
WSRC-TR-2001-00455, REV. 0

Key Words: Bioavailability, Pond
A, R-Canal, Concentration Ratio,
137Cs, Sequential Extraction

Retention: Permanent

Bioavailability of Radioactive Cesium in Old R Discharge Canal,
R-Canal, Pond A, and the Adjacent Flood Plain

Anna S. Knox(1) , T. G. Hinton(1), Daniel I. Kaplan(2)

(1)University of Georgia, Savannah River Ecology Laboratory
(2)Westinghouse Savannah River Company

September 27, 2001

Westinghouse Savannah River Company
Savannah River Site
Aiken, SC 29808

Prepared for the U.S. Department of Energy Under
Contract Number DE-AC09-96SR18500



This document was prepared in conjunction with work accomplished under Contract No.
DE-AC09-96SR18500 with the U.S. Department of Energy.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government nor any agency thereof, nor any
of their employees, makes any warranty, express or implied, or assumes any legal liability
or responsibility for the accuracy, completeness, or usefulness of any information,
apparatus, product or process disclosed, or represents that its use would not infringe
privately owned rights. Reference herein to any specific commercial product, process or
service by trade name, trademark, manufacturer, or otherwise does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of authors expressed herein do
not necessarily state or reflect those of the United States Government or any agency
thereof.

This report has been reproduced directly from the best available copy.

Available for sale to the public, in paper, from: U.S. Department of Commerce, National
Technical Information Service, 5285 Port Royal Road, Springfield, VA 22161
phone: (800) 553-6847
fax: (703) 605-6900
email: orders@ntis.fedworld.gov
online ordering: http://www.ntis.gov/support/index.html

Available electronically at http://www.doe.gov/bridge
Available for a processing fee to U.S. Department of Energy and its contractors, in paper,
from: U.S. Department of Energy, Office of Scientific and Technical Information,
P.O. Box 62, Oak Ridge, TN 37831-0062
phone: (865)576-8401
fax: (865)576-5728
email: reports@adonis.osti.gov



WSRC-TR-2001-00455, REV. 0

ii

DISCLAIMER

This report was prepared for the United States Department of Energy under
Contract No. DE-AC09-96SR18500 and is an account of work performed
under that contract.  Reference herein to any specific commercial product,
process, or does not necessarily constitute or imply endorsement,
recommendation, or favoring of same by Westinghouse Savannah River
Company or by the United States Government or any agency thereof.  The
views and opinions of the authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.

Printed in the United States of America

Prepared For
U.S. Department of Energy

Cover Photo: Cs-Illite Limnocoral Project in R-Canal.  Photograph by A. Knox.



WSRC-TR-2001-00455, REV. 0

Key Words:  Bioavailability, Pond
A, R-Canal, Concentration Ratio,
Plant Uptake, Sequential Extraction.

Retention:
Permanent

Bioavailability of Radioactive Cesium in the Old R Discharge
Canal, R-Canal, Pond A, and the Adjacent Flood Plain

Anna S. Knox(1) , Thomas G. Hinton(1), Daniel I. Kaplan(2),

(1)University of Georgia, Savannah River Ecology Laboratory
(2)Westinghouse Savannah River Company

October 27, 2001

Westinghouse Savannah River Company
Savannah River Site
Aiken, SC 29808

Prepared for the U.S. Department of Energy Under
Contract Number DE-AC09-96SR18500



















WSRC-TR-2001-00455, REV. 0

Page 9

Figure 2.  Location of 16 limnocorrals in R-Canal from which sediment and water lily
samples were taken.

Pond A and R-Canal Limnocorral Locations
in R-Canal

Control

Low clay Application

High clay application
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Table 1.  Plant samples collected at Old R Discharge Canal; T- terrestrial, A- aquatic.

