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The performances of assessment models for estimating the transfer
and bivcaccumulation of mercury in fresh-water ecosystems were tested by
being applied to a test scenario proposed in an international coopera-
tive study BIOMOVS. Two kinds of models have been developed to estimate
mercury concentrations in fish after chronic releases into rivers. One
uses a bioaccumulation factor approach which is applied to ecosystems in
equilibrium, whereas the other is a dynamic model which considers the
change of the concentrations in water and the metabolism in fish.

The success of the models tested by three different scenarios de-
pended upon whether mercury was In equilibrium in the environment. For
the scenario where mercury concentrations reached equilibrium, the first
model performed satisfactorily. For the scenario where equilibrium was
not attained, the first model was not adequate but the second model
could predict more accurately. The limitations of applications were

suggested for the two models employed here.

Keywords: Environmental Transfer Model, Model Performance, BIOMOVS,
Fresh~water Ecosystem, Mercury Concentration,
Bioaccumulation Factor Approach, Dynamic Medel,

Equilibrium Condition
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1. Introduction

1.1 Background

An international cooperative study BIOMOVSl)'z), BIOspheric® MOdel
Validation ©Study, was initiated by the Swedish National Institute of
Radiation Protection, 8581, to test models designed for calculating the
environmental transfer and biloaccumulation of radionuclides and other
trace substances. The primary objectives of BIOMOVS are threefold,
namely:
- to test the accuracy of the predictions of environmental assessment
models for selected contaminants and exposure sceparios,
- to explain differences in model predictions due to structural
deficiencies, invalid assumptions and/or differences in selected input
data,
- to recommend priorities for future research for improvement of 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 behavior of trace substances in the biosphere
can be assessed quantitatively.

BIOMOVS involves ftwo different approaches to fulfill the objectives,
namely:

- Approach A, involving the formulation of test scenarios based on
suitable data and a comparison of model predictions against these
independent data sets,

- Approach B, involving the comparison of model predictions and
assocliated estimates of uncertainty for specific test scenarios
selected on the basis of assessment priorities in the case that such
independent data sets are not available.

BIOMOVS 1is concerned with terrestrial and aquatic pathways of importance
to the assesgsment of exposure to critical groups and human populations.
Several test scenarios were proposed for each approach. Titles of test
scenarios within the BIOMOVS study are given in Appendix 1 and detailed
descriptions of the scenarios are presented in BIOMOVS Progress Reportsz).
A scenario on a release of mercury into a river, which is called Scenario

Al, was provided as one of the test scenarios included in the Approach A.
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This 1is the scenario for which participants were asked to predict mercury
concentrations in fresh-water fish after chronic releases into rivers
located in three different sites.

The Japan Atomic Energy Research Institute, JAERI, participated in this
scenario to test the performances of assessment models for estimating the
transfer and bicaccumulation of trace elements in aquatic ecosystems.
This paper describes assessment models and parameter values employed in
the predictions,_ and discusses the results of comparisons between the

predictions and measurements.

1.2 Scenario descriptions

The Scenario Al was provided to test the performances of models for
predicting the behavior of mercury in fresh-water ecosystems. This
scenario is the first that used independent data sets to test model
predictions within the BIOMOVS study and is the only scenario that
considered a non-radioactive pollutant. Detailed descriptions for the
scenario are shown in Appendix 2. A summary of the descriptions is as
follows. _ _

Three different sites in the United States and Canada were selected for

this scepario in order to derive general conclusions. These sites are:

- Scenario Al-1: a small stream known as East Folk Poplar CreekB) at Qak
Ridge, Tennessee in the southeastern United States,
- Scenario Al1-2: a small river called North Folk Holston River4) at

Saltville, Virginia in the southeastern United States,
- Scenario Al1-3: a river system known as Wabigoon River and Clay Lake5)
at Dryden, Ontario in eastern Canada.
At each site, mercury had been chronically released from an industrial
plant inte a river but the mercury release ceased before the time of
sampling. Sediment had been highly contaminated during the release and
this was the contamination source of water at the time of sampling.
Participants were rtequested to predict mercury concentrations in the
edible tissue of fish sampled in the rivers or the lake, using information
. on site descriptions and measured data. Model predictions must provide
the following results for each scenario:

- Scenario Al-1: mercury concentrations in largemouth bass, bluegill,
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redear sunfish and the common carp as a function of distance upstream
from the mouth of the stream,
_ Seenario Al1-2: mercury concentrations in rock bass, hog sucker and
shiners as a function of distance downstream from a release point,
- Scenario A1-3: mercury concentrations in northern pike and walleye
sampled in Clay Lake.
Uncertainty estimates associated with the predictions were also asked for
all three scenarios.

The following information on site descriptions and measured data was
presented for participants to use in the predictions:

- fish to be assessed: the species, feeding habits, migratory behavior
and body size of fish to be assessed,

- morphological features: locations of an industrial plant, a river, a
lake and so on, configuration and water flow of a river,

- mercury release conditions: a period and the total amount of the
mercury release, chemical forms of mercury at the time of releases and
the detection in fish,

- measured data: mercury concentrations in sediment at several polnts,
those in water and benthic macroinvertebrates at the specified point,
mean water quality parameters, mean densities of benthic
macroinvertebrates for the Scenario Al-1, mercury concentrations in

fish in the past for the Scenario Al-3.

2. Model Descriptions

The pathway shown in Fig.l was considered to estimate the transfer of
mercury in fresh-water ecosystems. Water is contaminated by inflow from
an industrial plant or the upper stream, and the processes of resuspension
and desorption from sediment. Mercury is removed from water by outflow
down the stream, and the processes of deposition and sedimentation onto
sediment. The mercury in water is transferred to fish via gilis and skin,
including also via foodchains.

