3-
2 released from complexation of Ba2+

by EDTA would remain as dissolved carbonate ion at this pH. Four additions of
1.15 x lO^Bq were made to Lake 226N - on 18 June, 19 July, 11 Aug and 31 Aug,
1978. One addition was made to Lake 226S on 14 July 1978. Therefore, Lake 226N
received 4.6 x 1010Bq of C-14 to its epilimnion and Lake 226S received 1.15 x
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End Points to be Calculated

1. Total concentrations of C-14 in water (Bq nv3) and sediment (Bq kg-1) are to be
calculated on:

i) Day 1 and Day 4 immediately following the additions;

ii) at monthly periods until ice-up (November, 1978);

iii) and at yearly intervals thereafter until 1991.

l a Water and Sediment Concentrations in Lake 226S '

In Lake 226S, concentrations in water should be given on Day 1 (15 July 1978)
and Day 4 (18 July 1978); and concentrations in water and sediment should be
given monthly in 1978 until ice-up (14 August, 14 September and 14 October),
and annually thereafter (14 July 1979 to 14 July 1991).

lb Water and Sediment Concentrations in Lake 226N

In Lake 226N, concentrations in water should be given on Day 1 and Day 4
after each addition and immediately prior to each subsequent addition in 1978
(ie, 19 and 22 June and 19 July; 20 and 23 July and 11 August; 12,15 and 31
August; 1 and 4 September). Concentrations in water and sediment should be
given at monthly intervals following the final C-14 addition in 1978 until ice-up
(30 September and 30 October) and at annual intervals until 1991 (ie 30
September 1979 to 30 September 1991).

lc Model Simplification

Because of the complexity of the C-14 additions to Lake 226N and the
potential difficulties in modelling this situation, an alternative scenario should
be modelled in which the four C-14 additions are assumed to be added as one
single spike to Lake 226N on 18 June 1978. Concentrations in water and
sediment at monthly intervals in 1978 until ice-up (18 July, 18 August, 18
September and 18 October), and annually until 1991 (18 June 1979 to 18 June
1991) should be calculated.

2. The total inventory of C-14 remaining in the sediments in 1989 is to be
calculated. For this calculation assume the area of sediment is equal to the lake
area.

3. Concentrations (Bq kg-1) in whitefish (flesh) in October should be calculated for
each year (15 October 1978 to 15 October 1991).

Optional End Points to be Calculated

Data are available for biota in Lake 226N. Biota are: periphyton; slimy sculpin
(Cottus cognatus) a benthic fish; pearl dace (Semotilus margarita) a minnow which
feeds on zooplankton and chironomids; macrophytes (in general or an average
value); benthic invertebrates - chironomid larvae which are detritivores, the mayfly
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Leptophlebia - a scraper, the amphipod Hyalella azteca - a detritivore, and dragonfly
larvae (Aeshna) - a predatory insect larva; the zooplankton Holopedium - a filter
feeder; and Chaoborus - a predatory insect.

Additional Output and Information

A dry-sediment density of 2.5 g cm-3 can be assumed with a surface sediment
porosity of 0.95. Assume sediments cover the whole basin. Information on sediment
depth is difficult to provide. The purpose of calculating the inventory of C-14 in the
sediment is to account for any differences in predicted and observed concentrations
in sediment that may be due to sediment mixing or diffusion. The exact depth of the
sediment is not known. Sediment cores varied in length from about 5 cm near shore
to over 30 cm in deeper waters (>8 m in depth). The mixed sediment layer is
variable but always <10 cm in depth.

Information on suspended sediments is not presently available. However, the
information may become available by the time model calculations have to be
completed.

Submission of Results

Calculated end points should be given as best estimate values with ranges covering
the 95% confidence interval. Critical parameters should be identified. A brief model
description, including parameters used, how uncertainty was calculated, and the
important parameters or processes that affect uncertainty should be provided. Data
should be provided on 3V2 in^h diskette in either DOS ASCII, LOTUS 1, 2, 3,
EXCELO1 QUADROPRO FORMAT.

Table Al: Morphometric data for Lake 226

Volume (m3)

Area (m2)

Maximum depth (m)

Mean depth (m)

Sedimentation rate
(kgm-2a-i)

Lake 226N

4.723 x 105

8.3 x 104

14.7

5.7

0.12 to 0.22

Lake 226S

4.885 x 105

7.8 x 104

11.6

6.3

0.08 to 0.16

Total Lake

9.608 x 105

16.1 x 104

6.0
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Year

1978

1979

1980

1981

1982

1983

1984

1985

1986

1987

1988

1989

1990

1991

Water JAN
Renewal
Time (yr)

4.5

6.0

8.3

8.8

3.8

7.4

9.7

3.1

6.6

4.4

6.5

3.8

28.5

3.7

M E A N 7.5

FEB

-

-

-

-

-

-

-

-

-

-

-

-

-

Table A2: Lake 226 water renewal times and hydrological discharge (m3) from 1978 to (1991)