Royal Fern Netted Chain Fern Rice Cutgrass
Location Aquatic Terrestrial Aquatic Terrestrial Aquatic Terrestrial

1 - X - - - -
2 X - - - - -

- X - - -- --
3 - - - - X -

- - - - - X
4 X - - - - -

- - - - X -
- - - - - X

5 X - - - - -
- - - - X -
- X - - - -
- - - - - X

6 - - - X - -
- - - - - X

7 - - - - X -
- - - X - -

8 - - X - - -
- - - - X -
- - - X - -
- - - - - X

9 X - - - - -
- - - - X -
- - - X - -
- - - X - -

10 X - - - - -
- - - - - X

11 - - - - X -
- - - X - -

12 - - X - - -
- - - X - -

Number of Samples 5 3 2 7 7 6
Total Number of
Samples/Species 8 9 13
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3.4  SEQUENTIAL EXTRA CTIONS

Chemical extraction of sediment contaminants with sequentially more aggressive reagents is
commonly used to characterize various forms of metal or radionuclides in sediments.
Numerous sequential extraction procedures have been developed (Tessier et al., 1979, Miller
et al., 1986; Hall et al., 1995).  The major problem with sequential extraction studies is that
the detailed nature of the material being extracted is not known.  Idealized pure phases are
often named in various schemes on the basis of their response to the extraction reagents, but
this approach can be misleading in that the behavior of natural samples may be variable
depending on the inorganic and organic constituents with which metals are associated.
Spectroscopic methods may yield more precise information regarding the identification of
the metal forms, the specific phases the metal is bound to, and the nature of the sediment-
metal bond (e.g., bond strength, bond distance, and bond type).  But these methods are
usually expensive, non-routine, and not sensitive enough to detect contaminants in low
concentrations. Therefore, sequential extractions, even though they have several limitations,
are still widely used.

A sequential extraction procedure, modified from Hall et al. (1995) and Tessier et al. (1979),
was conducted on eight sediments collected from R-Canal and Pond A.  An overview of the
sequential extraction procedure used in this study is presented in Table 2.  The technique
differentiates five sediment fractions in which 137Cs was found:

• Adsorbed/Exchangeable/Carbonate (AEC),
• Amorphous Fe-oxyhydroxide (AmFeOx),
• Crystalline Fe-oxide (CryFeOx),
• Organic Matter (OM), and
• Residual silicates (R).

Exchangeable Cs is held by electrostatic attraction on the surface of negatively charged
sediment complexes.  Neutral salts such as MgCl2 or ammonium acetate can easily displace
cesium held to exchange sites.  This fraction is often considered the most biologically
available.  In the sequential extraction methods we used, exchangeable and carbonate bound
(not abundant in SRS sediments) Cs was grouped together.  This fraction was extracted with
sodium acetate, buffered at pH 5, and designated the Adsorbed/Exchangeable/Carbonate
complex (AEC).  Also extracted together, in the next step, were the hydrous oxides of Mn
and Fe, well known “sinks” in the surficial environment for heavy metals and radionuclides.
Scavenging by these secondary oxides, present as coatings on mineral surface or as fine
discrete particles, may occur by any combination of the following mechanisms:
coprecipitation, adsorption, surface complex formation, ion exchange, and/or penetration of
the mineral lattice.  The third fraction consisted of crystalline Fe oxides.  The relative
importance of Fe and Mn oxides as scavengers depends upon such conditions as pH-Eh
values, degree of oxide crystallization, their abundances, and the presence of organic matter.
Cesium bound to organic matter was next in the sequence and represented the fourth extract.
The final part of the sequential extraction procedure represented the residual fraction, and is
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thought to mainly consist of primary and secondary silicate minerals that may hold Cs
tenaciously within their crystal structure.  This fraction was determined by gamma
spectroscopy after the four prior extraction steps.

Sediment cores from R-Canal and Pond A were sliced into 2.5 cm sections and each slice
was characterized for total 137Cs, pH, and particle size distribution as described in Section
3.1.  Eight representative sediment samples from R-Canal were selected for sequential
extraction (two samples with high organic matter content, two samples with high clay
content, two samples with high content of organic matter and clay, and three samples with
high content of sand fraction).  All extracts were performed by shaking the samples in 50 ml
centrifuge tubes with the appropriate reagents at a 40:2 reagent to sample ratio, and spun for
30 min at 2800 rpm. The extracts were transferred to two 20 ml vials in preparation for
determining 137Cs concentration. The residue was prepared for the next extraction step by
washing with 10 ml of 0.01 M CaCl2 (three times), centrifuging at 2800 rpm for 30 min and
collecting the decanted supernatant liquid into a vial for 137Cs analysis.  137Cs activity was
measured directly in the remaining solid phase (as opposed to after total digestion by strong
acids, such as aqua regia).

Table 2.  Sequential extraction regime used in this study.