Two kinds of models, JAERI-I and JAERI-II models, have been developed
to estimate mercury concentrations in fresh-water fish. The JAERI-I model

uses & bioaccumulation factor approach which is applied to ecosystems in
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equilibrium, whereas the JAERI-II model is a dynamic model which considers
the change of the concentrations in water and the métabolism in fish.

At Trirst, the JAERI-T model was applied to the three scenarios,
assuming that the mercury concentrations were 1in equilibrium for all
scenarios. However, it was afterward Kknown that equilibrium was not
attained in the ecosystems for the Scenarios Al-2 and Al-3 because only a
few years had passed since the mercury release ceased. Also was found the
fact  that the metabolism of mercury in fish is very slow though the high
concentrations of mercury in water in the past have rapidly decreased.
Therefore, the JAERI-II model was then applied to the two scenarios. Two

kinds of the models are explained below in detail.

2.1 JAERT-T modei

A compartment model shown in Fig.2 has been developed to estimate
mercury concentrations in stream water. Water and sediment are divided
into several compartments with the length of the stream. The changes of
mercury inventories in i~th water compartment with time are expressed by

the following differential equations:

dy

1 _ . -
—_— =+ p1 Xl (fl + dl) Yl (1)
dt
in
_E;__ = fi—l'Yi—l + pi-Xi - (fi + di)-Yi 1 =2,3,4, - (2)

where Yj: mercury inventory in water (g}, Xi: mercury inventory in
sediment (g), Q: mercury release rate from an industrial plant (g/y), p;:
transfer rate for resuspension and desorption (y_l), fi: removal rate for

stream flow (y_l). di: removal rate for deposition and sedimentation

(yﬁl). The subscript,- 1, denotes the parameter on i-th compartment
hereinafter.

The mercury inventories in sediment are considered to be constant since
the inventories are large enough compared with the loss from sediment.
The mercury inventories 1in water can be then presented by the following

equations when the inventories reach equilibrium:
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Q+p, X
v, - 1  1 (3)
fprd
f.o Y, -+ p.-X,
Yi _od-1 i-1 i1 {=2.3.4, (4)
f. + d,
i i

Tt is assumed that equilibrium is attained between concentrations of
mercury dissolved in water and those adsorbed on suspended scoil. The
concentrations of mercury dissolved in water are calculated by using a

distribution coefficient approach:

Y.
i

1 + K, S8,
1

d

where Wi: concentration of mercury dissolved in water (g/l)}, Yi: total
mercury concentration‘in water (g/l), Kd: distribution coefficient {L/kg},
881: suspended soil in water (kg/1).

The transfer or removal rates, Py fi and di’ for a river can be

estimated by the following equations (refer to Appendix 3):

lOS-TR.-D.-U.
I 1 1

P, = (6)

d. = w—— {8)

where TRi; transfer ratio from sediment to water (kg/l}, Di: mean water

i

sediment (kg/mz), L.: stream length of i-th compartment (m}, Vi!

depth (m}, Ui: flow wvelocity of stream (m/y), 0,: surface density of

deposition velocity onto sediment or benthic organisms (m/y).
The values of the above parameters except Li are not given in the
scenario description. Furthermore, the values of TRi and Vi are difficult

to estimate because measured data are few and considerably specific to
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sites. If the values of TRi‘ Di’ Di and Vi are constant at apy position,

the following equations can be derived:

i ~i
_ (9)
Ul b1
di d1
= ai-Li where w = —_— {10)
f. U,
i i

Measured data of mercury concentrations in water and sediment at a release
point are prepared 1in the scenario description. Using the data, the

parameter, p;, can be calculated as follows:

LY Loy Yy +dy) - Q
P; =~ Py = - (11)
LU LU, X,

When the length of the first compartment, Ll’ is set to be sufficiently
small, the wvalue of fl is much bigger than that of dl' If the mercury
release from an industrial plant is zero at the time of sampling and water
flow of the stream is constant at any position, Fq.(5) is then re-written

as follows:

1 Y

i

where Xi: mercury concentration in sediment {(g/kg).
Although the same model as described above is applied to a lake, lake
water and sediment are modeled as one compartment, respectively. The

mercury inventory in lake water is expressed as follows:

Q" + p-X
f + d
where Q’: mercury inflow rate inte lake (g/v).

The transfer or removal rates, p, f and d, for a lake can be evaluated

by the following equations (refer to Appendix 3):
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p = — (14)

Kd-p-s
IW

f = 3 (15)

10Y-D-S
K.-R

q - ——1 (16)

107-D-(1 + K,-8S)

d

where IW: water inflow into lake (1/y)., §S: area of lake (m2), R:

sedimentation rate (kg/mz/y).

Using the above equations, Eq.({13) can be re-written as follows:
1 X
W

. in
Iw-(l + Kd-SS) + Kd-S-R Kd

(17)

where Qin: mercury concentration in water supplied into lake (g/1).
Mercury concentrations in fresh-water fish are obtained by using a

bicaccumulation factor approach, assuming that equilibrium is attained

between the concentrations in water and those in fish, and also that

mercury adsorbed on suspended soil is not transferred to fish body:
F. = CF-W. (18)

where Fi: mercury concentration in fish (g/kg), CF: bioaccumulation factor
(1/kg).

For a river scenario, the values of Li are determined as the distance
between the points where measured concentrations in sediment are given.

The values of Y Xi and SS, are prepared In the scenario description and

1!
the mean values are calculated for each compartment. The values of s s Kd
and CF have to be provided by the modeler. For a lake scenario, the

values of Iw’ S8, Qin and X are apparently given in the scenario

description. The value of S can be roughly estimated from Fig. A2-3. The
values of Kd’ R and CF must be prepared by the modeler.
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2.2 JAERI-11 model

It is assumed that mercury concentrations in water ~had been in
gquilibrium before the mercury release ceased and the concentrations have
exponentially decreased affer the end of the release. The mercury
concentrations in i-th water compartment are presented by the following

function:

Wi = Wio-exp(uki-t) {19)

where in: equilibrium concentration of mercury dissolved in water before
the mercury release ceased {(kg/1), ki: decay rate from water (y_l), t:
time after the release ceased (¥).
The fellowing differential equation 1is wused to estimate mercury
concentrations in fresh-water fish:
dF,

—_— - qW. - AF, (20}

dt 1 1

where q: transfer rate from water to fish (1/kg/y), A: removal rate fron

fish due to metabolism (y_l).

