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ABSTRACT

The major mechanisms of radioactive material transport and fate in surface water are: 1)
sources, 2) dilution, advection and dispersion of radionuclides by flow and surface waves, 3)
radionuclide decay, and 4) interaction between sediment and radionuclides.  STREAM II, an
aqueous transport module of the Savannah River Site emergency response WIND system,
accounts for the source term, and the effects of dilution, advection and dispersion.  Although the
model has the capability to account for nuclear decay, due to the short time interval of interest
for emergency response, the effect of nuclear decay is very small and so it is not employed.  The
interactions between the sediment and radionuclides are controlled by the flow conditions and
physical and chemical characteristics of the radionuclides and the sediment constituents.  The
STREAM II version used in emergency response must provide results relatively quickly; it
therefore does not model the effects of sediment deposition/resuspension.

This study estimates the effects of sediment deposition/resuspension on aqueous plutonium
transport in Fourmile Branch.  There are no measured data on plutonium transport through
surface water available for direct model calibration.  Therefore, a literature search was
conducted to find the range of plutonium partition coefficients based on laboratory experiments
and field measurements.  A sensitivity study of the calculated plutonium peak concentrations as
a function of the input parameter of partition coefficient was then performed.  Finally, an
estimation of the plutonium partition coefficient was made for the Fourmile Branch.

A plutonium partition coefficient for Fourmile Branch is estimated, using measured partition
coefficients for cesium and assuming linear relationships between plutonium and cesium
concentrations in the dissolved phase as well as in the sediment.  In the original report (Rev. 0),
measured plutonium and cesium concentrations in Fourmile Branch water and sediment were
used to establish these linear relationships.  Subsequent examination of the dissolved
concentration data revealed that most of the measurements were too low to be statistically
significant and, therefore, could not be used to support the assumed linear relationship.
Conversely, the sediment data were found to be viable for relating plutonium and cesium
concentrations.  In the current work (Rev. 1), data from Lake Michigan are used to establish the
linear relationship between plutonium and cesium concentrations in the dissolved phase.

A plutonium partition coefficient of 15,344 ml/g was estimated for the Fourmile Branch.  At
this partition coefficient, the calculated peak concentration reduction relative to the case not
accounting for the sedimentation effect is 27% near Road E, and the reduction increases to 87%
at Road C-4.  Road C-4 is at 3.15 miles downstream from the discharge location.  The validity
of this estimation needs to be qualified by field measurements.

This study indicates that the downstream plutonium peak concentration is reduced significantly
by the physical phenomenon of sediment deposition/resuspension.  Therefore, neglecting
sedimentation effects in STREAM II is conservative with respect to estimating downstream
peak concentration for emergency response.
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1. Introduction

The major mechanisms of radioactive material transport and fate in surface water are: 1)
sources, 2) dilution, advection and dispersion of radionuclides by flow and surface waves, 3)
radionuclide decay, and 4) interaction between sediment and radionuclides.  The interactions
between sediment and radionuclides include radionuclide adsorption by sediment, radionuclide
desorption from sediment to water, transport of particulate radionuclides (those adsorbed by
suspended sediment), deposition of particulate radionuclides to streambed (benthic layer), and
scouring of particulate radionuclides from stream bed (resuspension).

STREAM II [1], an aqueous transport module of the Savannah River Site (SRS) emergency
response WIND system, accounts for the source term and the effects of dilution, advection and
dispersion.  Although the model has the capability to account for nuclear decay, due to the short
time interval of interest for emergency response, the effect of nuclear decay is very small and so
it is not employed.  The interactions between the sediment and radionuclides are controlled by
the flow conditions and physical and chemical characteristics of the radionuclides and the
sediment constituents.  The STREAM II version used in emergency response does not model
the effects of sediment deposition/resuspension.

