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PARAMETER SYMBOLS AND DEFINITIONS

Symbol Def'mition

AM The area allocated to crop i which is harvested or harvest area (M
2
).

Ai The inventory area allocated to crop i (M2
).

AP The area of pasture (M
2
).

B, Soil-to-plant concentration factor which is the ratio of activity concentration in
plant parts usually associated with reproductive or storage functions (fruits,
seeds, tubers, etc.) in dry weight to the dry weight activity concentration in root
zone soil at edible maturity or time of harvest (unitless).

B5  Soil-to-plant concentration factor which is the ratio of activity concentration in
plant parts usually associated with vegetative functions (leaves, stems, straw,
etc.) in dry weight to the dry weight activity concentration in root zone soil at
edible maturity or time of harvest (unitless).

C1'4  Carbon-14 activity concentration in air (Bq or Ci/m2).
Ca Tritiumn activity concentration in air (Bq or Ci/m3).

Cr Resuspension air concentration (Bq or Ci/m3).
C4 Carbon- 14 activity concentration in atmospheric carbon dioxide (Bq or Ci/kg).C 3
C"d Tritium activity concentration in food (Bq or Ci/m3).
CP The annual consumption of pasture by livestock (kg/yr).
C' Activity concentration in plant parts usually associated with reproductive

or storage functions (fruits, seeds, tubers, etc.) in dry weight (Bq or Ci/kg).
Cs Activity concentration in dry weight in root zone soil (Bq or Ci/kg).
C' Activity concentration in dry weight in average or typical root zone soil (Bq or

Ci/kg).
C' Activity concentration in plant parts usually associated with vegetative functions

(leaves, stems, straw, etc.) in dry weight (Bq or Ci/kg).
C" 3  Tritium activity concentration in atmospheric water vapor (Bq or Ci/kg).
C Px The activity concentration on the surfaces of plants (Bq or Ci/kg).
Dr The deposition rate of resuspended material (Bq or Ci/mN/s).
d Depth of the soil layer of interest, e.g., root zone (cm).
dif Average annual number of frost-free days (d).
di The linear distance between a weather station and the centroid of the SITE cell.

(kin).
dp The distance between plants in a row in a field of row crops (cm).
dr The distance between rows of plants in a field of row crops (cm).
E Average annual evapotranspiration (cm).
F1  The fraction of daily ingested activity concentration (from feeding) which is

transferred to and remains in a kilogram of muscle at equilibrium (d/kg).
fli The fraction of grain which is imported from outside of the assessment area

(unitless).
Fm The fraction of daily ingested activity concentration (from feeding) which is

transferred to and remains in a kilogram of milk at equilibrium (d/kg).
f¢f The fractional transfer of ingested activity to beef (unitless).

Symbol 

C;14 

, C: 3 

C; 
c;t 
CH3 

food 

Cp 

C, 

xiii 

PARAMETER SYMBOLS AND DEFINITIONS 

Dermition 

The an:a allocated to crop i which is harvested or harvest area (m2
). 

The inventory area allocated to crop i (m2
). 

The arf:a of pasture (m2
). 

Soil-to .. plant concentration factor which is the ratio of activity concentration in 
plant parts usually associated with reproductive or storage functions (fruits, 
seed!;, tubers, etc.) in dry weight to the dry weight activity concentration in root 
zone soil at edible maturity or time of harvest (unitIess). 

Soil-to-plant concentration factor which is the ratio of activity concentration in 
plant parts usually associated with vegetative functions (leaves, stems, straw, 
etc.) in dry weight to the dry weight activity concentration in root zone soil at 
edible maturity or time of harvest (unitIess). 

Carbon-14 activity concentration in air (Bq or Cilm2
). 

Tritium activity concentration in air (Bq or Cilm\ 
Resuspension air concentration (Bq or Cilml

). 

CarboIlL-14 activity concentration in atmospheric carbon dioxide (Bq or Cilkg). 
Tritium activity concentration in food (Bq or Cilm\ 
The annual consumption of pasture by livestock (kglyr). 
Activity concentration in plant parts usually associated with reproductive 

or storage functions (fruits, seeds, tubers, etc.) in dry weight (Bq or Cilkg). 
Activity concentration in dry weight in root zone soil (Bq or CilKg). 
Activity concentration in dry weight in average or typical root zone soil (Bq or 

Cilkg). 
Activity concentration in plant parts usually associated with vegetative functions 

(leaves, stems, straw, etc.) in dry weight (Bq or Cilkg). 
Tritium activity concentration in atmospheric water vapor (Bq or Cilkg). 
The activity concentration on the surfaces of plants (Bq or Cilkg). 
The deposition rate of resuspended material (Bq or Cilm2/s). 
Depth of the soil layer of interest, e.g., root zone (cm). 
Average annual number of frost-free days (d). 
The linear distance between a weather station and the centroid of the SITE cell 

(km). 

The distance between plants in a row in a field of row crops (cm). 
The distance between rows of plants in a field of row crops (cm). 
Average annual evapo~anspiration (cm). 
The fraction of daily ingested activity concentration (from feeding) which is 

transferred to and remains in a kilogram ,of muscle at equilibrium (d/kg). 
The fraction of grain whi~h is imported from outside of the assessment area 

(unitless). 
The fraction of daily ingested activity concentration (from feeding) which is 

trans.ferred to and remains in a kilogram of milk at equilibrium (d/kg). 
The fractional transfer of ingested activity to beef (unitless). 
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PARAMETER SYMBOLS AND DEFINITIONS (Continued)

Symbol Definition

The fractional transfer of ingested activity to milk (unitless).
The fraction of water in vegetation derived from atmospheric sources (unitless).

ftm  The fraction of maximum growth attained by plants (unitless).
g,• The number of successive grazings of pasture by cattle (yr-).
H Average annual absolute humidity (g/m 3).
hh The number of hay harvests in a year (yf').
I Average annual irrigation (cm).
i Identification number for each SITE cell based on the longitude and latitude of the

southeastern corner of the cell (unitless).
Kd The soil-water distribution coefficient which is the ratio of activity or elemental

concentration in soil to that in water at equilibrium (mLIg).
Ldf Dominant land feature of the assessment area (unitless).
1 The length of a unit area (cm).
M", Average annual morning mixing height (in).
Mo. Average annual afternoon mixing height (in).
m, The muscle mass of a cow (kg).
MP The quantity of milk produced from a milk cow per milking (kg).
n• The number of fruit per plant or tree (unitless).
na The inventory of "all other cattle" (head).
nb The inventory of 'beef cattle" (head).
ncc The inventory of cattle and calves (head).
ng The inventory of grain-fattened cattle (head).
nm The inventory of milk cows (head).
nr The number of plants in a row in a field of row crops (unitless).
ns The inventory of sheep (head).
P Average annual total precipitation (cm).
Pa The annual yield or production of crop i (kg/yr).
P, The annual productionof exposed produce (kg).
Pe The annual production of grain feed (kg).
Pgh The annual production of grain food (kg).
P, . The annual production of hay (kg).

PW The annual production of harvested forage or hay + silage (kg).
P, The harvest yield or production of crop i per harvest (kg).
P,• The annual production of leafy vegetables (kg).
Ppg The annual production (equal to consumption by livestock inventory) of pasture

grass (kg).
P,,p The annual production of protected produce (kg).
P, The annual production of silage (kg).
P,t Pressure corrected to sea level (mb).

xiv 

PARAMETER SYMBOLS AND DEFINITIONS (Continued) 

S!mbol Definition 

f rm The fractional transfer of ingested activity to milk (unitless). 
f: The fraction of water in vegetation derived from atmospheric sources (unitless). 
fm The fraction of maximum growth attained by plants (unitless). 
g PI The number of successive grazings of pasture by cattle (yr-1

). 

H Average annual absolute humidity (glm). 
hh The number of hay harvests in a year (yr-1

). 