Sequence Extractant: Chemical
Composition

Targeted Contaminant Fraction Ref.a

Initial
sample

2 g of sample Total 137Cs activity of the sample was
performed on high-purity geranium
detector

1 1.0 M NaOAc; pH 5; repeated
twice

Adsorbed/exchangeable/carbonate (AEC) 1

2 0.25 M NH2OH⋅HCl in 0.25
M HCl; repeated twice

Amorphous Fe oxyhydroxide (Am Fe ox) 1

3 1.0 M NH2OH⋅HCl in 25%
HOAc; repeated twice

Crystalline Fe oxide (Cry Fe ox) 1

4 0.02 N HNO3 & 30% H2O2;
repeated twice

Organic Fraction (OM) 2

5 Residual (silicates) (R)
a References: 1 = Hall et al. 1995, 2 = Tessier et al. 1979.
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4.0 RESULTS AND DIS CUSSION

4.1  SEDIMENT CHARACT ERIZATION

Sediments collected at aquatic sites had a pH range of 3.9 to 5.1 with a mean of 4.3 (Table
3). Organic matter content was high in five samples (more than 5% but less than 10%, wt)
and very high in seven samples (more than 20%, wt; Table 3).  A high content of organic
matter is consistent with the fact that the sediments were collected from a forested wetland.
Particle size analysis showed that the textures of the sediments from aquatic sites varied
substantially (Table 3). The clay-size fraction was the smallest and ranged from 0.5 to 8.9%,
with a mean of 3.8%.  The silt-size fraction varied substantially, ranging from 0.7 to 85%,
with a mean of 44.1%.  The highest fraction for aquatic sediments was sand with a mean of
52% (Table 3).

Sediment samples collected from the terrestrial flood plain sites were remarkably similar to
those collected from the aquatic sites in sand and silt content (p > 0.05); but the clay content
was significantly lower in the terrestrial site (p < 0.01), with a mean percentage of 1.5 (Table
4).  The two types of sites had similar pH values and organic matter content (Table 4).
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Table 3.  Sediment characterization of samples collected from aquatic locations in the Old R Discharge Canal.

Aquatic sediment samples
Location Associated plant sample  OM pH  Sand  Silt  Clay

(%, wt) (unitless) (%, wt) (%, wt) (%, wt)
2 Royal Fern 6.65 3.95 68 29 3
3 Rice Cutgrass 6.41 4.25 52 44 5
4 Royal Fern 7.86 4.35 76 22 2
4 Rice Cutgrass 7.17 4.22 50 45 5
5 Rice Cutgrass 29.11 5.1 29 67 5
5 Royal Fern 12.33 5 6 85 9
7 Rice Cutgrass 22.40 4.22 7 85 8
8 Netted Chain Fern 61.25 4.17 98 1 1
8 Rice Cutgrass 33.60 3.85 63 34 2
9 Royal Fern 7.00 4.23 64 32 3
9 Rice Cutgrass 6.91 4.18 84 15 1
10 Royal Fern 43.42 4.17
11 Rice Cutgrass 47.14 3.88 53 45 2
12 Netted Chain Fern 29.03 4.54 28 70 3

Mean 22.88 4.42 52 44 4
Standard Deviation ± 18.19 ± 0.45 ± 28 ± 26 ± 3
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Table 4.  Sediment characterization of samples collected from terrestrial flood plain sites along the Old R Discharge Canal.

Terrestrial sediment samples
 OM pH  Sand Silt  Clay

Location Associated plant sample (%, wt) (unitless) (%, wt) (%, wt) (%, wt)
1 Royal Fern 14.04 3.61 45 50 5
2 Royal Fern 53.00 3.89 63 36 1
3 Rice Cutgrass 7.07 5.43 80 20 0
4 Rice Cutgrass 20.84 3.92 78 22 1
5 Royal fern 33.07 4.72 85 22 0
5 Rice Cutgrass 29.03 5.35 55 45 1
6 Rice Cutgrass 16.66 4.3 90 10 0
6 Netted Chain Fern 69.49 3.61 36 63 1
7 Netted Chain Fern 50.33 4.09 30 68 3
8 Netted Chain Fern 19.53 4.06 72 26 2
8 Rice Cutgrass 10.12 4.31 75 23 2
9 Netted Chain Fern 14.86 3.76 49 50 4
9 Netted Chain Fern 19.50 3.98 82 17 2
10 Rice Cutgrass 3.44 5.65 83 16 0
11 Netted Chain Fern 14.07 5.06 87 13 0
12 Netted Chain Fern 7.96 4.64