The effect of sedimentation on cesium transport in Fourmile Branch was studied in Reference 2
based on the dye tracer data measured by Kiser in 1978 [3].  This report is a continuation of the
work in Reference 2 investigating the sediment deposition/resuspension effect on plutonium
aqueous transport.  Reference 2 indicated that the calculated cesium peak concentrations were
influenced by the sediment concentration in the stream and the partition coefficient.  There are
no measured data on plutonium transport through surface water available for direct model
calibration.  Therefore, the model developed in Reference 2 but with a different partition
coefficient was used to estimate the plutonium peak concentration reductions due to the effect
of sedimentation.  In this report, a literature search was conducted to find the range of
plutonium partition coefficients based on laboratory experiments and field measurements, and a
sensitivity study was performed by varying the input partition coefficient.   Finally, a plutonium
partition coefficient for Fourmile Branch was estimated, using measured partition coefficients
for cesium and assuming linear relationships between plutonium and cesium concentrations in
the dissolved phase as well as in the sediment.  In the original report (Rev. 0), measured
plutonium and cesium concentrations in Fourmile Branch water and sediment were used to
establish these linear relationships.  Subsequent examination of the dissolved concentration data
revealed that most of the measurements were too low to be statistically significant and,
therefore, could not be used to support the assumed linear relationship.  Conversely, the
sediment data were found to be viable for relating plutonium and cesium concentrations.  In the
current work (Rev. 1), data from Lake Michigan are used to establish the linear relationship
between plutonium and cesium concentrations in the dissolved phase.

2. Model Description

As described in Reference 1, the calculation module of WASP5 [4] was adapted in STREAM II
to perform the calculations for contaminant transport through the SRS streams and Savannah
River.  A special input model was developed to examine the effects of sediment
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deposition/resuspension on downstream contaminant concentrations.  For convenience, a
WASP5 model including sediment deposition/resuspension effects was developed to model
Kiser’s dye tracer study in Reference 2.  In Kiser’s study, one liter of 20% Rhodamine WT dye
(about 200 g of dye) was released to Fourmile Branch at Road E near H-Area at about 9 AM.
One hour after the dye release, 130 grams of cesium chloride (about 100 g of 133Cs) were
released at the same location as the dye. The dye and cesium concentrations were measured at
downstream locations.  Figure 1 shows the map of Kiser’s dye study.  The WASP5 model
developed in Reference 2 is summarized next.

Figure 2 and Table 1 from Reference 2 presents the WASP5 model simulation of the Fourmile
Branch reach from upstream of Road E to Road A7 (downstream from Road C-4).  The input
flow was 31.2 l/s from Segments 1 to 245, 144.4 l/s from Segments 246 to 319, and 237.9 l/s
from Segments 320 to 875.  The input dispersion coefficients are 0.05 m2/sec from Segments 1
to 245, 0.0 m2/sec (numerical diffusion is sufficient) from Segments 246 to 319, 5.0 m2/sec
from Segments 320 to 603, and 80.0 m2/sec from Segments 604 to 875, as shown in Table 1.
The time step was 0.0001 day (8.64 seconds).  The diffusion coefficient between the water
column and the benthic layer was 1.0E-04 cm2/s.

The concentrations of the suspended sediment in the water column segments were 20 ppm and
the sediment concentrations in the benthic segment were 1.0E+06 mg/l.   The settling velocity
was 35 m/day for Segments 1 to 264.  The stream material for Segments 1 to 264 was sand.
The settling velocity for Segments 265 to 444 (silt) was 20 m/day, and the settling velocity for
Segments 445 to 875 (clay) was 0.15 m/day.  The resuspension velocities were 7.0E-04 m/day
for Segments 1 to 264, 4.0E-04 m/day for Segments 265 to 444, and 3.0E-06 m/day for
Segments 445 to 875.

The WASP5 model from Reference 2 was used to model the plutonium transport except the
partition coefficient was varied.  The partition coefficient for plutonium is different than that of
cesium.  A partition coefficient appropriate for plutonium was required to simulate plutonium
transport in the Fourmile Branch.