I Average annual irrigation (cm). 
Identification number for each SITE cell based on the longitude and latitude of the 

southeastern comer of the cell (unitless). 
Kd The soil-water distribution coefficient which is the ratio of activity or elemental 

concentration in soil to that in water at equilibrium (mUg). 
Ldf Dominant land feature of the assessment area (unitless). 
I The length of a unit area (cm). 
M"", Average annual morning mixing height (m). 
M JIm Average annual afternoon mixing height (m). 
mm The muscle mass of a cow (kg). 
m P The quantity 'Of milk produced from a milk cow per milking (kg). 
n . The number of fruit per plant or tree (unitless). 
na The inventory of "all other cattle" (head). 
nb The inventory of 'beef cattle" (head). 
nee The inventory of cattle. and calves (head). 
ng The inventory of grain-fattened cattle (head). 
nm The inventory of milk cows (head). 
nr The number of plants in a row in a field of row crops (unitless). 
n, The inventory of sheep (head). 
P Average annual total precipitation (cm). 
Pal The annual yield or production of crop i (kglyr). 
p. The annual production· of exposed produce (kg). 
Pgf The annual production of grain feed (kg). 
Pgh The annual production of grain food (kg). 
Ph The annual production of hay (kg). 
Phi The annual production of harvested forage or hay + silage (kg). 
Phi The harvest yield or production of crop i per harvest (kg). 
Plv The annual production of leafy vegetables (kg). 
Ppg The annual production (equal to consumption by livestock inventory) of pasture 

grass (kg). 
Ppp The annual production of protected produce (kg). 
P, The annual production of silage (kg). 
PsI Pressure corrected to sea level (mb). 
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PARAMETER SYMBOLS AND DEFINITIONS (Continued)

Symbol Definition

P,. Suspended particulate matter in the range of 2.0-15 pem from resuspension
processes (lag/mm).

P, The parameter value for a SITE cell (variable).
pA The parameter value for the nearest weather station to the centroid of a SITE cell

(variable).
P 2  The parameter value for the second nearest weather station to the centroid of a

SITE cell (variable).

P 3  The parameter value for the third nearest weather station to the centroid of a

SITE cell (variable).
pOPr The fraction of the population classified as "rural-non-farm" (unitless).

POP,f The fraction of the population classified as "rural-farm" (unitless).
pop, The total population of the assessment area (unitless).
pop. The fraction of the' population classified as "urban" (unitless).
Q The lifetime forage requirement of grain-fed cattle (kg/yr).
Qfed Feed ingestion rate by cattle used in meat and milk concentration calculations

(k/s).
g The lifetime grain requirement of grain-fed cattle (kg/yr).

Rf The collective forage requirement by livestock (kg/yr).
R9 The collective grain requirement by livestock (kg/yr).
rf The radius of an individual fruit or plant (cm).
r. The number of rows of plants in a field of row crops (unitless).
r" e The average interception fraction for exposed produce (unitless).
r The average interception fraction for exposed fruit (unitless).
rh The interception fraction for hay (unitless).

ir The interception fraction for plant i (unitless).
r The interception fraction for leafy vegetables (unitless).
r• The interception fraction for mature tree fruit (unitless).
r Idv The interception fraction for mature leafy vegetables (unitless).
r"' The interception fraction for mature silage (unitless).
r Mb The interception fraction for mature snap beans (unitless).
r TU The interception fraction for mature tomatoes (unitless).
r P9 The interception fraction for pasture grass (unitless).
r The interception fraction for silage (unitless).

s9 The annual sales of grain-fattened cattle (head/yr).
Tf The metabolic half-time for material in beef (s).
T,, The metabolic half-time for material in milk (s).
Tý The weathering removal half-time for material deposited on plant surfaces (s).
ti The time of interest (d).
t," The time at which milk is sampled (s).
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PARAMETER SYMBOLS AND DEFINITIONS (Continued) 

Defmition 
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(kIs). 
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The collective forage requirement by livestock (kg/yr). 
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The radius of an individual fruit or plant (cm). 
The number of rows of plants in a field of row crops (unitless). 
The average interception fraction for exposed produce (unitless). 
The average interception fraction for exposed fruit (unitless). 
The interception fraction for hay (unitless). 
The interception fraction for plant i (unitless). 
The interception fraction for leafy vegetables (unitless). 
The interception fraction for mature tree fruit (unitless). 
The interception fraction for mature leafy vegetables (unitless). 
The interception fraction for mature silage (unitless). 
The interception fraction for mature snap beans (unitless). 
The interception fraction for mature tomatoes (unitless). 
The interception fraction for pasture grass (unitless). 
The interception fraction for silage (unitless). 
The annual sales of grain-fattened cattle (head/yr). 
The m(!tabolic half-time for material in beef (s). 
The metabolic half-time for material in milk (s). 
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The time of interest (d). 
The time at which milk is sampled (s). 



xvi

PARAMETER SYMBOLS AND DEFINITIONS (Continued)

Symbol Definition

tm= The time at which maximum plant growth occurs (d).
t, The time at which cattle are slaughtered (s).
V,' The deposition velocity of resuspended material (cm/s).
Vi The velocity of a migrating material in a soil column (cm/s).
Vw The velocity of water in a soil column (cm/s).
w The width of a unit area (cm).
w1 The weighting factor (inversely proportional to distance) used with the nearest

weather station to the centroid of a SITE cell (unitless).
w2  The weighting factor (inversely proportional to distance) used with the second

nearest weather station to the centroid of a SITE cell (unitless).
W3  The weighting factor (inversely proportional to distance) used with the third

nearest weather station to the centroid of a SITE cell (unitless).
X Longitude ('W)
Y Latitude ('N)
Ye The productivity of exposed produce (kg/mn).
Ye The productivity of grain feed (kg/m2).
Ygh The productivity of grain food (kg/mr).

Yh The productivity of hay (kg/m2).
Y. The productivity of plant i based on the ratio of production to area harvested

(kg/mi).
Yja The areal yield of crop i (kg/yr/m2).
Y1, The productivity of leafy vegetables (kg/m2).
Ypg The productivity of pasture grass (kg/m 2).
Y,' The areal yield of pasture grass (kg/yr/m2).
Ypp The productivity of protected produce (kg/m2).

Y, The productivity of silage (kg/m2).
z Altitude (in).
?,, The turnover rate of cattle in the "cattle on feed" category (yr').
Xf The metabolic removal rate constant for beef (s').
;km The metabolic removal rate constant for milk (s).
Xw The weathering removal constant for plant surfaces (s).
p Soil bulk density (g/cm3).
0 Volumetric water content of the soil [mL (equal to cm3 I-120) /cm 3].
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PARAMETER SYMBOLS AND DEFINITIONS (Continued) 

Symbol Definition 

t max The time at which maximum plant growth occurs (d). 
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WI The weighting factor (inversely proportional to distance) used with the nearest 

weather station to the centroid of a SITE cell (unitless). 
w 2 The weighting factor (inversely proportional to distance) used with the second 

nearest weather station to the centroid of a SITE cell (unitless). 
W3 The weighting factor (inversely proportional to distance) used with the third 

nearest weather station to the centroid of a SITE cell (unitless). 
X Longitude (OW) 

Y Latitude (ON) 

Y. The productivity of exposed produce (kglm2
). 

Y &f The productivity of grain feed (kglm2
). 

Ygh The productivity of grain food (kglm~). 
Yh The productivity of hay (kgfm2

). 

Yi The productivity of plant i based on the ratio of production to area harvested 
(kglm2

). 

Yia The areal yield of crop i (kglyrfm\ 
YI. The productivity of leafy vegetables (kglm2

). 

Ypg The productivity of pasture grass (kglm\ 
Yp~ The areal yield of pasture grass (kglyrfm2

). 

Ypp The productivity of protected produce (kglm2
). 

Y, The productivity of silage (kglm\ 
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A f 'The metabolic removal rate constant for beef (8'\ 
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HIGHLIGHTS

Assessment models of radionuclide transport through terrestrial agricultural systems rely on
input parameters to describe transport behavior and define interrelationships among the agricultural
ecosystem compartments. Often a single set of default parameters, such as those given in the
USNRC Reg. Guide I. 109, is recommended for use in generic assessments in lieu of site specific
information. These parameters are often based on an incomplete knowledge of transport processes,
on readily available literature references, and on generalized or idealized conceptualizations of
common agricultural practice. Usually, in lieu of solid experimental, observational, or theoretical
support, parameters are chosen to provide conservative results. Further, inconsistencies may occur
between experimental determination of the parameter and its use in the assessment model.

The above.-mentioned limitations in model input parameters are usually unavoidable and seem
to be inherent in the assessment modeling process, but are usually acceptable (in many applications)
within the context of overall uncertaintity in assessment methodology. However, in some
assessment applications, including comparisons among various facilities and source terms in a
variety of geographical locations, many of these limitations are not acceptable. This report
describes an evaluation of terrestrial transport parameters designed to address many of the
above-mentioned limitations and provides documentation of default parameters incorporated into
the food-chain-transport assessment code TERRA.