Average 23.94 4.40 67 32 2
Stdev 18.72 0.67 20 19 2
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4.2  SEDIMENT 137Cs CON CENTRATIONS

137Cs concentrations in the sediments from the terrestrial and the aquatic sites of Old R
Discharge Canal are presented in Table 5. The highest reported 137Cs concentrations were in
the sediment samples collected at the aquatic sites, e.g., 13.8 and 24.3 Bq g-1 (373 and 656
pCi g-1). The mean (± SD) concentration of 137Cs in the sediments from the aquatic sites was
7.0 ± 6.2 Bq g-1 (189 ± 167 pCi g-1).  In contrast, 137Cs concentrations from the terrestrial
flood plain sites were considerably lower, with a mean (± SD) of 1.3 ± 1.8 Bq g-1 (35 ± 49
pCi g-1) and a range from 0.08 to 6.2 Bq g-1 (2 to 167 pCi g-1).

137Cs concentrations in the sediment cores taken from R-Canal and Pond A are reported in
Table 6.  The concentrations of 137Cs in the sediment samples change with depth.  On
average, the greatest 137Cs concentrations (9.0 ± 6.9 Bq g-1; 243 ± 186 pCi g-1) were
measured 2.5 to 5.0 cm deep within the sediments, and concentrations then decreased with
depth.  This pattern is consistent with earlier published data from Pond A (Abraham et al.,
2000).

The mean (± SD) 137Cs concentration in the Old R Discharge Canal (7.0 ± 6.2 Bq g-1; 189 ±
167 pCi g-1) was no different from the mean for R Canal (8.3 ± 7.9 Bq g-1; 224 ± 213 pCi g-1)
or from the mean reported for Pond A (7.9 ± 7.6 Bq g-1; 213 ± 205 pCi g-1) by Abraham et al.
(2000) (Figure 3).  Part of the motivation for sampling the Old R Discharge Canal was that
gamma over-flight data indicated that 137Cs contamination levels were higher there than in
Pond A.  This apparent discrepancy is likely the result of increased shielding of the gamma
emissions by the greater depth of water in Pond A as compared to the Old R Discharge
Canal.  These findings indicate that remediation decisions about 137Cs-contaminated wetlands
could be misdirected if based solely on gamma over-flight data.

4.3  SEQUENTIAL EXTRA CTIONS

The sediment samples studied by sequential extractions represent four “typical sediment
types” found in Pond A and the R-Canal system; sediments with:

1) high organic matter content,
2) high clay content,
3) a combination of high clay and organic matter content, and
4) high sand content.

All 48 cores (3 replicates x 16 locations) collected from the limnocorral study conducted in
R-Canal contained various proportions of these “typical sediment types.”  These sediment
classifications were easy to identify by unaided visual inspection of the cores.  The sequential
extraction technique allowed us to determine 137Cs concentrations in five components of each
sediment.  The components (AEC, AmFeOx, CryFeOx, OM and R) were presented and
discussed in section 3.4.  137Cs was found in each component of all sediment types analyzed
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(Figure 4).  In all four “typical sediment types,” the greatest concentration of 137Cs was found
in the AmFeOx component (Figure 4).  When compared across sediment types, the AEC
component held a larger percentage (24%) of the 137Cs in the sand than in the other three
sediment types (Figure 4).  Recall that the AEC component is the mineral matrix where Cs is
most easily exchanged with other elements, and thus considered by some to be an estimate of
the biologically available fraction.  This fraction was greater than 15% in all sediment types.
The residual fraction is expected to bind and hold Cs tenaciously, thereby reducing its
bioavailability.  As expected, we found the clay sediment type to contain the most 137Cs in
the residual fraction and sand to have the least (Figure 4).

Overall, the sequential extractions results suggest that anywhere from 10 to 50% of the total
137Cs within the sediments of Pond A might be considered biologically available—depending
on the seasonal site specific conditions within the sediments.