AUG SEP OCT NOV DECMAR

855

APR MAY JUN JUL

Discharge (m3)

61876
67997

45274

14083

37800

35027

45490

62476

58337

18334

73786

99412

7439

12191

61753
58579

13565

8208

44470

28737

20304

80158

50656

9219

14040

56886

4303

59556

33862
17194

605

9245

7845

25393

26594

27205

233

13340

2535

56143

8502

26058

10202
1382

778

5616

59953

9271

3275

15457

199

6376

55374

35665

4190

50682

5383
0

11059

9504

8156

69

0

39842

0

8078

1210

2601

1391

4441

3719
0

9590

691

26

0

0

36072

1426

4303

9

26

5478

34284

1688
0

13997

43805

61068

0

3173

20339

9037

1140

0

0

2445

70096

45680 35661 19881 15988 11274 10722 14226

TOTAL

178483

145152

94868

91152

219618

98497

98836

281549

119888

60790

146951

250733

33748

257308

157216

6
O
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Table A3: Summary of phytoplankton productivity estimates at 3m for
Lake 226 during the ice-free seasons. Daily values are seasonal means

for the entire euphotic zone or for the epilimnion only

Year Basin

1978

1979

1980

1973-80

1981

1982

1983

1981-83

N
S

N
S

N
S

N
S

N
S

N
S

N
S

N
S

Ice-free
total
(g C m-2)

148
81

149
64

145
94

107
65

74
63

65
56

41
28

60
49

Euphotic
mean daily
(mg C m-2)

775
423

803
342

786
507

573
347

350
299

338
289

208
143

299
244

Epilimnion
mean daily
(mg C m-2)

686
288

707
244

695
385

498
251

272
204

254
194

158
103

228
167
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Table A4: Mean chemical characteristics of Lake 226N and Lake 226S
(July-October 1977)

Chemical Characteristic L226N L226S

Epilimnion temperature (°C)

pH

Total dissolved nitrogen (jxg L-1)

Participate nitrogen (p.g L-1)

Total dissolved nitrogen (|ig L-1)

Particulate phosphorous (ng L-1)

Dissolved inorganic carbon (jj.mole L-1

Dissolved organic carbon (p.mole L-1)

Particulate carbon (|i.g L-i)

Chlorophyll a (jig L-*)

Sodium, (mg L-1)

Potassium (mg L-i)

Magnesium (mg L"1)

Calcium (mg L-*)

Sulfate (mg L-i)

15.2

7.0

244.0

232.0

6.1

16.6

136.0

553.0

1606.0

15.7

1.75

0.22

0.62

1.82

3.4

15.3

7.0

256.0

209.0

5.3

13.0

141.0

568.0

1430.0

13.0

1.80

0.25

0.68

1.90

3.4
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Appendix B: Details of the Application of the Models
to the C-14 Scenario

Section Bl AECL Model
Section B2 QuantiSci Model
Section B3 Studsvik Eco & Safety AB Models

Bl AECL Model

B1.1 AECL Surface Water Model

A modified stand-alone version of the surface water model [Bird et al.
1992,1993] for assessing Canada's nuclear fuel waste disposal concept was used
in the scenario. The surface water model is a simple, probabilistic, mass-balance
model which predicts nuclide concentrations in water and superficial-mixed
sediments over time (Figure la). Parameter values in the model are represented
by probability density functions (PDF). Predictions of nuclide concentrations in
water are based on a mass balance approach that accounts for dilution of
nuclide input to the lake, hydrological flushing, nuclide-specific transfer rates
from water to sediment, gaseous evasion, and radioactive decay and ingrowth.

Radionuclide concentrations in water are described by the equation

Cw = Co • EXP (-p • T) (Bl)

and concentrations in sediment are described by the equation:

Cs - ( a • Z1 • Cw) / (Sr • ts • (3 • X) • [1 - exp (-X • ts)] (B2)

where:

Ad is the catchment area (m2),
a is the radionuclide transfer rate from water to sediment (y-i),
(3 = R • Ad /Vi + a + e + X, (y-i)
Co is the concentration in the water at t = 0,
Cs is the concentration (Bq kg-1) in the sediment at time t (y),
Cw is the concentration (Bq m-3) in the water at time t (y),
e is the gaseous evasion coefficient from water to the atmosphere (y-1),
X is the radioactive decay rate (y1),
R is the runoff (m yi),
Sr is the sedimentation rate (kg m-2 y1),
T is time (y1),
ts is the sedimentation interval (y),
V| is the lake volume (m3), and
Z\ is the mean lake depth (m).