2.1. Plutonium Partition Coefficient

Prout [5, 6] determined the plutonium partition coefficient experimentally at the Savannah River
Laboratory in the late 1950s.  In Prout’s experiment, the partition coefficients were determined
by mixing the local soil (80% sand to 20% clay, in which the clay mineral kaolinite is
dominant) into radioactive plutonium solutions (~ 10-6M) at various plutonium oxidation states
and solution pH values.  The mixture (10 g of soil and 100 ml of solution) was shaken two
hours by a mechanical shaker before the mixture was phase separated by centrifugation.  The
samples were centrifuged and aliquots of the supernatant liquid were removed to determine the
concentration of the radioactive plutonium.  The amount of the radioactive plutonium isotope
adsorbed by the soil was the difference between the solution activity before and after mixing
with soil.  Figure 3 shows the plutonium equilibrium adsorption data as a function of solution
pH and plutonium oxidation states.  The average measured pH at Fourmile Branch (FM-6) from
1990 to 1999 was 6.6.  Based on Figure 3, the plutonium partition coefficient (Kd) in Fourmile
Branch could vary from 80 to >10,000 ml/g at a pH of 6.6.
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Onishi et al. [7] reported field measured plutonium partition coefficients by several researchers.
Wahlgren and Nelson [8] calculated the Kd for Pu on suspended particles within Great Miami
River to be ≥ 100,000 ml/g.  Hetherington [9], Hetherington et al. [10], and Templeton and
Preston [11] studied the migration of plutonium discharged from the reprocessing plant at
Windscale.  The observed field Kd was 1,000 ml/g for sand and 200,000 for fine muck.  Sedlet
and Golchert [12] measured the Pu-239 and Pu-240 in the creek and rivers near Argonne
National Laboratory.  The field Kd was 2,000 ml/g for Sawmill, 40,000 ml/g for De Plaines
River, and 3,000 ml/g for Illinois River.

3. Results

The WASP5 model developed in Reference 2 was used to simulate the transport of 100 g of
plutonium released to Fourmile Branch at Road E near H-Area.  As described in Section 2.1, the
value of the plutonium partition coefficient varies widely from 1,000 to 200,000 ml/g.
Therefore, the measurement of a site-specific partition coefficient and/or a tracer study is
required to accurately estimate the effect of sedimentation on plutonium transport in Fourmile
Branch.  Without the measured plutonium partition coefficient for Fourmile Branch, a
sensitivity study was performed by varying the plutonium partition coefficient to estimate the
effect of the sedimentation as a function of partition coefficient.  Ten cases were simulated.  The
baseline case did not include the sediment deposition/resuspension effect in the plutonium
transport simulation.  The sediment deposition/resuspension effect was simulated for the
remaining nine cases by varying the partition coefficient from 3,000 to 200,000 ml/g.  In each
case, the assumed suspended sediment concentration was 20 ppm.

Table 2 shows the calculated total plutonium peak concentrations (dissolved in water and
adsorbed on suspended solids) at downstream locations for various partition coefficients.  For
the case not including the sedimentation effect, the calculated peak concentration near Road E is
4,622.00 µg/l and the calculated peak concentration drops to 27.50 µg/l at Road C-4 as
plutonium transports downstream.  The calculated total peak concentration decreases when the
partition coefficient increases.  For the case of a partition coefficient of 200,000 ml/g, the
calculated peak concentration near Road E is 1,600.00 µg/l and the calculated peak
concentration is 0.03 µg/l at Road C-4.  Figure 4 presents the percent reduction of the calculated
downstream peak concentration as a function of partition coefficients.  The percent reduction is
relative to the baseline case that did not include the sediment deposition/resuspension effect in
the simulation.  Table 2 and Figure 4 indicate that the reduction of downstream plutonium
concentrations is strongly influenced by the partition coefficient.  Therefore, a site-specific
partition coefficient is required to accurately estimate the effect of sedimentation on
downstream peak concentrations.