Because the mercury concentrations in water and in fish are assumed to
be in equilibrium before the mercury release ceased, the following

equation can be derived:
q

D L (21)
A

where Fio: equilibrium concentration of mercury in fish before the mercury

release ceased (g/kg).
Using the above equations, the following equation is derlived to

estimate the mercury concentrations in fish for the Scenario Al-2:

A-CF-WiO
Fi = — [exp(—ki-t) - exp(-)\-t)]
A - ki

+ CF-WiO-exp(—A-t) {(22)
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Although the same model as described above is applied to a lake, lake
water is modeled as one compartment. For the Scenario Al-3, measured data
of the concentrations in fish before the mercury release ceased are given
in the scenario description. The following equation is used to estimate
the concentration in fish for the Scenario Al1-3:

A F

po—20 [exp(—k-t) - exp(-)\-t)] + FO'EKP(-A-U (23)

A -k

For the Scenario Al1-2, the values of in’ ki, A and CF must be prepared
by the modeler. For the Scenario Al1-3, the mercury concentrations in fish
sampled 1in 1976 are used as the values of FO‘ The value of k and » must
be prepared by the modeler. The value of WO needs to be also provided to

estimate the value of k.

3. Parameter Values and Uncertainty Analysis

3.1 Parameter values employed in predictions
Among the parameters employed in the two models, the values of the
following parameters have to be prepared by the modeler:

K K. and CF in the JAERI-I model for a river scenario,

d
- Kd’ R and CF in the JAERT-I model for a lake scenario,
- WiO’ ki’ A and CF in the JAERI-II model for a river scenario,
- WO’ k and A in the JAERI-II model for a lake scenario.

The above parameter values employed in the predictions for the Scenarios
Al-1, Al-2 and Al-3 are shown in Table 1, Table 2 and Table 3,
respectively. The values were estimated as follows.

Since the values of oy are quite different from riversG). the values
must be determined for each river. When a non-radicactive pollutant is

continuously released into a river, the concentration in stream water can

be empirically estimated by the following equationY}ﬁg):
Q
Wo(x] = exp(-u« Xx) (24)
IV-(l + Kd-SS)
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Although the same model as described above is applied to a lake, lake
water is modeled as one compartment. For the Scenario Al-3, measured data
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in the scenario description. The following equation is used to estimate
the concentration in fish for the Scenario Al1-3:

A F

Fe—20 [exp(—k-t) - exp(—A-t)] ¥ Fo exp(-2-1) (23)

A -k
For the Scenario A1-2, the values of in’ ki’ A and CF must be prepared
by the modeler. For the Scenario Al1-3, the mercury concentrations in fish
sampled 1in 1976 are used as the values of FO. The value of k and » must
be prepared by the modeler. The value of WO needs to be also provided to

estimate the value of k.

3. Parameter Values and Uncertainty Analysis

3.1 Parameter values employed in predictions
Among the parameters employed in the two models, the values of the
following parameters have to be prepared by the modeler:

I K. and CF in the JAERI-TI model for a river scenario,

d
- Kd’ R and CF in the JAERT-I model for a lake scenarigc,
- WiO’ ki’ A and CF in the JAERI-II model for a river scenario,
- WO, k and A in the JAERI-II model for a lake scenario.

The above parameter values employed in the predictions for the Scenarios
Al-1, Al-2 and Al-3 are shown in Table 1, Table 2 and Table 3,

respectively. The values were estimated as follows.
Since the values of oy are quite different from riversb). the values
must be determined for each river. When a non-radicactive pollutant is

continuously released Into a river, the concentration in stream water can

be empirically estimated by the following equation7)79):

Q
W {x) = expl(-o X) (24)

0
IV'(l + Kd-SS)
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where WO(X): concentration of a pollutant dissolved in stream water (g/1},
x: distance downstream from a release point (m), Q: release rate of a
pollutant (g/¥), IV: water flow of stream {1/y), «: the parameter defined
by Eq.(10). The wvalues of oy were estimated by the distribution of
mercury concentrations in sediment, assuming that the high concentrations
in stream water in the vpast when a large quantity of mercury had been
released were reflected on the concentrations in sediment at the time of
sampling. _

The wvalues of Kd for suspended soil in fresh water are different
accqrding to the water quality and the nature of the soil. Therefore, the
values were basically evaluated by the relationship between concentrations
of mercury dissolved in water and those adsorbed on suspended soil.
Unless these data were available, the value obtained for a river located

10)

in the northern part of Japan was used here.

The majority of mercury detected in fish was found to be in the form of
methylmercury though most of mercury released from an Industrial plant was
in the inorganic form. Methylation of mercury rarely takes place In

11)714}. Therefore, it is

organisms but mainly by bacteria in sediment
understood that mercury released in the inorganic form is changed to
methylmercury in sediment and the latter is accumulated into fish body.
The values of CF were surveyed for the biocaccumulation of methylmercury
into fresh-water fish. Fig.3 presents the relationship between mercury
concentrations in water and the CF values collectedio)’lQJAlG). It 1s
obvious that the logarithmic wvalue of CF decreases linearly with
increasing the logarithmic value of the concentration in water. This
relationship was taken into account when using the CF values and the
values were assumed to be independent of the species of fish.

The value of R is different from lakes but a smaller value obtained for
a big lake17) was used here to estimate the concentration in water
conservatively. The values of in were calculated by Eq.(24) for a river
gscenario. For a lake scenario, the wvalue of WO was evaluated by the
relationship between the CF parameter shown in Fig.3 and the mercury
concentrations in fish before the mercury release ceased. The values of
7 ki were calculated by Eq.{(19) and were assumed to be constant at any

position and time. The value of A for northern pike was obtained for both

—- 10_
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laboratory and field experimentslz)

of tish.