The surface water model is designed to model a continuous input to the lake.
The modified model simulates the fate of a single input of nuclide to the lake

Bl
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with time. In the modified model, nuclide concentrations in water and sediment
are calculated using equations Bl and B2 . For any particular time increment,
concentrations in water are calculated first. These concentrations are then used
to calculate sediment concentrations over the time period. In the model, the
specified-time period modelled is broken into 100 time increments for which
concentrations are calculated. In the situation where there is a continuous
constant radionuclide input to the lake, equilibrium conditions are usually
obtained in less than 50 years [Bird et al. 1992]. Once equilibrium conditions are
obtained, the specified-time period for the model run does not affect the model
predictions. However, in a non-equilibrium situation, such as that when
modelling the fate of a single input to the lake, the specified time period affects
predictions for lake sediment concentrations. An increase in the specified time
period (and hence the time increment - the specified time period divided by 100)
results in a decrease in sediment concentration. This is because water
concentrations continuously decrease following a single input. Longer time
increments result in lower water concentrations for each time increment, which in
turn are used to calculate a finite (100) sequence of impulse inputs to the
sediment. Summing the contributions from each impulse yields the sediment
concentration over the time period.

A two year simulation period was chosen to determine sediment concentrations
for the scenario because: it required about two years to remove of the C-14 from
the water, and there was only about a 2.5% change in the total inventory
remaining in the sediment when a two year period (7.3 d time increment) was
specified as opposed to a one year period (3.7 d increments).

B1.2 Parameter Values

Parameter values used in the simulations are presented in Appendix Table Bl. In
each simulation, lake-specific-parameter values were used for lake area,
lake-mean depth, and hydrological flushing. For the latter, the value of 0.31 ma-1

for runoff [Bird et al. 1992] was used together with a site-specific-flushing rate of
0.33 and 0.14 y 1 for Lakes 226N and 226S, respectively, which were then used
to calculate the catchment area. A sedimentation rate of 0.16 kg y-1 and
sedimentation interval of 13 years were used.

The transfer rate from water to sediment is a net transfer rate which assumes no
further resuspension or release (desorption) of the nuclides back into the water
column. During the period of the C-14 addition, Lake 226N was enriched with
nutrients (C, N and P) and was eutrophic, whereas Lake 226S (enriched only
with C and N) remained mesotrophic. Eutrophic conditions in Lake 226N
suggests the potential for a greater amount of C-14 to be fixed into algal biomass,
because of increased primary production in this lake. An increase in primary
production will increase the amount of material available for sedimentation and
will increase the transfer rate of C-14 from water to sediment. Thus it was
assumed that the a value in Lake 226N would be greater than the GM of 2.2 y-i
for Shield lakes, whereas the a value in Lake 226S should be close to the GM of
2.2 y-i.

Hesslein [1987] reported that the nuclide-transfer rate from water to sediment
increased by about two-fold for a suite of nuclides (F-59e, Co-60, Zn-65, Sr-85,
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Cs-134 and Hg-203) in eutrophic Lake 226N. In a limnocorral study, a tenfold
increase in participate organic matter concentration increased the nuclide transfer
rate for plutonium by less than a factor of two [Chant and Cornett 1988].
Therefore, we assumed that the GM a value for C-14 should be about twice that
reported by Bird et al. [1992] for Shield lakes. Thus, the a value was assigned a
GM value of 4.4 y-i for Lake 226N.

Carbon was added to both Lake 226N and to Lake 226S. To better define the
degassing coefficient for Lake 226N and Lake 226S, we used data reported in
Bower [1981] for dissolved inorganic carbon concentrations in these two lakes to
calculate lake-specific distributions for inorganic carbon concentrations. The
parameter distribution for evasion of C-14 to the atmosphere (e) was calculated
using equation (B3). It was assumed that all the DIC was available to degas.
This resulted in a GM of 39.3 mmol m-3 and a GSD of 2.0 for inorganic carbon in
Lake 226N and a GM of 123.1 mmol m-3 and a GSD of 1.1 in Lake 226S.
Distributions for inorganic carbon, the stagnant-boundary thickness at the
air-water interface (h) and molecular diffusion coefficient for CO2 in water (D, a
constant of 2.3 x 10-2 m y-i) [Bird et al. 1992, 1993], and lake-specific-mean
depths (Zj) were used to calculate distributions for e using the following equation
[Bird et al. 1992].

e = y (y - ] ) (B3)

where: E is the areal evasive flux of CO2 from a water body to the atmosphere
(mol m-2 y-1), and

I is the areal CO2 inventory of the lake (mol nr2).

In the case of C-14, the E can be described by the following equation [Hesslein et
al. 1980]:

D . {CO2} , ,
E = ^ - ^ - ( m o l m - ^ - 1 ) (B4)

where: D is the molecular diffusion coefficient of CO2 in water (m2 y-i),
{CO2} is the dissolved CO2 concentration in the lake (mol m-3), and
h is the stagnant-boundary thickness at the air-water interface (m).

Thurber and Broecker [1970] cite a value of D = 1.2 x 10-5 cm2 s-1 at 10°C. This
value is used to give an annual mean value of D = 2.3 x 102 m2 y-1 based on a
219-d ice-free season with a mean water temperature of 10°C (D = 1.2 x 10-5 cm2

s-1), and a 146-d season of ice-cover, during which no degassing can occur (D =
0), and then taking a weighted average.
The CO2 inventory of the lake includes dissolved CO 2, bicarbonates (HCO3-) and
carbonates (CO32-). Thus,

I = Zi • S({CO2} + {HCO3}) (mol m-2) (B5)

where: L {HCO3} is the molar CO2 equivalent content of the dissolved
aqueous HCO3-: and

CO3- (mol m-3), and

B3



BIOMOVS II
TR14

Z\ is the mean depth of the lake (m).