3.1. Estimation of Plutonium Partition Coefficient for Fourmile Branch

This section presents an estimation of the plutonium partition coefficient for Fourmile Branch
using available knowledge.  The validity of this result needs to be qualified by field
measurements.



WESTINGHOUSE SAVANNAH RIVER COMPANY WSRC-TR-2001-00322 (Rev 1)

4

The average measured pH at Fourmile Branch (FM-6) from 1990 to 1999 was 6.6.  Based on
Figure 3, the plutonium partition coefficient (Kd) in Fourmile Branch could vary from 80 to
>10,000 ml/g at a pH of 6.6.  However, the mixture used in Prout’s experiments is 10 g soil to
100 ml solution.  This mixture is equivalent to a sediment concentration of 100,000 ppm,
significantly higher than the sediment concentrations in a stream.  The measured average
sediment concentration is 20 ppm for Fourmile Branch [2].  The purpose of Prout’s experiment
was to determine the reduction of radioactive isotopes as radioactive liquid waste percolates
downward through the soil layer from the seepage basin.  Therefore, the soil concentration used
in Prout’s experiment is very high relative to the sediment concentrations in the streams.  Table
3 shows that the cesium partition coefficient increases as sediment concentration decreases on
Nitelva River, Norway [7].  Based on the data shown in Table 3, it is quite possible that the
plutonium partition coefficient for the Fourmile Branch should be much higher than that
presented in Figure 3.

In addition to Prout’s data, a plutonium partition coefficient of 5,000 ml/g was measured by
Mudge et al. for River Esk water at a sediment concentration of 860 ppm [13].  The next task is
to estimate the plutonium partition coefficient at the sediment concentration of 20 ppm.  One
assumption was used to estimate the plutonium partition coefficient at the sediment
concentration of 20 ppm.  Since plutonium and cesium are closely associated in sediments and
follow similar surface water transport pathways, the variation with sediment concentration of
the cesium Kd for adsorption in fresh water can be used to estimate the fresh water adsorption
Kd for plutonium.  This assumption needs to be qualified by the field measurements.

The partition coefficient is the ratio between the mass adsorbed per unit mass of sediment to the
mass dissolved per unit volume of water.  Equation 1 is the partition coefficient for cesium.

L
Cs

S
Cs

Cs C
Kd χ= (1)

where, KdCs is cesium partition coefficient, S
Csχ  is cesium mass adsorbed on per unit mass of

sediment, and L
CsC  is the dissolved cesium mass per unit volume of water.  In the same fashion,

the partition coefficient for plutonium is expressed in Equation 2.

L
Pu

S
Pu

Pu C
Kd χ= (2)

The radioactivities measured for the cesium and plutonium in the Fourmile Branch sediment
and in the Fourmile Branch water were obtained from the Savannah River Site Environmental
Reports from 1993 to 1999 [14-20].  Figure 5 shows the linear relationship between the
measured radioactivity of Cs-137 and Pu-238 in the Fourmile Branch sediment.  From Figure 5,
it could be assumed that S

Puχ is proportional to S
Csχ  in the Fourmile Branch sediment, as shown

in Equation 3.
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S
Pu

S
Cs aχ=χ (3)

where, a is a proportionality factor.

Figure 6 shows the relative annual inputs of fallout radioactivity to Lake Michigan, the
accumulated total fallout radioactivity to Lake Michigan, and the measured Pu-239 and Cs-137
concentrations of the Lake Michigan water during 1971 to 1974 [21].  The slopes of the
plutonium and the cesium concentrations shown in Figure 6 are approximately the same.  Given
the water concentrations of plutonium and cesium in Reference 21, it is assumed that the
dissolved plutonium concentration ( L

PuC ) is proportional to the dissolved cesium concentration

( L
CsC ) in the fresh water.  Equation 4 shows the assumed relationship.