The parameters discussed in this report are divided into five categories: agricultural,
climatological, demographic, element-specific, and miscellaneous. The climatological,
demographic, and many of the agricultural parameters have been determined ona location-specific
basis for the conterminous United States with a resolution of /2½x V2 degree longitude-latitude. These
parameters include various land use and geographic information, population and its distribution in
rural and urban settings, agricultural production and productivity, precipitation, and estimates of
evapotranspiration, morning and afternoon mixing heights, absolute humidity, and number of
frost-free days. These location-specific parameters have been stored in computer readable format
and are collectively referred to as the Specific-Information on the Terrestrial Environment (SITE)
data base. This report describes the SITE data base and the protocols used in its generation.

The element-specific parameters include soil-to-plant concentration factors, B, and B,
ingestion-to-milk and ingestion-to-beef transfer parameters, Fand Ff, respectively, and the
soil-water distribution coefficient, K4 . The report describes the available literature references, the
protocols and assumptions made, and correlations between parameters used to determine these
default parameters and compares concentrations predicted using them with experimentally
measured concentrations.
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HIGHLIGHTS 

Assessment models of radionuclide transport through terrestrial agricultural systems rely on 
input parameters to describe transport behavior and define interrelationships among the agricultural 
ecosystem compartments. Often a single set of default parameters, such as those given in the 
USNRC Reg. Guide 1. 109, is recommended for use in generic assessments in lieu of site specific 
information. These parameters are often based on an incomplete knowledge of transport processes, 
on readily available literature references, and on generalized or idealized conceptualizations of 
common agricultural practice. Usually, in lieu of solid experimental, observational, or theoretical 
support, parameters are chosen to provide conservative results. Further, inconsistencies may occur· 
between experimental determination of the parameter and its use in the assessment model. 

The above··mentioned limitations in model input parameters are usually unavoidable and seem 
to be inherent in the assessment modeling process, but are usually acceptable (in many applications) 
within the context of overall uncertaintity in assessment methodology. However, in some 
assessment applications, including comparisons among various facilities and source terms in a 
variety of geographical locations, many of these limitations are not acceptable. This report 
describes an evaluation of terrestrial transport parameters designed to address many of the 
above-mentioned limitations and provides documentation of default parameters incorporated into 
the food-chain-transport assessment code TERRA. . 

The parameters discussed in this report are divided into five categories: agricultural, 
climatological, demographic, element-specific, and miscellaneous. The climatological, 
demographic, and many of the agricultural parameters have been determined on"a location-specific 
basis for the conterminous United States with a resoluti(:lD of Y2X Y2 degree longitude-latitude. These 
parameters include various land use and geographic information, population and its distribution in 
rural and urban settings, agricultural production and productivity, precipitation, and estimates of 
evapotranspiration, morning and afternoon mixing heights, absolute humidity, and number of 
frost-free days. These location-specific parameters have been stored in computer readable format 
and are collectively referred to as the Specific-Information on the Terrestrial Environment (SITE) 
data base. This report describes the SITE data base and the protocols used in its generation. 

The eleme:nt-specific parameters include soil-to-plant concentration factors, Bv ' and B" 
ingestion-to-milk and ingestion-to-beef transfer parameters, Fm and FI , respectively, and the 
soil-water distribution coefficient, K d • The report describes the available literature references, the 
protocols and assumptions made, and correlations between parameters used to determine these 
default parameters and compares concentrations predicted using them with experimentally 
measured concentrations. 



1. INTRODUCTION

Under Task I of contract EPA-AD-89-F-2-A106 (formerly EPA-78-D-X0394), the Health and
Safety Research Division (HASRD) of the Oak Ridge National Laboratory (ORNL) prepared the
AIRDOS-EPA1 and DARTAB2 computer codes to provide the Environmental Protection Agency
(EPA) with an integrated set of codes and data bases to simulate atmospheric and terrestrial transport
of radionuclides routinely released to the atmosphere and to calculate resulting health impacts to
man consequent from these releases. Under Task II of the project an integrated set of computer codes
and data bases is being designed to replace the AIRDOS-EPA and DARTAB system. This report
describes the Specific Information on the Terrestrial Environment (SITE) computerized data base,
element-specific transport parameters, and other parameters used in lieu of user input in the
terrestrial transport code TERRA3 or accessed by the atmospheric transport code ANEMOS4 and/or
the dose and risk code ANDROS. 5

. The terrestrial transport and agricultural parameters reviewed and documented by Moore et al.'
represented an attempt to update and reevaluate parameters previously recommended in USNRC
Regulatory Guide 1.109.6 Experience with the AIRDOS-EPA computer code has highlighted several
problems in the modeling approach and certain limitations in the assessment methodology which are
addressed under Task II. One problem occurs in the protocols used in reviewing literature values for
soil-to-plant concentration factors. Other limitations apparent in the AIRDOS-EPA computer code
are the absence of transport parameters for many elements and the incorporation of a single set of
default agricultural parameters to describe a highly diverse agricultural system in the United States.

Much of the effort under Task II has been directed towards resolution of these problems or
inconsistencies and construction of a location-specific data base of default agricultural,
meteorological, and demographic parameters for use in generic assessments. Element-specific
transport parameters have been reevaluated with regard to their use in the model TERRA, literature
references given by Moore et al.' have been reevaluated, and new references have been added. For
those elements for which experimental experience has been slight, systematic assumptions based on
their location in the periodic table of the elements have been used to estimate default values.
Theoretical models based on two- and three-dimensional geometries of food and feed crops have
been used to suggest default values of the interception fraction, r.

It is beyond the scope of this report to detail the TERRA computer code, but a general
understanding of the simulation of transport in vegetable and feed crops is prerequisite to
interpretation of our analyses. All vegetable and feed crops have been assigned to seven categories
based on their phenotypic and agricultural transport characteristics.7 These categories are leafy
vegetables, exposed produce, protected produce, grains, pasture, hay, and silage (Fig. 1.1). The first
three are classed as human foods and the last three as livestock feeds. Grains are classed as both.
Leafy vegetables present a broad flat leaf surface for direct interception of atmospherically
depositing material. Furthermore, the edible portion of the plant is primarily concerned with
vegetative growth (leaves and stems). Exposed produce (snap beans, tomatoes, apples, etc.)
intercept atmospherically depositing material on edible surfaces, but surface areas for exposure are
relatively small compared to leafy vegetables. Additionally, edible portions are typically concerned
with reproductive functions (fruits and seeds). Protected produce (potatoes, peanuts, citrus fruits,
etc.) are not directly exposed to atmospherically depositing material because their growth habit is
underground, or if aboveground, the edible portions are protected by pods, shells, or nonedible skins
or peels. Typically, edible portions are reproductive or storage organs.

Grains are similar to protected produce, but their use as both livestock feeds and food for man
necessitates a separate category. The other three categories of livestock feeds are pasture, hay, and
(corn and sorghum) silage. All of these feeds are composed, primarily, of vegetative growth. Silage
is categorized separately from hay and pasture based on its interception characteristics. Hay and
pasture are separated because their residence times in the field are significantly different, and
therefore, parent nuclide decay and ingrowth of daughters calculated in TERRA for these two
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categories may be significantly different. Furthermore, hay is easily imported and exported from a
location and pasture is not. This difference between the two is important in the calculation of
location-specific estimates of pasture productivity and feed fractions based on livestock inventories
(Section 4.1).

The elaboration of vegetationinto seven categories has been determined chiefly by the protocols
necessary in analyzing transport behavior, allowing for location-specific variability in agricultural
practice, and simulating radiological decay in the TERRA code. Similarly, for all parameters the
following analyses reflect our intent towards "reasonable estimates" based on unbiased approaches,
parameter correlations, and theoretical or systematic models when available information is limited.
We will attempt to estimate distributions of these parameters whenever possible to allow the reader
to select more or less conservative parameter estimates than those used as default in TERRA.
Finally, any changes in parameter definitions from those given by Moore et al., 1 or listed in the
USNRC Regulatory Guide 1.109,6 have not been made capriciously, but reflect responses to
limitations or inconsistencies of past approaches.
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2. ELEMENT-SPECIFIC TRANSPORT PARAMETERS

Quantification of nuclide transport through agricultural systems in TERRA involves the
parameters describing soil-to-plant uptake for vegetative growth (leaves and stems), B,; and
nonvegetative growth (fruits, seeds, and tubers), B,; ingestion-to-milk transfer, Fm;
ingestion-to-meat transfer for beef cattle, Ff; and the soil-water distribution coefficient, Kd.'
Ideally, these transport parameters should be nuclide-specific. For example, isotopic differences in
plant availability have been shown for plutonium."o However, available information for other
elements and the lack of compelling theory for a nuclide-specific approach necessitates an
element-specific determination for these parameters. Thus, it is assumed here that variability among
isotopes of the same element is insignificant compared to variability among different elements and
the overall variability inherent in the parameters themselves. For soil-plant uptake of strontium,
available information supports this assumption."