, and was also used for other species

3.2 Uncertainty analysis

Uncertainty analysis was carried out by a parameter perturbation
technique. Extreme maximum and minimum values were selected for each of
the following several parameters which had to be prepared by the modeler

and were considered to be important in each model:

- ey Kd and CF in the JAERI-I model for a river scenario,
- Kd’ R and CF in thelJAERI—I model for a lake scenario,

- in’ A and CF in the JAERI-II model for a river scenario,
- WO and A in the JAERI-II model for a lake scenario.

Since the distributions of the parameter values were not sufficiently
known, the uncertainty ranges of the values were determined by a
subjective judgement as follows:

- two factors of magnitude for oy and A,
- five factors of magnitude for Kd, R and CF,
- one order of magnitude for WiO and WO.

Upper and lower estimates were then undertaken by putting various
combinations of the extreme values into the models. Correlations between
the parameters were not taken into account in choosing sets of the
combinations of the values. Equal weight was given to all combinations of
the values, including the combinations of the extreme values which in fact
were highly unlikely. The uncertainty ranges produced by this technique
would therefore tend to be large. The both estimates were assumed to

define  the confidence interval for the results although this would not be

statistically true.

4. Results and Discussions

4.1 Scenario Al-1
The model separated the species of fish according to migratory behavior
or movement up and down the stream. Predictions were made for the common

carp that are known to move up and down the stream, and for the other

_— 11ﬁ



JAERI-M 91—214

12)

laboratory and field experiments , and was also used for other species

of fish.

3.2 Uncertainty analysis

Uncertainty analysis was carried out by a parameter perturbation
technique. Extreme maximum and minimum values were selected for each of
the following several parameters which had to be prepared by the modeler
and were considered to be important in each model:

-y, Kd and CF in the JAERI-I model for a river scenario,

- Kd’ R and CF in the JAERI-I model for a lake scenario,
- in, % and CF in the JAERI-TII model for a river scenario,
WO and A in the JAERI-II model for a lake scenario.

Since the distributions of the parameter values were not sufficiently

known, the uncertainty ranges of the values were determined by a
subjective judgement as follows:

- two factors of magnitude for oy and A,

- five factors of magnitude for Kd‘ R and CF,

- one order of magnitude for WiO and WO'

Upper and lower estimates were then undertaken by putting various
combinations of the extreme values into the models. Correlations between
the parameters were not taken into account in choosing sets of the
combinations of the values. Equal weight was given to all combinations of
the values, including the combinations of the extreme values which in fact
were highly unlikely. The uncertainty ranges produced by this technique
would therefore tend to be large. The both estimates were assumed to
define . the confidence interval for the results although this would not be

statistically true.
4. Results and Discussions
4.1 Scenario Al-1
The model separated the species of fish according to migratory behavior

or movement up and down the stream. Predictions were made for the common

carp that are known to move up and down the stream, and for the other
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fish, that is, largemouth bass, bluegill and redegr sunfish that fend to
be territorial and stay in the same stretch of the stream. Predictions
and uncertainty estimates of mercury concentrations in the common carp and
the other fish by the JAERI-T model are shown in Fig.4, compared with mean
measured values for the two species of fish. The distance is defined by
km beginning at the mouth of the stream and proceeding upstream to a
release point at 22.9 km.

The predictions by the model are In relatively good agreement with the
measured values for the two species of fish. The measured values are
included in the uncertainty estimates. Upper and lower estimates vary by
one. order of magnitude above and below the best estimate resulting in a
range of two orders of magnitude for the uncertainty estimates.

The model predictions for the other fish considerably agree with the
measured mercury concentrations. The best estimate is within the measured
values by three factors of magnitude but is always an overestimate. The
predictions for the common carp were obtained by using an average mercury
concentration in water for the entire stream. The best estimate is
relatively close to the observed values but is always an overestimate by
factors of two to six, especially the degree of the overestimate is larger
in the upper parts of the stream. It is difficult to determine which part
of the concentration in water should be used to predict the concentrations
in fish such as carp that move up and down the stream.

Mercury concentrations in stream water and in fish were considered to
be 1in equilibrium because more than twenty years had passed since the
mercury release ceased. For this scenario, a biocaccumulation factor
approach was very useful to predict the concentrations in fish if the

factor was adequately selected.

4.2 Scenario Al-2

Predicted mercury concentrations in fish by using the JAERI-T and the
JAERI-II models are shown in Fig.5, compared with mean measured values for
the three species of fish, namely, rock bass, hog sucker and shiners. The
rdistance is defined by km beginning at a release point and proceeding down
the stream. The predictions were made for all species combined, which

inciuded: fish with different feeding habits and migratory behavior.

,12_
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Uncertainty estimates are also shown with the both predicted values.
Upper and lower estimates vary by over one order of magnitude above and
below the best estimate resulting in a range of more than two orders of
magnitude for the uncertainty estimates. '

The best estimate by the JAERI-I model is less than the measured values
by factors of two to eight. The measured values are always within the
range of the uncertainty estimates but are closer fo the upper estimate
than the best estimate. This underestimate is explained as follows: Since
the metabolism of methylmercury in fish 1is very slow, the fish keep
relatively high concentrations of mercury reflecting on the earlier high
concentrations in water though the latter have rapidly decreased. On the
contrary, the best estimate by using the JAERI-II model is in considerably
good agreement with the measured values within two factors of magnitude.

Mercury concentrations in stream water and in fish were not in
equilibrium for this scenario because only a few years had passed since
the mercury release .ceased. For this scenario, a bioaccumulation factor
approach was not adequate but a dynamic model could accurdtely predict the

concentrations in fish.