In order to calculate a distribution for e, distributions for {CO2}, {HCO3}, h, and
Zi were determined from the literature (Table 5 of Bird et al. 1992). From these
distributions, 1000 random values were selected and E and I were calculated
according to equations (B4) and (B5), respectively. A distribution for e was then
estimated from equation (B3) using the calculated values for E and I. As a result
of these calculations, e was defined as having a GM of 12.7 y-i and a GSD of 1.7
for both lakes.

The specific activity of C-14 in water was used to calculate concentrations in fish
in 1978 based on maximum C-14 concentrations predicted in water. Because all
the C-14 was predicted to be lost from water, a specific activity model for C-14
in the lake sediment was used to estimate concentrations in fish towards the end
of the simulation period.

B2 QuantiSci Model

B2.1 General Description

QuantiSci applied a pre-release version of a code, AMBER, which was under
development at the time of the study. AMBER is a general purpose model
designed to model migration and accumulation (concentrations) of contaminants
in the environment and related contaminant exposure to humans and other biota.
The objectives in developing AMBER for the C-14 scenario were: to develop and
test a dynamic model for uptake of C-14 into freshwater fish, to be able to use
this model to demonstrate regulatory compliance, and to test the usability of the
AMBER modelling software on C-14 discharges. This application was carried
out by Simon Neal, a student from the University of Bath, Physics Department,
during a period of industrial placement training at QuantiSci.

The exercise was a useful test of the developing AMBER code. Conceptually, the
modelling is similar to the compartment model described in Smith and Lawson
[1984]. However, C-14 uptake by phytoplankton and fish has been modelled
dynamically rather than through the assumption of an equilibrium coefficient.
Data on C in sediments presented in Hesbol et al. [1990] and gaseous evasion
presented in Bird et al. [1992] were utilized in the scenario. Transfers within the
model are based on data for stable C and the assumption that C-14 moves at the
same rate and way as stable C. Isotopic mass differences are ignored.

Model compartments include the lake-water column, upper-superficial sediment,
deep-bed sediment and an atmosphere compartment (Figure Bl). The model also
includes a dynamic representation of the uptake of C-14 to phytoplankton and
fish. Instantaneous mixing is assumed within each compartment. This
assumption is not appropriate for times less than a few days after the spike,
because mixing times within the whole lake are longer than this. The model
accounts for dilution in the lake, hydrological flushing, transfer from water to
upper-superficial sediment, transfer from superficial sediment to deep sediment,
transfer from superficial sediment to water, transfer from water to
phytoplankton, transfer from phytoplankton to water (respiration), transfer from
food (primarily phytoplankton) to fish, transfer from fish to lake water and
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degassing to the atmosphere. The transfer of C to deep sediment is assumed to
be permanent and due to burial by deposition of further superficial sediment.
Release of C from superficial sediment to water accounts for both sediment
resuspension and the release of C from benthic respiration. Carbon is also
released to the water as a result of phytoplankton respiration, fish respiration
and the mortality of fish. Fish are assumed to have a mass mortality rate of 10%
per year. The transfer rate of C from water to phytoplankton is the product of
the ratio of phytoplankton productivity to the total organic content of the lake.
The transfer of C to fish is mainly through the diet, which is considered to be
phytoplankton, and is based on a best estimate of fish consumption per annum.
Parameter values are given in Appendix Table B2.

B2.2 Data and Derived Rate Constants Used in the QuantiSci Model

B2.2.1 Transfer Process Descriptions

The schematic diagram of the compartment model (Figure Bl) shows the
transfers described below. Table B2 gives the parameter values used and the
calculated transfer coefficients for the model.

B2.2.2 Carbon To Sediments

Water Column to Bed Sediment:

This transfer is due to total sedimentation of the C from the water. The transfer
is therefore given by:

12,6 and X 3,7 = j ^ '

where: Sp is the sedimentation rate of carbon (gC m-2 y-1),
Al is the area of lake (m2), and
TCC is the total carbon content of lake (gC).

Bed Sediment to Deep Sediment:

This transfer represents permanent C sediment deposition. The transfer is
therefore given by:

X6,10 and X7.l l = - ^ L p A (B7>

where: Sj is the permanent sediment deposition (gC nv2 y-1), and
CCS is the carbon content of bed sediment (gC).

Carbon content of the bed sediment was derived from an empirical equation for
the percentage of C in the sediment:

CCS(%) = 32.7 - 0.97T (B8)

where T is the water renewal time (y).
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B2.2.3 Carbon to Water

Bed Sediment to Water:

This transfer comes from the resuspension of C and benthic respiration. The
transfer is given by:

F w - Al
X6,2 and A, 7,3 = — 7 ^ (B9)

where: Fw is the flux to water (ie, sum of resuspended sediment and benthic
respiration) (gC m-2 y-i).