2.1 Soil-to-Plant Uptake Parameters B, and B,

Root uptake of radionuclides incorporated into surface horizons of soil is parameterized by the
transfer coefficients B, and B,, representing the ratio of elemental concentrations in plant and soil at
harvestable maturity. The parameters B, and Bare given by

B, C and(1

C'.

Br =- (2).
C,

where
B, = soil-to-plant elemental transfer coefficient for vegetative portions of food crops

and feed plants,
Br = soil-to-plant elemental transfer coefficient for nonvegetative (reproductive)

portions of food crops and feed plants,
C, = elemental concentration in vegetative portions of food crops and feed plants

(dry weight) at edible maturity,
C, = elemental concentration in nonvegetative (reproductive) portions of food crops and

feed plants (dry weight) at edible maturity, and
C, = elemental concentration in root zone soil (dry weight).

This approach to concentration ratios is significantly different from the Bi,1 and Bi. 2 approach
used by Moore et al. and is in response to some inconsistencies and inadequacies experienced with
the AIRDOS-EPA approach.' 2 In Moore et al.,' Bo1 values were calculated from dry plant/dry soil
concentration ratios for livestock feeds, and Bi.2 values were calculated from fresh weight plant/dry
soil concentration ratios for food crops. This approach was used because information on feed and
food crops is customarily reported in dry and fresh weights, respectively. In analysis of available
literature for these concentration ratios, all data in a reference were divided into "animal feeds" and
"direct consumption by man" categories, corresponding to Band Bi, 2 , respectively. A literature
reference could be used for Bor Bi, 2 or both. Conversely, Band Bi,,for an element might be
derived from two sets of data and references which could be equal, share common elements, or be
disjointed. For most elements, Bi, 2 <Bwas observed. This result is logical because the
concentration of a finite quantity of material in a plant decreases as plant weight increases. However"
if two disjointed sets of references were used, B,, _> Bi, for an element could occur. The resultant
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plant availability have been shown for plutonium. BolO However, available informlltion for other 
elements and the lack of compelling theory for a nuclide-specific approach necessitates an 
element-specific determination for these parameters. Thus, it is assumed here that variability among 
isotopes of the same element is insignificant compared to variability among different elements and 
the overall variability inherent in the parameters themselves. For soil-plant uptake of strontium, 
available information supports this assumption." 

2.1 Soil-to-Plant Uptake Parameters B, and B, 

Root uptake of radionuclides incorporated into surface horizons of soil is parameterized by the 
transfer coefficients B, and B" representing the ratio of elemental concentrations in plant and soil at 
harvestable maturity. The parameters By and B,are given by . 

where 
By = 

B, = 

Cy = 

C, = 

Cs = 

B = Cy and 
y C

s
' 

(1) 

(2) . 

soil-to-plant elemental transfer coefficient for vegetative portions of food crops 
and feed plants, ' 

soil-to-plant elemental transfer coefficient for nonvegetative (reproductive) 
portions of food crops and feed plants, 

elemental concentration in vegetative portions of food crops and feed plants 
(dry weight) at edible maturity, 

elemental concentration in nonvegetative (reproductive) portions of food crops and 
feed plants (dry weight) at edible maturity, and 

elemental concentration in root zone soil (dry weight). 

Th.is approach to concentration ratios is significantly different from the B ivl and B iv2 approach 
used by Moore et al.I and is in response to some inconsistencies and inadequacies experienced with 
the AIRDOS-EPA approach. 12 In Moore et al.,1 Biv,values were calculated from dry plant/dry soil 
concentration ratios for livestock feeds, and B iv2 values were calculated from fresh weight plant/dry 
s~il concentration ratios for food crops. This approach was used because information on feed and 
food crops is customarily reported in dry and fresh weights, respectively. In analysis of available 
literature for these concentration ratios, all data in a reference were divided into "animal feeds" and 
"direct consumption by man" categories, corresponding to B iyl and B iv2 ' respectively. A literature 
reference could be used for Biylor Biy2 0r both. Conversely, Bivland Biv2 for an element mightbe 
derived from two sets of data and references which could be equal, share common elements, or be 
disjointed. For most elements, Biv2 $; B ivl was observed. This res ult is logical because the 
concentration of a finite quantity of material in a plant decreases as plant weight increases. However; 
if two disjointed sets of references were used, Bid ~ B iv ; for an element could occur. The resultant 
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values of Bi, land Biv2 were appropriate with respect to the references used to generate them, but were
not directly comparable with each other. In the approach used here, classification of references is
based on physiologic plant characteristics, and not upon ultimate fate of the plant in the human food
chain.

Also, in the Moore et al.' approach, any statistical analysis of Biv2 would have to be based on
"converted" parameter values because they are usually reported in dry weight. Because very few
references include dry-to-wet weight conversion factors, general references such as Morrison
(1959)"3 and Spector ( 1959)14 were used for generation of Biv2. In some cases a value of 25% dry
matter' 6,15 was used to convert to wet weight. These transformations of reported data added
unnecessary uncertainty to parameter estimates, and statistical analysis would be less precise than
analysis of original data. Thus, the adoption of dry weight concentration ratios here reduces
additional imprecision in parameter estimates and facilitates a more direct comparison between the
two concentration factors (B, and B,).

Adoption of B, and Bover B1 v, and B1, 2 is based on an evaluation of literature references for root
uptake and distribution of elements in plants. Nonuniform elemental distributions in food and feed
crops has been widely observed (Table 2.1). Typically, nonnutritional elemental concentrations in
agricultural plants are generally ordered as roots > leaves > stems > tubers > fruits > seeds°.1

T'
31"

Variations in the relative distribution of elements among plant parts occur with species, variety,
growth conditions, and element, but in general for most elements, C. > C,.

Analysis of food and feed production in the conterminous United States suggests that B, and
Bare analogous to B1 ,, and Bi. 2, respectively. Leafy vegetables are the only group of food crops for
which B, is the appropriate transfer parameter. Nationally, leafy vegetables comprise a relatively
small portion of food crop production (Table 2.2). Thus, major portions of food crops in the United
States are associated with the transport parameter B,. For feed crops, grains are the only category
associated with B,. Although the relative importance of grain feeds varies considerably by state and
county, in most areas nongrain feeds dominate. Therefore, the use of default soil-to-plant transport
parameters (reviewed in the following sections) in the computer code AIRDOS-EPA merely requires
substitution of B, for B,,, and substitution of a B, , converted from dry weight to wet Weight, for B1N,2 .
Appropriate generic factors for conversion of Bto Bi, 2 , based on relative importance of various
nonleafy vegetables in the Unites States, are 0.126, 0.222, and 0.888 for exposed produce, protected
produce, and grains, respectively (Table 2.3). Weighting these conversion factors by the relative
importance (based on production in kilograms) of each category in the United States (Table 2.2)
yields an overall average value of 0.428. However, regional differences in the relative importance of
the food categories and assessment requirements may require the selection of more appropriate
conversion factors from Tables 2.2 and 2.3.

2.1.1 Protocols for determination of parameter values

All estimates of B, and B, are based on any combination of 1) analysis of literature references, 2)
correlations with other parameters, 3) elemental systematics, or 4) comparisons of observed and
predicted elemental concentrations in foods. In general, no a priori biases or protocols were used to
produce conservative values.