4.3 Scenario Al1-3

Model predictions of mercury concentrations in fish by the JAERI-I and
the JAERI-I1I models are shown in Fig.6, compared with mean measured values
for northern pike and walleye sampled from Clay Lake in 1979 and 1980.
Uncertainty estimates are also shown with the both predicted values. The
uncertainty of the JAERI-T° model results in a range of more than two
orders of magnitude but that of the JAERTI-TI model is within one order of
magnitude. This 1is because the measured data of concentrations in fish
before the mercury release ceased, which is an important parameter for the
JAERI-IT model, are given in the scenario description.

The best estimate by the JAERI-T model is from one to two orders of
magnitude 1less than the measured values. Even the uncertainty range
includes only the measured values for northern pike collected in 1980.
This underestimate 1is explained by the same reason as that for the
Scenario Al1-2. On the contrary, the JAERI-II model predicts the measured
values more accurately than the JAERI-T model does. However, the JAERI-II
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model prediction 1is still less than the measured wvalues and the
uncertainty range does not include the measured valﬁes for walleyve. 1t is
considered that the value of A used here is not adequate for walleye since
the value 1s for northern pike.

Because only a few years had passed since the mercury release ceased,
the mercury concentrations were not in equilibrium. Also fer this
scenario, net a bioaccumulation factor approach but a dynamic model could
predict the concentrations in fish accurately. However, a difference of
the two models 'applied here was reflected on the predictions more

remarkably than the Scenario Al-2.

5. Concluding Remarks

The performances of assessment models for predicting the transfer and
bioaccumulation -of mercury in fresh-water ecosystems were tested by being
applied to the test scenario proposed in the international cooperative
study BIOMOVS. Two kinds of models, the JAERI-I model and the JAERI-II
model, have been developed to estimate mercury concentrations in fish.
The JAERI-I model uses a bicaccumulation factor approach which is applied
to ecosystems in equilibrium, whereas the JAERI-II model is a dynamic
model which considers the change of the concentrations in water and the
metabolism in fish. The success of the models tested by the three

different scenarios depended upon whether mercury was 1in or near

equilibrium in the environment, For the Scenarioc Al-1 where mercury
concentrations reached equilibrium, the JAERI-I  model performed
satisfactorily. In the Scenarios AI-2 and Al-3 where equilibrium was not

attained, the JAERI-I model was not adequate but the JAERI-II model could
predict more accurately. The limitations of applications were suggested
for the two models employed here.

When the transfer of trace elements in aquatic ecosystems is predicted
by an assessment model, it is important to select an appropriate model by
understanding fully the characteristics of the ecosystems in advance. In
"the case of these scenarios, it would be significant to grasp whether

mercury concentrations in ecosystems were in equiiibrium or not.
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model prediction 1is still 1less than the measured wvalues and the
uncertainty range does not include the measured values for walleye. It is
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study BIOMOVS. Two kinds of models, the JAERI-I model and the JAERI-II
model, have been developed to estimate mercury concentrations in fish.
The JAERI-I model uses a bioaccumulation factor approach which is applied
to ecosystems in equilibrium, whereas the JAERI-IT model is a dynamic
model which considers the change of the concentrations in water and the
metabolism in fish. The success of the models tested by the three

different scenarios depended upon whether mercury was in or near

equilibrium in the environment. For the Scenario Al-1 where mercury
concentrations reached equilibrium, the JAERI-I model performed
satisfactorily. In the Scenarios Al-2 and Al-3 where equilibrium was not

attained, the JAERI-I model was not adequate but the JAERI-II model could
predict more accurately. The limitations of applications were suggested
for the two models employed here.

When the transfer of trace elements in aquatic ecosystems is predicted
by an assessment model, it is important to select an appropriate model by
understanding fully the characteristics of the ecosystems in advance. 1n
"the case of these scenarios, it would be significant to grasp whether

mercury concentrations in ecosystems were in equiiibrium or not.
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In the BIOMOVS study, three other organizations participated in this
scenario; Institute of Radiation Hygiene in Federal Republic of Germany,
Chalk River Nuclear Laboratory in Canada and Studsvik Nuclear in Sweden.
Comparisons of predictions by these organizations are given in BIOMOVS
Technical Reportlg), together with models and parameter values employed in

the predictions.
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scenario; Institute of Radiation Hygiene in Federal Republic of Germany,
Chalk River Nuclear Laboratory in.Canada and Studsvik Nuclear in Sweden.
Comparisons of predictions by these organizations are given in BIOMOVS

18)

Technical Report , together with models and parameter values employed in
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Nomenclature

Yi : mercury inventory in water (g)

X.1 : mercury inventory in sediment (g)

Q : mercury release rate from an industrial plant (g/y)
pi : transfer rate for resuspension and desorption (¥ ©)
f, @ removal rate for stream flow v 1

di : removal rate for deposition and sedimentation (y_l)
Wi : concentration of mercury dissolved in water {(g/1)
Yi : total mercury concentration in water (g/1)

Kd : distribution coefficient {1/kg)

SSi: suspended so0il in water (kg/l)

TRi: transfer ratio from sediment to water (kg/l})
D. : mean water depth (m)

U. : flow velocity of stream (m/y)

D; surface density of sediment (kg/mz)
Li stream length of i-th compartment {(m)
Vi : deposition velocity onto sediment or benthic organisms (m/y)
op = 4370
Xi : mercury concentration in sediment (g/kg)
Q' : mercury inflow rate into rake (g/¥)
Iw : water inflow into lake (1/¥)
§ : area of lake (m2)
R : sedimentation rate (kg/mz/yJ
Qin: mercury concentration in water supplied into lake {(g/l1)
Fi : mercury concentration in fish (g/kg)
CF : bioaccumulation factor (1/kg)
in: equilibrium concentration of mercury dissolved in water before
the mercury release ceased (kg/1)
; @ decay rate from water v
: transfer rate from water to fish (1/kg/v)}
- removal rate form fish due to metabolism (y_l)
iO: equilibrium concentration of mercury in fish before the mercury

= I = -2

reiease ceased (g/kg)
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Table 1 Parameter values emploved in predictions for
Scenario Al-1

Model Parameter Value

JAERI-I o ox 10 @h?
K, 5 x 10%  (1/ke)
CF 1% 10° (1/ke)

« This value is used for all compartments.