Phytoplankton Respiration:

This is the transfer of C to the lake water via respiration of phytoplankton. The
transfer if given by:

P f • Al
?o2,8 and X 8,2 = —^7; (BIO)

where: Pr is the respiration of phytoplankton (gC m-1 y-1), and
CCp is the carbon content of phytoplankton (gC).

Fish to Lake:

This transfer is due to the respiration of fish and the mortality rate of fish where
an estimated average of 10% of the fish are lost due to mortality per year. The
transfer is calculated by:

Pf
(Bll)

where: Ff is the flux of C from fish (gC y-1) (ie, sum of respiration and loss of
fish due to death), and

CCf is the carbon content of fish (gC).

The flux of C from the fish is given by:

F f = ( F r . A 0 + Fm (B12)

where Fr is the fish respiration rate (gC nv2 y-i), and
Fm is the flux of carbon due to fish mortality (gC y-i).
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B2.2.4 Flow from L226S to L226N and from L226N to the outflow

This transfer is the hydrological flushing of the lake, which is calculated using the
runoff (volumetric flow of the lake) divided by the lake volume. Since no
morphometric data was given on the shallow channel between the north and
south basins, the volumetric flow from the south to the north basin was assumed
to be the same as the outflow from Lake 226N, which implies that there is no
other substantial loss of water from Lake 226N.

VF
112,3 = Vis

(B13)

VF
13, sink =

(B14)

where: VF is the volumetric flow of the lake (m3 y1),
Vjs is the volume of the south lake (m3), and
Vin is the volume of the north lake (m3).

B2.2.5 Carbon to Atmosphere

Lake Water to Atmosphere:

This is the transfer of carbon dioxide by evasion into the atmosphere. This is
calculated using the evasion equations [B3, B4 and B5]. The transfer of C-14
back into the lake from the atmosphere is not included, because the lake area is
small and C-14 released into the atmosphere will rapidly disperse over the lake
and not have time to reenter the water. The transfer to the atmosphere is given in
equation (B3).

B2.2.6 Water Column to Phytoplankton

Phytoplankton Productivity:

This is calculated from the scenario description. The transfer of C from the lake
to the phytoplankton is derived by the division of the phytoplankton
productivity by the total carbon content of lake. The transfer is given by:

PD -A
11,8 and X 3,9 = ^ (B15)

where: Pp is the phytoplankton productivity (gC m2 y-1), and
TCC is the total carbon content of the lake (gC).
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B2.2.7 Carbon to Fish

Phytoplankton Consumption by Fish:

The transfer of C-14 to fish is assumed to come from the consumption of
phytoplankton. Consumption by fish is highly variable and dependent on the
fish type, environment and availability of food. The transfer is based on a best
estimate of fish consumption per year, which was 4 kg food per kg ww fish per
year, assuming a C content of 50%.

The C uptake by fish into the flesh is only a small proportion of the C consumed,
because most of the carbon is excreted. To account for this, an uptake factor of
1% is used. This transfer is calculated by:

CIf
>X • Uf (B16)

where Clf is the carbon intake of the fish (gC y-1), and
Uf is the uptake factor.

B3 Studsvik Eco & Safety AB Models

Two models were used for the scenario. The simpler of the two, Studsvik Model
A, was used to simulate the fate of C-14 added to Lake 226S and to the Lake
226N simplified scenario, where the four additions are considered as a single
addition. Studsvik Model B was used to simulate the fate of C-14 added to Lake
226S and the four separate additions to Lake 226N (the Lake 226N complex
scenario).

B3.1 Studsvik Model A

This model was designed to assess the doses to a critical group and a population
from potential C-14 releases from the Swedish repository for reactor waste. It
was developed after a thorough literature review of carbon in surface waters,
especially lakes [Hesbol et al. 1990]. It is a specific activity compartment model
based upon the carbon content in twenty-nine boxes, which represent local
groundwater conditions up to a global area including the oceans, and short-lived
and long-lived biota. The part of the model that accounts for lakes, sediment
and fish was adopted for the scenario with appropriate changes made for site
specific parameters such as lake volume, hydraulic flushing rate, etc. For the
scenario, the model used time steps of a month, whereas annual time steps are
used for assessment purposes.

Model A is a deterministic model, but some parameters can be perturbed to
partially investigate the influence selection of parameter values has on model
output. The model accounts for dilution in the lake, hydrological flushing,
transfer to mixed-superficial sediment, transfer from superficial sediment to deep
sediment, transfer from superficial sediment to water, transfer from water to fish
and fish mortality (Appendix Figure B2).
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Transfer Process Descriptions

The main parameters that influence model output are the flux of C-14 to the
atmosphere, the transfer rate to sediments and the release from sediments. For
the scenario, the flux of C-14 to the atmosphere (60 g C-14 m-2 y-i) was doubled
and/or the transfer rate from water to superficial sediment was decreased by a
factor of five to put reasonable boundaries on the predictions. Parameter values
used in the simulations are presented in Appendix Table B3. The rate constants,
except for water turnover, were obtained from the fluxes of C per unit time
(months).