4.4  PLANT 137Cs CONCEN TRATIONS

Within the Old R Discharge Canal three plant species were collected: royal fern (Osmunda
regalis), netted chain fern (Woodwardia aerloata), and rice cutgrass (Leersia oryzoides).
The same species were collected at the aquatic and terrestrial flood plain sites (Table 5).  The
highest 137Cs concentrations were observed in netted chain fern at an aquatic site; 8.1 Bq g-1

(219 pCi g-1).  Because 137Cs concentrations in sediments from aquatic sites were
significantly higher, 7.0 ± 6.1 Bq g-1 (189 ± 165 pCi g-1), than those from the terrestrial flood
plain, 1.3 ± 1.8 Bq g-1 (35 ± 49 pCi g-1) one might expect 137Cs concentrations in plants to be
higher in aquatic sites as well.  However, the mean 137Cs concentrations in all plants
collected from aquatic and terrestrial flood plain sites were similar, 1.9 ± 2.1 and 1.7 ± 2.1
Bq g-1, (51 ± 57 and 46 ± 57 pCi g-1).  Some researchers have shown that sediment 137Cs
activity concentrations were positively correlated to plant uptake (Pinder et al., 1980), while
others were unable to identify such a relationship (Horrill et al;, 1990), indicating that plant
concentrations do not necessarily depend upon sediment concentrations.  Hughes et al.,
(1980) indicated that the main factors influencing plant uptake are sediment pH, and level
and chemical species of contaminants.  The influence of plant species on metal uptake may
also be considerable.  Different species regulate metal uptake at both the sediment-root and
root-shoot interfaces to varying degrees (Archer, 1971). This was also observed in our data,
in that 137Cs concentrations in rice cutgrass were consistently lower than the two fern species
(Table 5).  Ferns are known for their tendency to take up radionuclides and heavy metals
(Kaplan et al. 2001).

At R-Canal and Pond A, water lilies were collected at 16 locations.  Generally, 137Cs
concentrations were higher in stems than in leaves.  In leaves 137Cs concentrations ranged
from 0.9 to 1.5 Bq g-1 (24 to 40 pCi g-1), while in stems 137Cs concentrations were almost two
times higher and ranged from 1.2 to 2.8 Bq g-1 (32 to 76 pCi g-1, Table 7).
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Table 5.  137Cs concentrations in sediments, concentrations in associated plants, and concentration ratios (CR) from aquatic and
terrestrial sites of Old R Discharge Canal.

Aquatic Site Terrestrial Site
137Cs in

sediments

137Cs in
plant CR

137Cs in
sediments 137Cs in plant CR

Location Sampled plant  (Bq g-1) (Bq g-1) Location Sampled plant  (Bq g-1) (Bq g-1)
2 Royal Fern 7.40 4.55 0.61 1 Royal Fern 3.52 5.90 1.68
3 Rice Cutgrass 9.23 0.87 0.09 2 Royal Fern 1.88 2.72 1.45
4 Royal Fern 4.64 0.86 0.18 3 Rice Cutgrass 0.16 0.03 0.17
4 Rice Cutgrass 10.09 1.00 0.09 4 Rice Cutgrass 0.13 0.02 0.11
5 Rice Cutgrass 3.28 0.78 0.23 5 Royal fern 3.62 2.16 0.60
5 Royal Fern 13.82 0.61 0.04 5 Rice Cutgrass 6.22 0.60 0.10
7 Rice Cutgrass 24.33 1.29 0.05 6 Rice Cutgrass 0.09 0.06 0.61
8 Netted Chain Fern 7.44 8.05 1.08 6 Netted Chain Fern 1.47 4.77 3.24
8 Rice Cutgrass 2.74 1.34 0.49 7 Netted Chain Fern 0.82 0.93 1.13
9 Royal Fern 2.17 1.57 0.72 8 Netted Chain Fern 0.18 1.27 6.88
9 Rice Cutgrass 0.13 0.20 1.59 8 Rice Cutgrass 0.14 1.35 9.45

10 Royal Fern 5.14 2.87 0.56 9 Netted Chain Fern 0.17 0.52 3.07
11 Rice Cutgrass 3.98 1.45 0.36 9 Netted Chain Fern 0.05 0.33 6.57
12 Netted Chain Fern 3.66 0.78 0.21 10 Rice Cutgrass 0.08 0.03 0.44

11 Netted Chain Fern 2.28 5.78 2.54
12 Netted Chain Fern 0.08 0.24 2.93

7.00 1.88 0.45 1.31 1.67 2.56 Overall Mean
 Overall Standard Deviation 6.16 2.09 0.45