Table 3 Parameter values emploved in predictions for
Scenario A1-2

Model Parameter Value
JAERT-T Ky 2 X 10°  (1/ke)
R 0.2 (kg/mz/y)
CF 2 x 107 (1/ke)
JAERIL-1T W, 50 (ug/1)
k 2.4 (y'h
A 0.35 (v

. 19i
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Table 2 Parameter values emploved in predicticns for Scenario Al-2

Model Parameter Value
JAERI-T o 1.2x 10 @l for 0 - 3.7 kn
1.2x10% @l for 3.7 - 9.7 kn
6.7X 1070 (n}) for 9.7 - 21 kn
2.7X10°° (m ') for 21 - 43 kn
Ky T 2% 10° (1/kg)
CF 1X 104 (1/kg)
JAERI-11 Wio 19 {(wg/l) for 0 - 3.7 km
| 14 (ug/1) for 3.7 - 9.7 knm
10 (ug/l) for 9.7 - 21 kn
7.3 {ug/l) for 21 - 43 knm
ks 1.9 (v 1)*
A 0.35 (y 1)
CF 3 X 102 " (1/ke)

* The value of ki is assumed to be constant at any position

and time.
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Inflow Qutflow

Bioaccumuiaticn

Stream water Fresh-water fish

Lake water

Resuspensicn Deposition

Desorption Sedimentation

Sediment

Fig.1 Transfer pathway of mercury in a fresh-water ecosystem

0 fi fo fa

X X2 X3

Y.: mercury Inventory in stream water {(g)
j¢ mercury inventory in sediment (g)
Q : mercury release rate from an industrial plant (g/v¥)

)

% transfer rate for resuspension and desorption (y
: removal rate for stream flow (ybl)

d.: removal rate for deposition and sedimentation (ynl)

Fig.2 Compartment model for estimating mercury concentrations
in stream water

— 21 —
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Fig.5 Comparison between predictions and measurements of
mercury concentrations in fish for Scenario Al-2
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Appendix 1 Scenarios within the BIOMOVS Study

Approach A scenarios:

Al
Ada
Ad4b
AS

Release of wmercury into a river
I-131 in milk after the Chernobyl accident
Cs-137 in milk, beef and barley after the Cherpobyl accident

Dynamics within a lake ecosystenm

Approach B scenarios:

B1
B2
B3
B5
Béa
B&b
B7
B8

Atmospheric deposition

Irrigation with contamlnated groundwater

Release into a lake from a river

Aging of a lake

Transport of contaminated groundwater to soil

Transporf of contaminated groundwater to soil, specific sites
Transport of centaminated groundwater to a river

The importance of different pathways on radiological assessment

_24_.
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Appendix 2 Detailed Scenario Descriptions for Scenario Al

A2.1 Scenario Al-1

This is a scenario of a small stream in the southeastern United States.
The stream has received a chronic input of mercury from an industrial
complex since 1955. Most of the mercury was released into the strean
during the late 50's and early 60's. Approximately 360000 kg have been
released into the stream to date and low levels of mercury are still being
released from an industrial holding pond. Relatively high concentratiocns
of mercury are found in the sediment and flood plain of the stream. The
concentration of mercury in the sediment ranged from <0.1 to 1800 mg/kg
with a mean concentration of 77 mg/ke.

More than 90 % of the mercury that is detected in fish from the stream
is methylmercury; however, most of the mercury that was released to the
stream was in the inorganic form. The following results are desired:

- Concentration of mercury in the edible tissues of fish as a function of
distance down stream from the holding pond (in ug/kg).

The upper pertion of the stream originates in an industrial complex
that discharges into a holding pond. The holding pond is used for
equalizing the pH of the effluents from the industrial complex, sediment
retention and spill control. From the holding pond the stream flows 22.9
km ta its confluence with a larger stream that is a tributary of a large
river (refer to Fig.Al). The holding pond may contribute as much as 849.6
1/s to the flow rate of the stream. Above the pond the flow rate averages
297.4 1/s. The mean average flow of the stream at 8.5 km was 1472.6 1/s
(1960-1984); Maximum and minimum daily flows over the same period were
116112.0 and 339.8 1/s, respectively.

Aguatic biota, sediment and water quality parameters have been sampled
in the stream. The sampling stations are identified by km beginning at
the mouth of the stream (km "0") and proceeding upstream to the holding
pond at km 22.9.

The fish population is composed of largemouth bass (Micropterus
sélmoides), bluegill (Lepomis macrochirus), redear sunfish (Lepomis
microlophus) and the common carp (Cyprinus carpio). The largemouth bass

is piscivorous, bluegill and redear sunfish are omnivorous and the carp is
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an omnivorous bottom feeder. Largemcuth bass, bluegill and redear sunfish
usually remain in same section of the stream; however, carp move up and
down the stream from the mouth to the holding pond.

The mean densities of benthic macroinvertebrates are given in Table Al.
Very high sediment loading could account for the low number of benthic
invertebrate species that were observed in a quantitative survey.

Mean water quality parameters and the concentration of total mercury in
the water below the holding pond are listed in Table AZ2.

Mercury concentrations in the sediment decrease down the 22.9 km length
of the stream. As the contaminated sediment is transported downstream, 1t
is diluted with uncontaminated sediment. The sediment size that is
subject to downstream transport, and also contains the highest
concentration of mercury, is the <0.125 mm-particle size. The size class
consists of fine sand, silt and clay. The total mercury in sediment for
the <(.1256 mm—parficle size at the different sampling stations is glven in

Table A3.