Analysis of literature references required subjective evaluation of the experimental techniques,
reliability of reported data, and appropriateness of reported values to the parameters. Practically,
when many references were available for an element, subjective standards were relatively high;
when only one or a few references were available, standards were less rigorous, and alternative
approaches became increasingly important. Occasionally, reported data was not amenable for direct
calculation of B.,or B,based on Eqs. (1) and (2). If such corollary information such as soil bulk
density, crop yield, background concentration, counting efficiency, and specific activities were not
reported or easily available from other references, estimates of them were made for indirect
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Table 2.1. Examples of nonuniform elemental distribution in plants

Element (C,/C,)a Plant Reference

Li 1.6 x l0"' pumpkin 16
Be 1.4 x 10-' pumpkin 16
B 3.1 x 10' various vegetables 17
Na 6.8 x 10-1 pumpkin 16
Mg 6.6 x 10-1 grain and root crops 18
Ca 1.6 x l0-1 grain and root crops 18
Ti 5.3 x 10.1 sedge and nut grasses 19
Cr 5.7 x 10"' pumpkin 16
Mn 2.0 x 10' various vegetables 17
Fe 1.1 x 10.1 pumpkin 16
Co 2.7 x 10"' sedge and nut grasses 19
Zn 3.5 x 10"' corn 20
Sr 8.7 x 10-2 oats 21
Y 1.3 x 10' beans 22
Mo 1.2 x 10-1 various vegetables 17
Tc 1.9 x 10.2 wheat 23
Cd 7.0 x 10-2 various vegetables 24
I 4.9 x 10"1 various vegetables 25
Cs 2.6 x 10-1 wheat 26
Ba 9.6 x 10.2 pumpkin 16
Ce 3.4 x 10-1 beans 22
Pb 4.2 x 10.2 various vegetables 27
Po 1.5 x 10-' various vegetables 28
U 5.0 x 10"1 various grain and root crops 29
Np 3.5 x 10.2 wheat 30
Pu 1.2 x.10 2  various vegetables 10
Am 4.2 x 10-3 various vegetables 10
Cm 6.7 x 10-3 various vegetables 10

a(C/IC,) ratios were determined when pairs of observations were reported for a
plant type. values in the table are the geometric mean of these ratios for the given
reference.

calculation of Bvor Br. Acceptance or rejection of such references was subjective, depending on the
number and quality of other available references and comparison of indirect estimates with direct
estimates from reliable sources. Often reported data were presented graphically. When such
references were used, some error from visual interpretation of the graphs is inherent in resultant

parameter estimates.

Although past estimates of plant uptake, parameters have been based on the assumption of
equilibrium,'9 "'0 studies in which the concentration of polonium, 41 radium,4 2 cesium,4 3 a mixture of
fission products,4 4 or strontium 43'45, 51 in assorted plants has been repeatedly measured indicate that

concentration factors for radionuclides change with time. If equilibrium or near-equilibrium
conditions are achieved, they occur late in plant ontogeny. Because the transport parameters are used
to generate plant concentrations at edible maturity for all vegetative categories, except pasture, an
attempt was made to use references in which plant and soil concentrations were measured at edible

maturity of the plant. In a majority of references, soil concentrations are given for the beginning of
the experiment and plant concentrations are usually measured several weeks or months later.
Because for most elements concentration factors are small and removal mechanisms from soil are

controlled, only slight error is introduced in using such references. Also, concentration factors
determined before edible maturity were used if subjective evaluation of the experiment suggested
only slight error would be introduced from using these references. However, most references in
which concentration factors were measured within three weeks of seed germination were rejected.

For experimental determination of concentration factors for technetium, the above considerations

severely limited the available data base.
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Table 2.2. Relative importance of food crop categories in
selected states and the conterminous U.S.a

Percent of total
Leaf Exposed Protected

vege tadies produces produce Grains
California

Area harvested 8.1 32.7 42.6 16.5
Production 14.4 52.3 29.7 3.5

Florida
Area harvested 2.8 6.8 87.0 3.5
Production 4.9 7.2 87.4 0.6

Maine
Area harvested 0.1 14.9 83.1 2.0
Production 0.1 3.1 96.6 0.2

Minnesota
Area harvested <0.1 0.4 25.2 74.3
Production 0.2 1.3 46.6 51.9

Montana
Area harvested <0.1 <0.1 4.1 95.9
Production <0.1 0.1 12.0 87.9

Texas
Area harvested 1.4 1.8 33.1 63.7
Production 10.3 5.2 55.1 29.4

Virginia
Area harvested 1.5 14.6 32.1 51.8
Production 4.7 31.7 34.9 28.6

Conterminous U.S.
Area harvested 1.2 6.1 23.3 69.4
Production 5.8 20.0 42.2 32.0

aReference: Shor, Baes, and Sharp 7, Appendix B.

If a reference was judged appropriate, analysis of the reported values was done in a manner
similar to that of Moore et al.1 with several modifications. First, all reported values were divided into
those for vegetative growth (leaves, stems, straws) or nonvegetative growth (reproductive and
storage parts such as fruits, seeds, and tubers). Plant concentrations for the former were used in
calculation of B, and the latter for B,. Also, if C, and Cwere reported for a single plant type (e.g.,
wheat straw and grain or carrot top and root), the ratio (C,/C,) was calculated. The geometric mean
of all reported values applied to B , B, or (C,/Cv) ratio was calculated for each reference. For some
references the (CC,) ratio could be calculated, but Bv, and Bcould not because hydroponic
solutions were used to grow plants or C. was not reported. Finally, the geometric means for each
reference were used to construct a distribution for B,, B, or (C,/C,) ratio. The geometric means of
these (inter-reference) distributions were taken to be the best unbiased estimates of the parameters,
because reported values often spanned more than an order of magnitude, and because the
distributions for elements strontium, cesium, and plutonium (for which there were numerous
references) appeared to be lognormally distributed.
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Table 2.3. Dry-to-wet weight conversion factors for exposed
produce, protected produce, and grains

Vegetable Coaversjon WfthtWg Reference Vegetable Conversion W ighting Referenceactorr factor iactor

Exposed produce Protected produce
Apple 0.159 15.4 14 Onion 0.125 3.6 14
Asparagus 0.070 0.6 14 Orange 0.128 22.8 14
Bushberries 0.151 1.6 14 Peanut 0.920 3.4 38
Cherry 0.170 0.7 14 Peas 0.257 0.4 14
Cticumber 0.039 4.0 14 Potato 0.222 33.7 14
Eggplant 0.073 0.1 14 Sugarbeet 0.164 6.5 13
Grape 0.181 20.2 14 Sugarcane 0.232 5.5 13
Peach 0.131 6.9 14 Sweet corn 0.261 6.0 14
Pear 0.173 3.5 14 Sweet potato 0.315 1.5 14
Plums and prunes 0.540 3.1 14 Tree nuts 0.967 0.4 14
Sweet pepper 0.074 1.3 14 Watermelon 0.079 2.6 14
Snap bean 0.111 0.7 14
Squash 0.082 1.8 14 Weighted average 0.222
Strawberry 0.101 1.3 14
Tomato 0.059 38.8 14 Grains

Barley 0.889 10.1 14
Weighted average 0.126 Corn (for meal) 0.895 37.7 38

Oats 0.917 2.3 14
Protected produce Rye -0.890 0.5 14

Bean (dry) 0.878 2.2 14 Soybean 0.925 5.3 14
Cantaloupe 0.060 1.1 14 Wheat 0.875 44.0 14
Carrot 0.118 2.4 14
Grapefruit 0.112 5.5 14 Weighted average 0.888
Lemon 0.107 2.4 14

aConversion factor = grams dry/grams wet.
bRelative importance based on production in kilograms (percent of total) in the United States based on reference 7.

When only a few literature references were available, alternatives or supplements to the
geometric means of distributions method were employed. For example, it was found that B, was
correlated with C. for several elements, e.g., B, P, Cu, and Zn. That is, entry of the elementinto the

plant appeared to be regulated rather than a constant fraction of the soil concentration. Therefore,
studies employing highly enriched soil concentrations might yield inappropriate concentration
factors for model calculations. Such correlations were combined with average or typical observed
soil concentrations52 to generate appropriate concentration factors.