 Overall Mean
 Overall Standard Deviation 1.80 2.06 2.79

   Mean (±SD) Royal Fern 6.6 ± 4.4 2.1 ± 1.6 0.4 ± 0.3    Mean (±SD) Royal Fern 3.0 ± 0.9 3.6 ± 2.0 1.2 ± 0.6
   Mean (±SD) Netted Chain Fern 5.5 ± 2.6 4.4 ± 5.1 0.6 ± 0.6    Mean (±SD) Netted Chain Fern 1.0 ± 0.9 2.0 ± 2.3 3.8 ± 2.2
   Mean (±SD) Rice Cutgrass 8.5 ± 8.6 1.0 ± 4.3 0.4 ± 0.5    Mean (±SD) Rice Cutgrass 1.1 ± 2.5 0.4 ± 0.6 1.9 ± 2.6
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Table 6.  Concentration of 137 Cs (Bq g-1) as a function of depth in sediment cores collected
at R-Canal and Pond A.  Blanks within the table mean that the core was shallow and not
taken to the depth indicated.  Values can be multiplied by 27 to obtain concentrations in units
of pCi g-1.

Depth of Core Slice (cm)
Site 0-2.5 2.5-5.0 5.0-7.5 7.5-10 10-12.5

1 7.3 8.06 8.3 12.3 10.2
2 16.9 6.4 6.1 - -
3 2.2 5.9 4.2 3.4 2.4
4 24.1 19.2 10.9 - -
5 2.0 6.3 - - -
6 7.6 19.0 45.7 42.5 29.1
7 2.0 1.7 2.3 1.8 -
8 2.0 19.2 1.9 1.4 1.2
9 1.6 2.8 8.1 36.5 31.4
10 2.4 14.8 8.0 2.8 1.0
11 2.3 16.0 3.3 - -
12 0.7 1.1 1.9 0.9 -
13 3.0 3.6 9.5 2.5 0.6
14 1.3 1.9 1.5 1.7 1.8
15 1.1 1.4 1.9 12.4 12.9
16 1.9 21.0 9.7 3.8 -
17 1.9 4.3 8.0 5.0 2.8
18 2.8 13.3 4.6 1.4 1.2
19 5.1 9.6 16.6 10.0 6.6
20 1.7 2.2 1.9 - -
21 1.9 5.5 1.7 1.5 1.1
22 59.6 6.1 4.6 2.0 -
23 3.9 1.7 0.3 0.1 -
24 1.8 4.7 - - -
25 3.6 19.7 7.9 2.8 3.5
26 9.2 19.2 4.6 1.7 0.6
27 1.6 13.3 2.5 0.7 0.5
28 3.5 11.8 4.3 2.6 1.9
29 1.8 1.7 1.8 3.7 6.3

Mean 6.1 9.0 6.7 6.7 6.4
SD 11.5 6.9 8.6 10.9 9.4
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Figure 3.  Average concentrations of 137Cs (Bq g-1) in sediment at Pond A, R-Canal and Old
R-Canal.  Data for Pond A are from Abraham et al. (2000).  Data for both aquatic (A) and
terrestrial sites (T) are reported for Old R-Canal.  Values can be multiplied by 27 to obtain
results in units of pCi g-1.
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Figure 4.  Partition of 137Cs among five fractions in four types of sediment from R-Canal and
Pond A; AEC – adsorbed/exchangeable/carbonate phase, Am Fe ox – amorphous Fe
oxyhydroxide, Cry Fe ox – crystalline Fe oxide, Organic – organic phase, Residual –
silicates.
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Table 7. 137Cs concentrations in leaves and stems of water lily collected at R-Canal and Pond A.