A2.2 Scenario Al-2

A chlor-alkali plant operated near the bank of a small river in the
southeastern United States from 1952 until 1972 (see Fig.A2). During
plant operation, salt wastes were placed in two disposal ponds adjacent to
the river. Total mercury concentrations measured in the solid waste range
from 4.4 to 350 ug/g (average = 92), and from 11 to 230 ug/l (average =
68) in the leachate. Approximately 39 kg of mercury are estimated to be
leached from the ponds each year. The concentration of mercury measured
in 1975 in sediments downstream from the plant site was typically 20 times
higher than the mercury concentrations measured upstrean. The fish
species and 1invertebrates collected immediately downstream, and at
progressive distances downstream from the former chlor-alkali plant,
contained elevated concentrations of mercury, decreasing with distance
from the plant. The majority of the total mercury measured in fish muscle
was determined to be in the form of methylmercury (up to 92 %).

Determining the following:

The concentration of mercury in fish axial muscle determined in 1375 as

a function of distance downstream from the holding ponds.
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Site description and sampling

The study river originates 77 km above the former chlor-alkall plant
site and flows 133 km Dbeyond the site to the confluence with a second
river. The two rivers flow an additional 50 km into a man-made reservoir,
created in 1942. Mean daily discharge at a point 2.7 km upstream from the
former plant is 8.5 m3/s (drainage area = 575 km2). At the confluence of
the two rivers the mean daily discharge is 25.4 ms/s (drainage area = 1740
kn?).

Table A4 presents total mercury concentrations measured in water, bed
sediment, and benthic invertebrates collected above and below the plant
site. Sampling sites are labeled according to the river distance In
kilometers above {-) and below (+) the chlor-alkali plant.

The species of fish sampled were rock bass (Ambloplites rupestris), hog
sucker (Hypentelium nigricans) and shiners (Notropis spp.). Rock bass are
typically non-migratory fish, feeding on benthic invertebrates, insects
and small fish. Shiners are also non-migratory fish, and feed on small
insects and benthic invertebrates. Hog sucker are bottom feeders and are
often migratory. Rock bass sampled ranged in size from 6 to 165 grams
(average = 54), hog sucker ranged from 15 to 536 grams (average = 140) and
shiners ranged from 2 to 13 (average = 7.8).

Mean water quality parameters are listed in Table AS.

AZ2.3 Scenario Al-3

Tt is estimated that between 1962 and 1969 ten metric ftons of mercury
were released from a mercury cell chlor-alkali operation to a river system
in eastern Canada. Fish sampled from a lake below the plant site were
observed to contain mercury concentrations of up to 10 ug/g.
Approximately 85 % of the mercury in the edible portion of the fish was
determined to be in the methylated form. In 1970, measures were taken to
curtail the mercury releases from the plant and in 1975 the mercury cells
were dismantled. In 1971, the mean levels of mercury measured in northern
pike {Esox lucius) and walleye (Stizostedion vitreum) were 9.09 ug/g and
8.71 ug/g, respectively. After the mercury cells were dismantled (in
1975}, northern pike and walleye were measured to have mean mercury

concentrations of 5.84 ug/g and 7.83 ug/g, respectively. A two year
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study, beginning in late 1987, was undertaken to help find methods for

alleviating the long-term problem.

Objects for model calculations
Predict the mercury concentrations measured in take fish in 1979 and

1980. The concentration of mercury in fish sampled in 1971 and 1976, as
well as the concentration of mercury in water and sediment measured in

1979 and 1980, are presented for your use in making the calculations.

Site description and sampling
The former chlor-alkall plant iIs situated on a river, below the dam of

one lake and approximately 90 km above a second lake in the river system
(the study lake}. A second river joins the main river about 45 km below
the former plant site (refer to Fig.A3). The total drainage area of the
river system to the mouth of the study lake is approximately 6800 km2 and
has a mean annual flow of 44.5 m3/s.

The concentration of mercury measured in water and sediment from the
study lake in 1979 and 1980 is provided in Table A6. Mean water quality
parameters for the study lake are listed in Table A7.

Two species of fish were sampled, northern pike (Esox lucius) and
walleve (Stizostedion vitreum). The northern pike and the walleve are
both predacious fish. Total mercury concentrations measured in the axial
muscle of northern pike and walleye collected from the study lake in 1971

and 1976 are presented in Table A8 and A9.
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Appendix 3 Estimates of the Transfer or Removal Rates, P, fi and dj

A3.1 Transfer rate, p;

The transfer rate, pi, was evaluated assuming that mercury in sediment
was transferred to water by the processes of resuspension and desorption,
and that equilibrium between the mercury concentration in water and that
in sediment was attained after the transport time or the residence time.

The rate was presented by the following equation:
p. = — ' (A1)

where TRi: transfer ratio from sediment to water (kg/1}), Mi: volume of
water in i-th compartment (1), Ni: weight of sediment in i-th compartment
{ke), ti: transport time or residence time (¥).

Tn the case of a riﬁer, Eq.(Al} was re-written as follows:

102 TR. - (L. -D. -B.) 10°-TR, ‘D, -U.

1 1 1 1 1 1 1
pi = = (Az)
(Py-L;-By)- (L /U;) Py Ly

where Li: stream length of i-th compartment (m), Di: mean water depth (m),
Bi: width of stream {m), ﬂi: surface density of sediment (kg/mz), Ui: flow

velocity of stream (m/¥}.
Because no resuspension was assumed in the case of a lake, Eq.{Al) was

re-written:

S-D I
P, = = — (A3)
Kd'(D'S)'(S-D/Iw) Kd-D-S
where Kd: distribution coefficient (1/kg), S: area of lake (mz), Iw: water

inflow into lake {1/¥).

A3.2 Removal rate, fi
The estimate of the removal rate, fi’ was based on renewal of water.

The rate was described by the following equation:
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P i (A4)

where Ii: water flow (1/y}.