Water to Sediments

Transfer from water to the sediments was based upon a flux of 13 g C m-2

month"1 (Hesbol et al. 1990) from a total inventory of 60 g C m.-2 in the water
column.

Water to Atmosphere

Transfer of C from water to the atmosphere was calculated assuming a flow of 4
g C per month from an inventory of 50 g C m-2.

Fish to Water

This was obtained by assuming a fish mortality rate of 0.2 per year.

Water to Fish

Transfer is based on a concentration factor of 4600 for steady state conditions
and a C turnover rate of 0.2. Other constants are the lake water volumes and the
amount of fish in the lakes. The latter is estimated, but does not influence the
model output.

Superficial-Mixed Sediment to Deep Sediment

An annual permanent inflow of about 10 g m2 y-1 of sedimentary carbon from an
inventory of 1.2 kg C per unit area gives a transfer rate of 6.9 x 10-4 month-1.

B3.2 Studsvik Model B

B3.2.1 General Description

Studsvik Model B is also based on the model described by Hesbol et al. [1990].
Parameter values describing the transport of C in the biological and sediment
compartments are also from Hesbol et al. [1990]. This complex model accounts
for the dilution in the lake, hydrological flushing, gaseous evasion to the
atmosphere, transfer of DIC to phytoplankton, transfer of DOC and POC to
sediment, release of DIC in superficial sediment to water, resuspension of DOC
and POC from sediment, transfer from phytoplankton to DOC and POC,
transfer from phytoplankton to fish, and transfer from fish to DIC (Appendix
Figure B3).
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In the simulations, the transport of DIC, POC and DOC from Lake 226S to Lake
226N was accounted for on the basis of the hydrological data presented in the
scenario. No hydrological flushing was assumed to occur during the winter.
Mean values were used to describe flushing during the summer. The lakes were
calibrated for stable C content by modifying literature values to obtain stable
conditions regarding the C content in the compartments. These calculations
included inflows of C from the drainage area and from groundwater. All
calculations were carried out by a statistical error propagation method. ACTI in
the BIOPATH-code system [Bergstrom et al. 1982] was used for solving the
differential equations. The PRISM-system [Gardner et al. 1983] was used to
generate parameter values from predescribed distributions by Latin Hypercube
sampling. Parameter values used in the simulations are presented in Appendix
Table B4.

B3.2.2 Data and Derived Rate Constants Used in the Studsvik Model B

Most radionuclides released to the biosphere are trace elements. This implies
that compartment models based on the physical transport of carrying media
within the system can be applied to model their movement in the biosphere.
However, C is a major constituent of biological material which suggests a specific
activity model is best suited to model the movement of C through the biosphere.

Carbon occurs as DIC, DOC and POC in freshwater. The model is based on the
flow of carbon in the aquatic DOC, DOC and POC pools, but is simplified in
that the DOC and POC pools are lumped. DOC is the major pool of carbon in
freshwater, whereas DIC is a major nutrient of photosynthetic metabolism and
actively exchanges with air. In lakes with a low DIC content, an influx of CO2
from the atmosphere to water may occur. Besides the hydrological flushing of
water, the model accounts for all major processes that may affect the turnover of
the C-14 added to the lake.

The model considers the DIC and DOC+POC pools within the lake. Dissolved
inorganic carbon is transferred to plankton by photosynthesis and
simultaneously to the atmosphere by gaseous evasion. Plankton is a source of
food for the fish and a source of DOC and POC due to excretion and
decomposition of dead algae. Part of the POC will be transferred to the
sediments from which some of it may be transferred back into water as DIC by
respiration. Studies of Chernobyl fallout in lakes have identified resuspension as
a major process in retaining increased levels of 137Cs in the water. Resuspension
is dependent upon lake depth, and wind and wave action, etc. Resuspension is
considered in the model by accounting for the transfer of DOC+POC back into
the water. Conceptually this is a product of all the ongoing chemical and
biological processes acting upon the carbon cycle within the lake. Because the
model is designed for dose assessment, detailed description of these complex
processes is not warranted.

The rate constants were obtained as described for Studsvik Model A, whereas
the values for the C pools and hydrological flushing times, etc., were specified in
the scenario. Seasonal variation is also accounted for in the model to allow for
ice-coverage and the low biological productivity during winter. Thus, all rate
constants are given in terms of number of turnovers per month with appropriate
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conversion time factors to account for seasons. Accounting for seasons in the
model implies that fish consumption (BHT values) varies with season.

The expression for each transfer coefficient is given below. Abbreviations are
according to Appendix Table B4.