L
Pu

L
Cs bCC = (4)

where, b is a proportionality factor.

After substituting Equations 3 and 4 into Equation 1, Equation 1 becomes Equation 5.

 PuL
Pu

S
Pu

Cs Kd
bC
aKd α=χ= (5)

where, α is a divided by b.

Equation 5 shows that the plutonium partition coefficient is proportional to the cesium partition
coefficient.

The steps used to estimate the plutonium partition coefficient at a sediment concentration of 20
ppm are presented next.

Step 1:
Equation 6, the relationship between the cesium partition coefficient and the sediment
concentration, was derived by curve fitting the data presented in Table 3, as shown in Figure 8.

298117746.0
Cs C0919.20261Kd −= (6)

where KdCs is cesium partition coefficient in ml/g, and C is sediment concentration in ppm.

Step 2:
Based on the assumption that the shape of the partition coefficient vs. the sediment
concentration for plutonium is the same as that for cesium, the relationship between the
plutonium partition coefficient and the sediment concentration could be expressed as Equation
7.
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298117746.0
Pu C0919.20261FKd −=  (7)

where KdPu is plutonium partition coefficient in ml/g, C is sediment concentration in ppm, and F
is a conversion constant.  From Reference 13, the plutonium partition coefficient at a sediment
concentration of 860 ppm is 5,000 ml/g.  The conversion constant, F, was calculated as
1.849836, after substituting 5,000 for KdPu and 860 for C into Equation 7.  After substituting the
value of F into Equation 7, the function for plutonium partition coefficient is obtained, as
Equation 8.

 298117746.0
Pu C701562.37479Kd −= (8)

For the sediment concentrations of 20 and 100,000 ppm, the calculated plutonium partition
coefficients by Equation 3 are 15,344 and 1,211 ml/g, respectively.  The plutonium partition
coefficient of 1,211 ml/g at the sediment concentration of 100,000 ppm is within the range of
the partition coefficients measured by Prout, as shown in Figure 3.

For a partition coefficient of 15,344 ml/g, the calculated peak concentration near Road E (about
140 meters downstream from the release point) is 3,361 µg/l, and at Road C-4 (about 5075
meters downstream from the release point) is 3.63 µg/l.  The reduction of the calculated peak
concentration near Road E is 27% and at Road C-4 is 87% relative to the baseline case of not
accounting for the sedimentation effect.  Field measurements of the plutonium partition
coefficient are required to accurately estimate the effect of sediment deposition/resuspension on
the transport of plutonium in the Fourmile Branch.

4. Conclusions

Reference 2 models the effect of sedimentation on cesium transport in Fourmile Branch based
on the dye tracer data measured by Kiser in 1978 [3].  The current work is a continuation of
Reference 2 investigating the sediment deposition/resuspension effect on plutonium aqueous
transport.  Reference 2 indicated that the calculated cesium peak concentrations were influenced
by the suspended solid concentration in the stream and the partition coefficient.  There is no
measured data about plutonium transport through surface water available for direct model
calibration.  Therefore, the model developed in Reference 2 was used to estimate the plutonium
peak concentration reductions due to the effect of sedimentation.  In this report, a literature
search was conducted to find the range of plutonium partition coefficients based on laboratory
experiments and field measurements, and a sensitivity study was performed by varying the
partition coefficient in the model.   The cases simulated a release of 100 g plutonium to
Fourmile Branch at Road E near H-Area.  Without the sedimentation effect, the calculated peak
concentration near Road E is 4622.00 µg/l and the calculated peak concentration drops to 27.50
µg/l at Road C-4.  For the case of a partition coefficient of 200,000 ml/g, the calculated peak
concentration near Road E is 1600.00 µg/l and the calculated peak concentration drops to 0.03
µg/l at Road C-4.  These results indicate that the reduction of downstream plutonium
concentrations is strongly influenced by the partition coefficient.  Therefore, a site-specific
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partition coefficient is required to accurately estimate the effect of sedimentation on
downstream peak concentrations

A plutonium partition coefficient of 15,344 ml/g was estimated for the Fourmile Branch.  At
this partition coefficient, the calculated peak concentration reduction relative to the case not
accounting for the sedimentation effect is 27% near Road E, and the reduction increases to 87%
at Road C-4.  Road C-4 is at 3.15 miles downstream from the discharge location.  The validity
of this estimation needs to be qualified by field measurements.