In the case of a river, Eq.(A4) was re-written as follows:

b, B, U, U
i1 711

L, D, B, L,
17171 i

On the other hand, Eq.(A4) was re-written in the case of a lake:

A3.3 Removal rate, di
In the case of a river, mercury was considered to be removed from water
by the processes of deposition and sedimentation on to the bottom. The

removal rate, di' was estimated by using a deposition velocity conceptl:
d. = N (A7)

where Vi: deposition velocity onto sediment or benthic organisms {m/y).

In the case of a lake, it was assumed that mercury was removed from
water by only sedimentation. The removal rate, di’ was obtained by a
particle scavenging model which assumed that mercury dissolved in water
was adsorbed on resuspended soil and the soll was settled down to bottom

sediment. The rate was expressed by the following equation:

F ‘K,R K.'R
q, = 20— - — d (A8)
107D 107-D- (1 + Kd‘SS)

where Fw: fraction of mercury in water which is in solution, R:

" sedimentation rate (kg/mzly), S§S: suspended soil in water (keg/l).
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Table A1 Mean densities (numbers/m2) of benthic macroinvertebrates
collected in riffle areas of the stream

Sampling site (km)

Taxon
22.8 13.0 10.9

Coleoptera

Optioservus sp. - 3.6 -
Decapoda

Cambarus sp. 1.2 2.4 -
Diptera ‘

Chironomidae 1666.1 357.6 3589.3

Dicranota sp. 9.6 - -

Simulium sp. - 2.4 -
Ephemeroptera

Baetis sp. 1.2 - -
Gastropoda

Physa sp. 35.8 - -
Nematoda

Lumbriculidae - 3.6 -

0ligochaeta - 2.4 -

Tubuficidae 78.9 - 1569.1
Odonata

Enallagma sp. 20.3 - -

Ischnura sp. 16.7 - -
Tricoptera

Cheumatopsyche sp. 3.6 - -
Number of taxa 9 6 2
Total density 1833.4 372.0 3748.4

— 3]‘*
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Table A2 Mean water quality parameters at 22.8 km under
base flow conditions '

Tenperature (°C) 22.4
Dissclved oxygen (mg/1) 8.3
pH (standard units) | 8.1
Conductivity (umhos/cm) 454.0
Alkalinify (mg/l as CaCOS) 115.0
Turbidity {NTU) _ 3.5
Total suspended solids {mg/l) 5.0
Total volatile suspended solids {mg/1) 2.0
Hardness . (mg/l as CaCOS) 170.0
Aluzminium (ug/1) 60.0
Organic nitrogen (mg/1) 0.57
Total ammenia nitrogen (mg/1l) 0.11
Non-ionized ammonia nitrogen (mg/l) 0.007
Nitrate + nitrite nitrogen (mg/1) 3.8
Total phosphorous (mg/l) 0.66
Total mercury ({(ug/l) 2.5

— 32 .
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Table A3 Total mercury concentration in sediment (<0.125 wmm
gize fraction)

Station Distance Total mercury
number (km) (Wg/g dry wt)

1 2.1 19

2 7.7 32

4 10.9 30

5 13.4 55

6 22.2 127

7 22.7 62

8 22.8 90

Table A4 Total mercury concentration measured in 1975 in water,
suspended particles, bed sediment and benthic invertebrates
at sanpling stations above and below the chlor-alkali plant

In Dissolved Bed Benthic
Station water in water sediment invertebrates
(ug/1) (ug/1) (ug/g dry wt} (ug/g wet wt)
-43.0 0.070 0.001 0.14 0.052
-9.0 0.034 - 0.16 (0.043
3.7 0.210 0.0586 18.5 2;028
9.7 0.074 0.040 9.2 0.876
21.0 0.067 0.027 4.3 0.556

43.0 0.032 0.021 2.4 0.416

_33 —_
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Table A5 Water quallity parameters measured at five of the sampling

stations
Station pH poc? ssP Cond® c1d
(mg/1) {mg/1) (Lmheos/cm} {mg/1)
-43.0 8.0 2.16 12.0 248 1.8
-9.0 8.1 2.32 7.8 251 4.2
9.7 8.2 2.36 4.2 1179 2.4
21.0 8.4 3.83 6.2 1250 3.8
43.0 8.4 2.60 4.0 821 2.6

"a Dissolved organic carbon
b Suspended so0lids
¢ Conductivity

d Chlorine
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Table A6 Total mercury concentration measured in water and sediment
samples collected from the study lake in 1979 and 1980

Water Sediment
{ng/1) {(Lg/g)
Site
Mean Range 0-5 cm depth
Inflow to study lake 29 17 - 46 2.4
Eastern side of lake 25 10 - 46 3.0
Western side of lake 16 7.5 - 22 -
Outflow from study lake 19 12 - 26 2.8
Table A7 Mean water quality parameters
X a b C
Site Temp Cond SS Cl 804 BCD pH
(¢C) (umhos/cm) (mg/l) (mg/l) (mg/l) (mg/l)
Lake inflow 12 126 2.7 11 10 1.8 7.2
Lake ocutflow 11 125 2.7 9.8 9.7 1.2 7.2

a Conductivity

b Suspended solids

¢ Biochemical oxygen demand
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Table A8 Mercury concentration measured in the axial muscle of
northern pike in 1971 and 1976

Mercury Length Welight

(ng/g) (cm) (g)
Year _

Mean Mean Range Mean Range
1971 9.09 50.8 36.0 - 62.0 974 312 - 1870
1976 5.84 65.0 50.1 - 86.2 1793 879 - 4423

Table A9 Mercury concentration measured in the axial muscle of
walleye in 1971 and 1976

Mercury Length Weight

(bg/g) (cm) (g)
Year ______

Mean Mean Range Mean Range
1971 8.71 42.6 33.0 - 50.0 1064 454 - 1850
1976 7.83 49.8 40.8 - 59.4 1283 482 - 2013
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