DIC to Atmosphere
VaToLu
DICPol

(B17)

DIC to Plankton
SPiProd
DICPol

(B18)

DOC + POC to Sediments
VaToSed
DOCPol

(B19)

Sediment to DIC
BenRespir

SedPol
(B20)

Sediment to DOC + POC

Sediment to Out Flow

Plankton to Fish

Plankton to DOC + POC

Fish to DIC

Resusp
SedPol

ResusFact • SSedRat

FiCo

0.
BHT

SedDens

• UFact • FishPol
PlankPol

693
/ Vi Pla

FishRespir
FishPol

(B21)

(B22)

(B23)

(B24)

(B25)

Bll
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Table Bl: Parameter Values Used by the AECL Model to
Predict the Fate of C-14 in Lakes 226S and 226N

Parameter

Runoof, R (m y -i)

Catchment Area, (m2)

Lake Area, Ai (n\2)

Mean Lake Depth, Z[
(m)

Sedimentation Rate
(kg m-2 y-i)

Sedimentation
Interval, ts (y)

Transfer Rate to
Sediment,«= (y-i)

Gaseous evasion, £

(r1)**

Lake 226S

0.31

2.42 E5

7.8E4

6.3

0.16

13

1.7

12.7

Lake 226N

0.31

5.07E4

8.3E4

5.7

0.16

13

4.4

12.7

Reference

1

2

3

3

1,3

3

4

1,5

Note:

1) Bird et al. [1992];
2) calculated based on the R and the hydrological flushing rate for 1978 give in

the scenario;
3) scenario specification;
4) modified from Bird et al. [1992]; and
5) Bower [1981].

* ± 95% confidence limits were 0.1 and 30 for Lake 226S and O.4 and 48.6 y-i
for Lake 226N

** ± 95% confidence limits were 4.4 and 36.7 y-i for both lakes
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Table B2: Parameter Values used by QuantiSci's Model,
AMBER, to Predict the Fate of C-14 in Lakes 226S and 226N

Parameter

Lake volume, Vj (m3)

Lake area, Ai (m2)

Mean lake depth, Z\ (m)

Discharge, VF (m3 y1)

Superficial sediment depth, dj (m)

Deep sediment depth, &2 (m)

Water renewal time, T (y)

Sedimentation rate, Sr (gC nr2 y-1)

Total carbon content, TCC (gC)

Permanent sediment deposition, S^ (gC m-2

y-l)

Carbon content of sediment, CCs (gC)

Flux to water, Fw (gC m-2 y-i)

Phytoplankton respiration,Pr (gC rrr2 y-1)

Fish respiration, Fr (gC nr2 y-1)

Fish mortality, Fm (gC y-1)

Carbon content of plankton, CCp (gC)

Flux from fish, Ff (gC y-i)

Carbon content of fish, CCf (gC)

Dissolved inorganic carbon, DIC, (mol nv3)

Dissolved carbon dioxide, CO2, (mol m-3)

Stagnant boundary thickness, h (m)

Diffusion coefficient, D (m2 y-i)

Areal carbon evasive flux, 8 (mol nv2 y-1)

Areal carbon inventory, IC (mol irr2)

Phytoplankton productivity, Pp (gC m.-2 y-1)

Carbon intake of fish, Clf (gC y-i)

Lake 226S

4.885E5

7.8E4

6.3E0

1.572E5

1E-1

1.9E0

7.5E0

1.5E2

4.855E6

1E1

4.855E7

1.6E2

1.91E2

2E-1

3.9E2

2.93E4

1.599E4

3.9E3

1.41E-1

2.16E-2

3 E-4

2.3E-2

1.656E0

5.19E0

6.5E1

1.56E5

Lake 226N

1976-80 1981-92

2.4E2

1.07E2

4.723E5

8.3E4

5.7E0

1.572E5

1E-1

1.9E0

7.5E0

1.5E2

4.663E6

1-0E1

5.167E7

1.6E2

1.91E1

2E-1

4.15E2

3.11E4

1.702E4

4.15E3

1.36E-1

2.16E-2

3E-4

2.3E-2

1.656E0

4.68E0

6.0E1

1.66E5

Reference

1

1

1

1

2

2

1

3

1

3

3

3

3

3

3

3

3

4

5

5

5

6

6

1

6
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Parameter

Transfer to atmosphere, 2-1, 3-1 (y-i)

Transfer to superficial sediment, 2-6, 3-7 (y1)

Transfer from sediment to water, 6-2, 7-3

(r1)
Transfer to deep sediment 6-10, 7-11 (y-i)

Transfer from fish to water 4-2, 5-3 (y-1)

Transfer water to plankton,
2-8, 3-9 (y-i)

Transfer plankton to fish, 8-4, 9-5 (y-i)

Transfer plankton to water, 9-3, 8-2 (y-i)

Transfer South to North*, 2-3 (y-i)

Transfer North to Sink*, 3-sink (y-i)

Lake 226S

3.19E-1

2.41E0

2.57E-1

1.6E-2

4.1E0

1.044E0

5.3E0

5.42E1

3.21E-1

3.33E-1

Lake 226N

1976-80 1981-92

3.86E-1

1.905E0

3.54E-1

2.67E0

2.57E-1

1.6E-2

4.1E0

1.064E0

5.3E0

4.788E1

Reference

Note:
1) Scenario specification;
2) Smith and Lawson [1984];
3) Hesbol et al. [1990];
4) estimated;
5) Bird et al. [1992], and
6) calculated from the other parameters.