Another approach to determination of concentration factors was to compare plant
concentrations surveyed in the literature 53,54 with those generated by the equations

C, =BC• and (3)

(4)C, =B,C', I

where C~is an average or typical soil concentration reported in the literature.5 2 If predicted plant
concentrations were clearly atypical of reported values, the concentration factors were revised
accordingly. In general, this method served as a critique of, or supplement to, other methods because
of the uncertainties in values for "average" soil and plant concentrations. Typically, these values
ranged over two orders of magnitude.
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Finally, for rare elements and elements with little or no experimental information available,
elemental systematics were used to derive best estimates when no other method or information was
available. That is, relationships established between concentration factors for an element and those
for other elements of the same or adjacent periods or groups were examined for trends. Such trends
were extrapolated to the element in question, with the implication that chemically similar elements
act similarly in the soil-plant environment. This elemental analog approach was extremely useful
when support information for B, was unavailable or meager. Systematic trends in observed (C,/1C)
ratios were often used to predict B, from B, when the support data for the former was lacking, but
relatively good for the latter.

.Selection of values used as default in the TERRA code involved all of the above procedures. The
final value selected as default was estimated to two significant digits rounded off to the nearest 0.5
decimal place (Figs. 2.1 and 2.2). That is, if a value of 1.3 was determined from the various
above-outlined procedures a value of 1.5 was adopted. A determined value of 1.2 was rounded off to
1.0. The values of B, and Brin Figures 2.1 and 2.2 are further discussed in the following' sections
(2.1.2 through 2.1.10).

2.1.2 Croup IA and IIA elements

The Group IA or alkali metals (Li, Na, K, Rb, Cs, and Fr) and the Group IIA or alkaline earth
metals (Be, Mg, Ca, Sr, Ba, and Ra) are, generally, relatively easily taken up from soil by plants.
Many of the lighter of these elements are essential plant nutrients and some, including isotopes of
cesium, strontium, and radium, are extremely important radiologically. Literature references for
calculation of B, and B,for cesium26'34'55-71 and strontium 11 16" 9' 21

.
31

-
33' 59"8 6 are quite abundant. Available

references for the rest of the elements in these two groups are less numerous. References were
available for lithium,1 6 sodium,1 6',7161 potassium,1618,65,71.84 rubidium, 65 beryllium,16 magnesium,16.18,65.71

calcium,86'16 '65' 7 '72'8 4'8 5 and radium . 7 93 No references were found for francium.

Cesium is the best documented of the Group IA elements. Analysis of the 18 references from
which B. estimates were taken suggests that the distribution of geometric means is lognormal (Fig.
2.3). The geometric means established for each of the 18 references ranged from 0.018 to 0.52 with a
geometric mean of the means = 0.078. This value was rounded off to 0.08 for use in TERRA. Half of
the B, references included information pertinent to B, yielding a geometric mean of 0.018 for B,.
Ten of the references yielded (C,/C,,) ratios, suggesting a value of 0.49 for this ratio. Using this ratio
value with the Brestimate previously mentioned yields a second estimate of Brof 0.038 by the
equation

Br B. [C] (5)

Thus, an estimate of B,= 0.03, which is near the midpoint of the range (0.018 to 0.038), was
adopted. The ratio of default values of Band B,(B/B,,) is within one standard deviation of the
(C /Cý)ratio distribution determined from the 10 references. Comparison of observed
concentrations of cesium in plant foods with those predicted using the default estimate for Br(Fig.
2.2) suggests that the default value is not unreasonable (Table 2.4). No information on naturally
occurring cesium in vegetation applicable to B, was available, but a radiological survey of the
Marshall Islands9" indicates that predicted Cs-137 concentrations in plants using the default
estimate of Band measured soil concentrations are less than observed concentrations (which
include resuspended material).

The B, and Bvalues chosen for lithium are derived from an unpublished study by Baes and Katz
of natural variations in elemental concentrations in associated pumpkins and soils."6
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Comparison of observed and predicted plant concentrations in Table 2.4 indicates that both default
B, and B, predict plant concentrations which are within observed ranges.

The B, for sodium (0.075) was also derived from reference 16. Reference 65 reported soil and
plant concentrations from which a lower estimate ofB, for sodium was derived, but systematic trends
observed by plotting B, against atomic number for Group IA and IIA elements (Fig. 2.4). suggest the
rejection of this lower value. Comparison of observed and predicted plant sodium using the higher
value supports its selection, because the predicted value is slightly below the reported range.

An estimate of the (C,/C,) ratio for sodium of 0.74 was derived from references 16 and 17. One
and two standard deviations of the data reported in references 17 and 16, respectively, include the
value 1.0. Thus, B, = Bfor sodium is quite likely for many plants. However, reported values of C, for
sodium are generally less than C,. Thus, the derived ratio of 0.74 was judged acceptable, yielding a
default value of 0.055 for sodium B, using Eq. (5). This estimate of B, appears reasonable (Table 2.4).

The default value of B, for potassium was determined to be 1.0. This value is based on the
geometric mean of values determined for two references (16 and 65), the correlation between B, and
Csfor potassium observed from these references (Fig. 2.5), and the assumption that typical
agricultural practice includes soil fertilization with potassium.

The.(C,/C,) ratio based on literature references is quite variable for potassium. Values at or near
1.0 were found for pumpkin 16 and many common vegetables,"7 including root crops." Lower ratios-
near 0.4 have been observed for grains."'"" From Table 2.4, C,< C, appears to apply to potassium,
and thus the geometric mean of values determined for references 16-18, 71, and 84 was used to
generate a value of B,= 0.55. This estimate yields predicted Cfor potassium which agrees well with
the observed range (Table 2.4).

One reference was found for rubidium B, but both default Band Bvalues were derived by
assuming systematic trends in B, (Fig. 2.4) and (B,/B,) ratio (Fig. 2.6) for Group IA and IIA elements
and comparing observed and predicted C, and Cr. No references were found for francium B,, B, C,,
or Cr; and therefore, assumed systematic trends in B, and (Br/B,) ratio were used exclusively for
default estimates of the concentration factors. The B, of 0.03 determined here for francium compares
well with the value of 0.04 derived from Ng et al."5 (assuming 25% dry matter).

Strontium is perhaps the best studied of all elements in the periodic table with respect to plant
uptake. As for cesium, analysis of the references for B, indicates that this parameter is lognormally
distributed (Fig. 2.7). The range of reference mean values, 0.077 to 17, is larger than the range for
cesium, but the number of references is also greater. The geometric mean of the reference means =
2.7, and it was rounded off to 2.5 for use in TERRA. Fifteen references applicable to B, yielded a
value of 0.25. Twenty-five references yielded estimates of (C,/C,), which when multiplied by the
default value of B, also gave a B,= 0.25.

A B,= 0.01 for beryllium was derived from reference 16. That reference also yielded a B,
0.0028 for pumpkin, but examination of Figs. 2.4 and 2.6 suggest that a value of 0.0015 is more
reasonable. Adoptionof this value yields a predicted Cvalue which is approximately an order of
magnitude higher than reported values (Table 2.4). However, as noted by Shacklette et al., 53 toxicity
to plants is severe and measurable amounts are rarely observed in plants.

The B, for magnesium (1.0) was determined from references 16 and 65. The geometric mean of
values of (C,/C,) ratio for references 16, 18, and 71 was used to derive a B,= 0.55. Predicted and
observed C, and Cfor magnesium agree well (Table 2.4).

Calcium B, (3.5) was derived from references 16, 65, 71, and 72. Comparison of predicted and
observed C. values using this B, value (Table 2.4) and comparison among other Group IIA elements
for B.in Fig. 2.4 support the reasonableness of this value. Calculated mean (C,IC,) ratios for
calcium, strontium, barium, and radium, 0.081, 0.13, 0.18, and 0.095, respectively, suggested the
adoption of a value of 0.1 for all Group IIA elements below magnesium. Thus, B, = 0.35 for calcium
is used in TERRA. Comparison of predicted and observed C, values using thisB,(Table 2.4) is good.
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Table 2.4. Comparison of observed and predicted concentrations of Group I A
and II A elements in produce and plants (ppm, dry wt.)