 Leaf 137Cs Concentrations (Bq g-1) Stem 137Cs Concentrations (Bq g-1)

Location Rep 1 Rep 2 Rep 3 Average Stdev. Location Rep 1 Rep 2 Rep 3 Average Stdev.
1 1.53 1.18 1.69 1.46 0.26 1 2.20 1.90 2.95 2.35 0.54
2 1.54 1.71 1.28 1.51 0.21 2 2.62 3.19 2.44 2.75 0.39
3 1.14 1.47 1.45 1.35 0.18 3 1.74 1.50 1.87 1.70 0.18
4 1.09 1.05 1.55 1.23 0.27 4 1.82 2.07 2.24 2.04 0.21
5 1.18 1.39 1.02 1.20 0.18 5 1.96 2.16 2.23 2.12 0.13
6 0.80 1.30 0.94 1.01 0.25 6 1.20 1.58 1.37 1.39 0.19
7 1.10 1.28 0.95 1.11 0.16 7 1.98 4.24 1.63 2.62 1.41
8 1.0 1.09 1.07 0.02 8 2.30 1.81 2.05 0.35
9 1.29 1.11 1.20 1.20 0.09 9 2.77 1.85 2.31 2.31 0.46
10 0.87 1.05 0.89 0.94 0.10 10 0.58 1.76 1.26 1.20 0.59
11 0.97 1.07 1.11 1.05 0.07 11 1.72 1.81 2.45 1.99 0.40
12 1.28 1.33 1.10 1.24 0.11 12 1.92 2.35 1.69 1.99 0.33
13 1.02 0.98 0.92 0.97 0.04 13 1.25 1.41 1.52 1.39 0.13
14 0.77 0.90 0.89 0.85 0.07 14 1.55 1.66 1.91 1.71 0.18
15 1.22 0.81 0.89 0.97 0.21 15 1.32 1.48 1.55 1.45 0.11
16 0.91 0.89 0.73 0.85 0.09 16 1.69 1.28 1.48 1.48 0.20

Mean 1.13 0.24 1.91 0.60
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4.5 137Cs BIOAVAILABILITY – CONCENTRATION RATIOS

In addition to determining activity concentrations of 137Cs in the plants (Bq g-1 dry plant),
137Cs uptake was normalized for the varying sediment levels by calculating concentrations
ratios (CR = activity in dried plant / activity in dried sediment).  The concentration ratios
were calculated separately for each paired plant/sediment sample, and then the ratios were
averaged across plants within each species.  It is important to normalize the plant
contaminant concentrations in this manner to provide insight as to the cause for low plant
contaminant concentrations. Low plant contaminant concentrations could be the result of low
sediment contaminant concentrations, the contaminant existing in a non-biologically
available form, or avoidance of the sediment contaminant by plant roots. By expressing the
plant uptake as concentrations ratios, it is possible to rule out the first cause, that is, that
sediment contaminant concentrations were low.

The greatest average concentration ratio was obtained for netted fern from the terrestrial
flood plain (3.8, Table 5). The average concentration ratios for water lily from R-Canal and
Pond A for leaves and stems were 0.18 and 0.3, respectively (Fig. 5: Table 8).  At the Old R
Discharge Canal, the average 137Cs concentration ratios for the three plant species recovered
from the aquatic sites were 0.4 ± 0.4 and for the terrestrial flood plain sites were 2.6 ± 2.8.
This indicates that the CRs from plants collected in terrestrial sites were higher (Table 5).
Higher concentration ratios for plants growing in terrestrial sites do not follow the findings of
previous research by Hinton et al. (1999).  They found CR values to be lower for terrestrial
species than for wetland species (plants collected at Par Pond, SRS, Aiken SC), 8.1 and 14.8,
respectively.  Concentration ratios from Hinton’s study are among the largest reported in the
literature.  Some recorded values were as high as 365, and the overall arithmetic mean for all
species across 3 years was 12.5 (n = 239).  Hinton et al. (1999) were studying Cs uptake in a
contaminated reservoir whose water levels had recently decreased by 50%.  They attributed
the high CRs they observed, in part, to the conditions during the draw down of the reservoir.
The species studied differed from those reported here.

Even though the CR values in this study were not as high as what Hinton et al. (1999)
reported, they were 4.5 and 25.6 times greater (for aquatic and terrestrial sites) than what the
National Council on Radiological Protection and Measurements recommend for a default
value (0.1; NCRP, 1989).  This points out, yet again, that Cs mobility is greater on the SRS
than at most other sites.
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Table 8.  137Cs concentration ratios (Bq kg-1 dried plant / Bq kg-1 dried sediment) for water lily samples collected at R-canal and Pond
A.  Sediment concentrations of 137Cs were averaged from the 0 - 12.5 cm depth.