* transfer is zero during ice cover between November and April each year

The number of significant figures does not always reflect the level of
accuracy/confidence in the numbers.
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Table B3: Parameter Values used in Studsvik Model A
to Predict the Fate of C-14 in Lakes 226S and 226N

Parameter

Flux to atmosphere, gC m-2 y-i

Transfer to the sediments, gC nr2 y-1

Transfer from the upper sediment to the deeper situated, gC m-2y-!

Transfer from the sediments to water, gC irr2 y 1

Water retention, see scenario description

Bioaccumulation factor,

Annual loss from fish, y-1

Value

60

160

10

150

-

4800

0.2

B15



BIOMOVS II
TR14

Table B4: Parameter Values used in Studsvik Model B
to Predict the Fate of C-14 in Lakes 226S and 226N

Parameter

Lake area, A\ (m2)

Carbon flux from air to water,
LuToVa (g m-2 y-1)

Carbon flux to atmosphere (g
m-2 y-1)

Carbon flux from water to
sediment,VaToSed (g m-2 y-1)

Phytoplankton production with
fertilization, PiProd (gC nv2)

Phytoplankton production
without Fertilization LPiProd
(gC m-2 y-l)

Benthic respiration, carbon to
water, BenRespir (gC m-2 y-l)

Dissolved inorganic carbon
pool, DIC (gC m-2)

Dissolved and particulate
organic carbon pool, DOCPol
(gCm-2)

Phytoplankton pool, PlankPol
(gCm-2)

Carbon pool in sediment,
SedPol (gC m-2)

Fraction resuspended, Rsus Fact

Sedimentation, Sr (kg rrr2 y-l)

Sediment density, SedDens (kg
m-2)

Transfer from sediment to
water, Resusp (gC rrr2 y-1)

Carbon intake by fish from food
in summer, FiCoSom (gC d'1)

Carbon intake by fish from food
in winter, FiCioVin (gC d"i)

Carbon uptake from food by gut,
UFact

Fish respiration of carbon,
FishRespir, (gC m-2 y-l)

Lake 226S

7.8E4

1E2

1E2

1.6E2

6.5E1

4.9E1

7.5E1

1E1

5E1

2E-

1E3

0

1E-1

5E0

1E0

3E-3

2E-3

9E-1

4E-1

Min.

7.4E4

5E1

5E1

1.2E2

5E1

3E1

5E1

8E0

4.5E1

1.5E0

1E2

0

8E-2

4E0

1E-1

2E-3

1E-3

7E-1

3E-1

Max.

8.2E4

1.5E2

1.5E2

2E2

8E1

7E1

1E2

1.2E1

5.5E1

2.5E0

1.5E3

0

1.6E-1

6E0

2E0

4E-3

3E3

9.5E-1

5E-1

Lake 226N

8.3E4

1E2

1E2

1.6E2

1.07E2

6E1

7.5E1

1E1

5E1

2E0

1E3

0

1.5E-1

5E0

1E0

3E-3

2E-3

9E-1

4E-1

Min

7.9E4

5E1

5E1

1.2E2

8E1

4E1

5E1

8E0

4.5E1

1.5E0

1E2

0

1.2E-1

4E0

1E-1

2E-3

1E-3

7E-1

3E-1

Max

8.7E4

1.5E2

1.5E2

2E2

1.3E2

8E1

1E2

1.2E1

5.5E1

2.5E0

1.5E3

0

2.2E-1

6E0

2E0

3E-3

3E-3

9.5E-1

5E-1

Ref.

1

3

3

3

1

1

3

2

2

2

3

4

1

4

3

4

4

3

3
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Parameter

Carbon pool in fish, FISHPOOL
(gCm-2)

Biological half time of carbon
in plankton in summer, BHTSo
Pla (d)

Biological half time of carbon
in plankton in winter,
BHTViPla (d)

Discharge from south to north
basins, StoN (nr2 y-1)

Discharge from north basin,
NOut (m-2 y-l)

Lake 226S

4E-1

2E-1

2E-1

8E-1

Min.

3E-1

1E-1

1E-1

Max.

5E-1

3E-1

3E-1

Lake 226N

4E-1

2E-1

2E-1

8E-1

8E-1

Min

3E-1

1E-1

1E-1

Max

5E-1

3E-1

3E-1

Ref.

3

3

3

2

2

Note:

1) Scenario specification;
2 calculated from data given in the scenario;
3) modified from Hesbol et al. [1990] after calculation of stable carbon; and
4) from Bergstrom et al. [1989] and Nordlinder et al. [1992,1993].
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Figure Bl: Schematic Representation of the Processes
Represented in the QuantiSci Model, AMBER
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Figure B2: Schematic Representation of the Processes
Represented in Studsvik Model A.
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Figure B3: Schematic Representation of the Processes
Represented by Studsvik Model B.
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