Average Vegetative growth (C,) Fruits and tubers (C,)
Element concentraV v)d

in soil (C1,) Observed rangeb Predictedc Observed rangeb Predictedd

Group IA
Li 30 0.15 to 55 0.75 0.010 to 9.8 0.12
Na 6,300 700 to 20,000 470 15 to 3,500 350
K 14,000 1,000 to 77,000e'' 14,000 7,800 to 28,000c 7,500
Rb 100 18 to 400 15 1.0 to 50 7.0
Cs 5.0 0.40 2.0 x 10-3 to 0.35 0.15
Fr

Group IIA
Be 6.0 0.090 0.060 I.0x 10 3  9.0x10-3

Mg 6,300 110 to 14,000',g 6,300 200 to 11,000'-9 3,500
Ca 14,000 1,000 to 78,000' 48,000 71 to 6,400'- 4,800
Sr 300 13 to 1,900 750 0.060 to 40 75
Ba 500 28 to 80 75 0.30 to 86 7.5
Ra 8.0 x 10-7 2.6 x 10-9 1.2 x 10- 1.1 x 10.9 1.2 x 10-9

aReference 52.
bTaken or calculated from values in reference 53 assuming ash wt./dry wt. = .128 and .057 for vegetative growth and

fruits and tubers, respectively
cThe product, B, xC,.
dThe product, B, xCi,.
'Reference 13.

fReference 1.4.
gReference 54.

The B, for barium (0.15) was determined from references 16, 59, and 65. The default B, value
was calculated in a manner similar to that for calcium using Eq. (5). Observed and predicted C, and
C,agree well (Table 2.4).

Because of its importance radiologically, the concentration factors for radium used in
AIRDOS-EPA have been both highly scrutinized and criticized. 95 Reevaluations of the Bi, and
Bi,2 values listed in Moore et al.' have been based on corrections of values reported in the literature12

and subjective evaluation of the quality of the references.95 Unfortunately, available references for
calculation of soil-to-plant concentration factors for radium must all be judged subjectively (Table
2.5). However, separation of plants into the two categories in association with B, and B, eliminates
inconsistencies in the Bil and Bi. 2 approach and suggests that only one available reference reports
questionable results. The earliest reference found for radium soil-plant concentration factors,
reported by Kirchmann and Boulenger in 1968,"v has not been used in support of Band Bhere
because their analytical technique is questionable9" and yields extremely high values. Furthermore,
the experimental technique for determination of radium used by Kirchmann and Boulenger has been

questioned.95 However, reference 87 does yield a (B,/B,) ratio consistent with those for calcium,
strontium, and barium. Insufficient criteria have been found for rejection of any of the remaining
references.
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strontium, and barium. Insufficient criteria have been found for rejection of any of the remaining 
references. 
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Table 2.5. Literature values of B,, B,, and the (C, IC,) ratio for radium'

B, B, (C,/C,) Reference Comments

0.71 0.10 0.95 87 Ra-226 measurement technique questionable. Estimates of
Band Bnot used in present analysis.

5.0 x 1)-4 90 Reported wet weight plant concentrations converted to dry
weight using reference 13.

Values reported for "herbage and fruit" required assump-
0.045 3.2 x 10-1 88 tions as to exact makeup. Wet weight plant concentrations

converted to dry weight using reference 14.

0.060 1.8 93 Vegetation sampled inappropriate to human pathways.
Resuspension of soil onto plant surfaces suspected.

Pot geometry and soil bulk density assumed in order to esti-
0.012 89 mate soil radium concentrations. Ash weight plant concen-

trations converted to dry weight using reference 13.

0.020 91
2.4 x 103 8.2 x 10-4 92 "Salad" was assumed to be lettuce. Ash weight plant con-

centrations converted to dry weight using reference 14.

aGeometric means of all values reported.

In a review of Ra-226 transport by McDowell-Boyer, Watson, and Travis,96 a value of 0.09 was
recommended for a radium forage and hay concentration factor. The authors recommended a value

of 0.02 for vegetables, fruit, and grain. The dry weight equivalent of this value would be a factor of 4
to 10 higher, depending on the assumed water content of vegetables, fruit, and grains. The value for
B, derived from five references listed in Table 2.5 is 0.017, which is roughly a factor of 5 lower than

the value recommended in reference 96. This value has been rounded off to 0.015. The Brvalue
derived from three references listed in Table 2.5 is 0.0011, which is much lower than the value
recommended in reference 96. The (Br/B,) ratio obtained from reference 87 and similar ratios found

for calcium, strontium, and barium suggest that a B,= 0.0015 is reasonable. These default B, and
Bvalues appear to be acceptable based on systematic trends (Figs. 2.4 and 2.6) for Group IIA
elements and comparison of observed and predicted C, and C, values (Table 2.4).

Much work has been done on the effect of available soil calcium on the uptake of strontium

byplants, 1
.
21

.
3371 78 79'8 2 and this subject has been thoroughly reviewed by Francis;233 in general, plant

uptake of strontium is inversely proportional to the amount of exchangeable calcium in the soil. The

same effect of soil calcium on plant uptake of radium has also been suggested."8 Therefore, it is
likely that plant uptake of all Group IIA elements will be negatively affected by increasing soil
calcium. The exact relationships between calcium and other IIA elements will be affected by plant
type, plant part, and soil characteristics; therefore, in the TERRA computer code, soil calcium
influence on B, and Bfor Group IIA elements is not considered. However, a user of the code may
wish to select higherB, and Bvalues than thedefaults (Figs. 2.1 and 2.2) for Group IIA elements for

pasture pathways and lower values for food crop pathways, assuming that in the latter case soils are
more intensively prepared and amended (including liming).
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2.1.3 Group liA, IVA, and VA elements

Groups IIIA, IVA, and VA contain elements which are essential plant nutrients, elements for
which some isotopes are important radiologically, and elements for which experimental evidence
for B~and B,is scanty. By far, the best documented element of these groups for Band Bis

la ,16,20,27,9 1.99-105 follwed by,619,761 16.17.19.65 ou ''I79lead, followed by arsenic,16"98 boron,17.65.76 aluminum, ' phosphorus,'"""
indium, 65 tin,65 and antimony.65 No references were readily obtainable for nitrogen, silicon, gallium,
germanium, thallium, and bismuth. Corollary information was used to estimate transfer parameters
for these elements.

The B. value of 4.0 adopted for boron is based on the relationship between soil boron
concentration and boron B, determined from references 16, 65, and 76 (Fig. 2.8), and an assumed
average soil boron concentration of 10 ppm (Table 2.6). The (B,/B,) ratio as determined from
references 16 and 17 is approximately 0.5, and a Bvalue of 2.0 was adopted. Comparison of
observed and predicted boron food concentrations (Table 2.6) indicates that the default B, and
Bvalues are reasonable.

The Bestimate of 0.004 for aluminum is based on references 16 and 65. The (B,/B,)ratio of
0.167 determined from reference 17 was used to generate a default value for B, of 6.5 x 10-4. This

value is a factor of 2.5 greater than the single value of 2.6 x 10-" found by Baes and Katz,1 6 but
comparison of observed and predicted aluminum concentrations in produce (Table 2.6) indicates the
default B, and B, estimates give reasonable predictions which are near the low end of reported ranges.

The B, for indium was taken from a single value determined from reference 65. Because the
default B, estimate for indium equals the default B, estimate for aluminum, a gallium B, of 0.004 was
also assumed for this Period IV element. Since no data were available for thallium B,, its value was
set equal to that for aluminum, gallium, and indium. A (B,/B,) ratio of 0.1 was assumed for gallium,
indium, and thallium, yielding a Brof 4.0 x 10-4 for these elements. Unfortunately, elemental
concentrations of gallium, indium, and thallium in soils and a variety of produce are not
well-documented. However, the values assumed here are consistent with the fragmentary
information of observed plant concentrations of these elements.

Of the Group IVA elements, lead is the best documented with respect to B, and B,. The default
B, value of 0.045 is the geometric mean of values determined for nine references. A (B,/Br) ratio of
0.2 based on references 16, 20, 27, 99 and 102 yields a Bestimate of 0.009. Table 2.6 shows that
these B, and Bdefault values yield appropriate estimates of lead concentrations in produce.

No references for the direct measurement of B, or Bfor silicon were found. Ng et al. 15 provide
data from which a dry weight transfer factor of 6.1 x 10-4 can be derived. Menzel,' 06 however,
reported that the transfer coefficient for soluble forms of silicon ranged between 0.1 and 1.0. Using
the 330,000 ppm (33%) value for silicon in soil reported by Vinogradov52 and the C, range reported
by Shacklette et al., 13 the Ng et al. value is approximately an order of magnitude too low and the
range reported by Menzel is too high. Therefore, for a B, estimate, the C, value reported for grasses
of 110,000 ppm silicon (plant concentrations for other produce or vegetables were reported in wet or
ash weight) was combined with the reported average soil concentration according to Eq. (3) to give a
Br = 0.35 for silicon. The (B,/B,) ratio for silicon was assumed to be the same as for lead, generating a
Br estimate of 0.07.