137Cs Concentration Ratios of Leaves 137Cs Concentration Ratios of StemsLocation
Rep 1 Rep 2 Rep 3 Average Stdev Rep 1 Rep 2 Rep 3 Average Stdev

1 0.058 0.045 0.0641 0.056 0.010 0.084 0.072 0.112 0.089 0.021
2 0.134 0.148 0.1115 0.131 0.019 0.227 0.277 0.212 0.239 0.034
3 0.123 0.158 0.1564 0.146 0.020 0.187 0.162 0.202 0.184 0.020
4 0.102 0.098 0.1439 0.114 0.026 0.169 0.192 0.208 0.190 0.019
5 0.223 0.263 0.1940 0.227 0.035 0.371 0.410 0.421 0.401 0.026
6 0.080 0.130 0.0944 0.102 0.026 0.121 0.159 0.138 0.139 0.019
7 0.371 0.432 0.3223 0.375 0.055 0.671 1.432 0.550 0.884 0.478
8 0.289 0.297 0.0000 0.196 0.169 0.628 0.493 0.000 0.374 0.331
9 0.092 0.079 0.0849 0.085 0.007 0.196 0.131 0.164 0.164 0.033
10 0.087 0.105 0.0891 0.094 0.010 0.058 0.176 0.126 0.120 0.059
11 0.171 0.189 0.1951 0.185 0.013 0.302 0.318 0.431 0.350 0.070
12 0.178 0.185 0.1535 0.172 0.016 0.266 0.327 0.235 0.276 0.047
13 0.217 0.208 0.1964 0.207 0.010 0.265 0.299 0.323 0.296 0.029
14 0.201 0.235 0.2311 0.222 0.019 0.403 0.433 0.497 0.444 0.048
15 0.370 0.248 0.2718 0.297 0.065 0.400 0.449 0.470 0.440 0.036
16 0.208 0.204 0.1680 0.193 0.022 0.386 0.292 0.337 0.338 0.047

Mean 0.181 0.189 0.155 0.175 0.033 0.296 0.351 0.277 0.308 0.082
SD 0.097 0.096 0.082 0.083 0.040 0.176 0.314 0.160 0.192 0.129
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5.0 SUMMARY

The objectives of this study were to provide more site-specific data for human and ecological
risk analysis on the SRS.  In this study the mobile fraction of 137Cs, i.e., the fraction that
could be taken up by plants, in sediments collected from R-Canal and Pond A was
determined by sequential extractions of the sediments, and by directly measuring plant
uptake.  The propensity for plants to take up 137Cs was calculated using a concentration ratio
(CR = activity per dried plant / activity per dried sediment).
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Figure 5.  Mean (± SD) 137Cs concentration ratios for water lily leaves and stems collected at
R-Canal and Pond A; 3 replicates per location.

The study was conducted in R Canal, Pond A, and the Old R Discharge Canal.  All these
systems are considered wetlands and were contaminated with 137Cs when R reactor was
operating (prior to 1964).

The mean (± SD) 137Cs concentration in the Old R Discharge Canal (189 ± 167 pCi g-1) was
no different from the mean for R Canal (224 ± 213 pCi g-1) or Pond A (213 ± 205 pCi g-1).
Part of the motivation for sampling the Old R Discharge Canal was that gamma over-flight
data indicated that 137Cs contamination levels were higher there than in Pond A.  This
apparent discrepancy is likely the result of increased shielding of the gamma emissions by
the greater depth of water in Pond A as compared to the Old R Discharge Canal.  These
findings indicate that remediation decisions about 137Cs-contaminated wetlands could be
misdirected if based solely on gamma over flight data.

Sequential extraction data indicated that between 50 and 85% of the 137Cs in these sediments
was strongly bond and likely in a chemical form that was of limited bioavailability.

Estimates of concentration ratios were often in excess of 1.0, indicating that the plants
concentrated 137Cs in their tissue to levels greater than existed in the sediment.  A review of
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the literature indicated that 137Cs concentration ratios >1.0 are common at the SRS, and have
been attributed, in part, to the low abundance of Cs-binding clays.

Since predictions of plant 137Cs concentrations based on sediment 137Cs concentrations is
tenuous and not captured well by a single parameter, such as a concentration ratio, it is
recommended that risk assessment related to plants be based directly on plant 137Cs
concentrations.  Relying solely on sediment 137Cs concentration data, either total or that
which is biologically available, could result in large errors in risk estimations.
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