This study indicates that the downstream plutonium peak concentration is reduced significantly
by the physical phenomenon of sediment deposition/resuspension.  Therefore, neglecting
sedimentation effects in STREAM II is conservative with respect to estimating downstream
peak concentration for emergency response.
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Table 1 Model Geometry

Water Column Segments
Segment Cross Section Area Segment Length Volume Dispersion Coefficient

ID (m2) (m) (m3) (m2/s)
1 to 245 0.3 5 1.5 0.05
246 to 319 2.6 5 13.0 0.0
320 to 603 1.4 10 14.0 5.0
604 to 875 1.4 10 14.0 80.0
876 to 878* 1.4 10 14.0 0.0

*Segments 876 to 878 provide input tributary flows only.

Benthic Segments
Segment Cross Section Area** Depth+ Volume Dispersion Coefficient

ID (m2) (m) (m3) (m2/s)
879 to 1123 3.75 0.1 0.375 1.0E-08
1124 to 1197 11.04 0.1 1.104 1.0E-08
1198 to 1753 16.20 0.1 1.620 1.0E-08

**Area between water column segment and the benthic segment.
+Depth of the benthic layer.

From Reference 2
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Table 2.  Calculated Plutonium Peak Concentrations+

+ 100 g plutonium released to Fourmile Branch at Road E near H-Area.
* Calculation not including the sediment deposition/resuspension effect.

Table 3  Cesium Partition Coefficient for Nitelva River Sediments

Sediment Concentration Partition Coefficient
(ppm) (ml/g)

16 8,900
32 7,300
64 5,500

128 5,000
256 3,900

From Reference 6

Kd Road E Road 4 Road C Road C-4
ml/g µg/l µg/l µg/l µg/l

* 4622.00 419.70 86.23 27.50
3000 4280.00 304.80 53.15 16.83
6000 3997.00 229.30 34.56 10.88
6334 3968.00 222.50 33.04 10.39

10000 3687.00 164.00 20.85 6.52
15344 3361.00 112.00 11.71 3.63
20000 3143.00 84.30 7.63 2.35
50000 2370.00 25.70 1.27 0.38

100000 1910.00 10.30 0.32 0.09
200000 1600.00 4.99 0.11 0.03
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Figure 1  Fourmile Branch Region Below the Separation Area at SRS
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Figure 2.  Model Schematics for Sediment Deposition/Resuspension (not to scale)
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Figure 3.  Effect of pH and Plutonium Oxidation State on the Soil Adsorption of Plutonium
[Pu] = 3E6 d/m/ml (≅ 10− 6 Μ )
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Figure 4.  Percent Reduction of Calculated Plutonium Peak Concentration as a Function of
Partition Coefficients

(Reduction relative to the case not including the sediment deposition/resuspension effect)
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Figure 5  Relationship Between the Measured Radioactivity of Cs-137 and Pu-238 in the
Fourmile Branch Sediment
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Figure 6.  Relative annual fallout radionuclide inputs (lower histogram) and cumulative total
input (upper histogram) for Lake Michigan, 1960-1974, and fraction of total Pu-239
and Cs-137 inputs remaining in the water during 1966-1974 (data points and straight
lines)

From Reference 21
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Figure 7.  Curve Fit of the Cesium Partition Coefficient as a Function of Sediment
Concentration (Data from Table 3)
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