Reference 15 yields a dry weight transfer factor of 0.4 for germanium. This value appears to be
slightly low when predicted and measured C, values are compared (Table 2.6). However, in the
absence of experimental evidence and because the value agrees well with the default B, estimate for
silicon, it is used for germanium B, also. The (BIB,) ratio is also assumed to be 0.2 as for lead and
silicon, yielding a B,estimate of 0.08.

TheB, for tin of 0.03 is based on reference 65, and the B,value of 0.006 is based on an assumed
(B,/B,) ratio of 0.2. Comparison of observed and predicted C, and Cvalues in Table 2.6 indicates
that the default B. and Brvalues are reasonable.
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Table 2.6. Comparison of observed and predicted concentrations of Group III A
IV A, and V A elements in produce and plants (ppm, dry wt.)

Average Vegetative growth (C,) Fruits and tubers (C,)Element concenitratioin-
in soil (C,)' Observed rangeb Predictedc Observed rangeb Predictedd

Group III A
B 10 4.0 to 2,100 40 66 to 520 20
Al 71,000 900 280 11to86 46
Ga 30 0.13 0.12 0.012
In
TI 0.26 to 0.90

Group IV A
Si 330,000 24,000 to 110,000 120,000 23,000
Ge 1.0 0.64 to 13 0.40 0.080
Sn 10 0.13 0.30 0.10 to 1.8 0.060
Pb 10 0.13 to 9.0 0.45 0.015 to 1.0 0.090

Group V A
N 1,000 16,000 to 43,000e 30,000 4,500 to 2 9 ,0 0 0 e-f 30,000
P 800 600 to 9,800e 2,800 630 to 52,000f 2,800
As 5.0 <0.05 to 0.25 0.20 <0.05 to 3.9 0.030
Sb 0.10 <0.0569 0.020 1.3 x 10-4 to 0.0399 3.0 x 10-3

Bi 1.0 0.15 0.035 0.068 5.0 x 10-3

aReference 52.
bTaken or calculated from values in reference 53 assuming ash wt./dry wt. =.128 and .057 for vegetative growth and

fruits and tubers, respectively
'The product, B, xC,.
dThe product, B, xC,.
eReference 14.

fReference 1.3.
gReference 54.

No references for experimental determination of B. for the essential plant nutrient nitrogen were
readily available. The review reference 15 yields a default value of 30, which gives a predicted C, in
the midrange of reported values (Table 2.6). Thus, this value was adopted for use in TERRA.
Comparison of observed C,'and Cranges indicates that nitrogen uptake in vegetative and
reproductive plant parts is approximately the same. In the absence of evidence to the contrary, B, =
B, was assumed.

The B, for phosphorus .is based on the relationship between soil phosphorus concentration and
B, found from data in reference 16 (Fig. 2.9), assuming an average soil concentration of phosphorus
of 800 ppm. 5 2 Three references yield estimates of (B,/B,) ratio. Two references (16 and 97) yield
estimates greater than 1.0. Reference 17 yields a value of 0.78, but one standard deviation of the
mean includes 1.0. Thus as for nitrogen, B, = B, was adopted. Comparison of observed and predicted
C, and C, indicates that default values of B, and Bfor phosphorus are reasonable.

TheB, for arsenic of 0.04 was determined from references 16 and 98. References 16 and 19 both
indicate that, unlike the lighter members of Group VA elements, the accumulation of arsenic in
nonvegetative plant parts is less than for vegetative parts. A (B,/B,) ratio for arsenic of 0.15 was used
to calculate a defaultB,= 0.006. Comparison of observed and predicted C, and C, values (Table 2.6)
shows that the default B, predicts C, values near the high end of the observed range and the B, predicts
C, values near the low end of the observed range.
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The B. for antimony was taken from reference 65. The (BIB,) ratio for arsenic was also used for
antimony. Comparisons of observed and predicted C, and Cfor arsenic (Table 2.6) are reasonably
good.

The B, for bismuth was determined from the B, estimates for lead and polonium (discussed in
Sec. 2.1.4). The B, estimate was generated from the default B, of 0.035 and the (BIB,) ratio used for
arsenic and antimony. Comparison of observed and predicted C, and C, although not definitive, are
relatively good (Table 2.6).

2.1.4 Group VIA and VIIA elements

The Group VIA and VIIA elements include the relatively mobile anions and the radiologically
important elements polonium and iodine. Of these elements the best documented are
iodine,25

.
59' 65

.1
0 7

.234'
235 selenium, 9.65.76 and polonium.28 9' Single references were available for fluorine,'°

chlorine,65 and bromine,65 and no references were readily available for sulfur, tellurium, and
astatine.

No references on direct determination of soil-to-plant transfer coefficients for sulfur were
readily available. However, assuming an average sulfur concentration of 1400 ppm in vegetative
portions of plants'4 and 850 ppm in soil,5 2 a B, of 1.5 results. Comparison of observed C. and Cfor
sulfur indicate that B, = B, for this element (Table 2.7).

The default B. value for selenium of 0.025 was determined via several approaches. The value
obtained from references 65 and 76 (0.032) was compared with values given by Ng et al.' and
Menzel . 6 The latter two estimates were several orders of magnitude higher than the value obtained
from references 65 and 76. Although Bfor plant-fly ash relationships19

,
6 '76 . is comparable to

Bestimates given by Ng et al.' 5 and Menzel,'0 6 their estimates, when combined with an average
selenium soil concentration of 1 ppm, tend to over-predict observed C, values (Table 2.7). Therefore,
as a model for selenium the As/P and Br/ClB, ratios were used as analogs for the Se/S B, ratio. If such
ratios are assumed to change systematically, then the Se/S ratio may be assumed to be 0.016. This
value, multiplied by the B, for sulfur, yields a default selenium B, estimate of 0.025. Comparison of
observed and predicted selenium C, using this default value (Table 2.7) suggests that the default
value is reasonable. Although the (Br/B,) ratio for selenium taken from reference 19 is less than 1.0,
comparison of observed C, and Cranges suggest that B, = Bfor selenium also.

The Bfor polonium based on references 28 and 91 is 2.5 x 10-'. The (B,/B,) ratio taken from

reference 28 is 0.15. This ratio generates adefaultBvalue of 4.0 x 10-4 . Unfortunately, no references
for comparison of observed C, and C, were immediately available for comparison with predicted
values.

No references were found for tellurium. The default B, values determined for selenium and
polonium suggest that a reasonable assumption for tellurium Bis also a value. of 0.025.
Correspondingly, the (B,/B,)ratio of 0.15 for polonium was used to predict a Brfor tellurium of
0.004. As for polonium, no observed Cand Crvalues were available. Furthermore, no average
tellurium soil concentrations were available either.

The B, for fluorine is based on reference 108. The value of 0.06 generates a predicted C, value
which falls within the range of observed values (Table 2.7). Comparison of observedC, andCranges
suggest a discrimination factor of approximately an order of magnitude. Thus, a(B,/B,)ratio of 0.1
was assumed and B, = 0.006.

The Bvand B,for chlorine were determined through comparison of observed Cand Cand
average C,for chlorine (Table 2.7). Both the resulting Band B,= 70, the highest concentration
factors for any element reviewed here. Reference 65 yielded a Bof 2.1 and a value of 20 was
obtained from reference 15, but the C, predicted with these factors are well below the reported range.
Thus the more indirect method was deemed more appropriate for chlorine.
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The Bv for antimony was taken from reference 65. The (B,IBv) ratio for arsenic was also used for 
antimony. Comparisons of observed and predicted C v and C ,for arsenic (Table 2.6) are reasonably 
good. 
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Sec. 2.1.4). TheB,estimate was generated from the defaultBvofO.035 and the (B,IBv) ratio used for 
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2.1.4 Group VIA and VIlA elements 

The Group VIA and VIlA elements include the relatively mobile anions and the radiologically 
important eh:ments polonium and iodine. Of these elements the best documented are 
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Correspondingly, the (B,IBv)ratio of 0.15 for polonium was used to predict a B,for tellurium of 
0.004. As for polonium, no observed C v and C, values were available. Furthermore, no average 
tellurium soil concentrations were available either. 

The Bv for fluorine is based on reference 108. The value of 0.06 generates a predicted C v value 
which falls within the range of observed values (Table 2.7). Comparison of observedC v andC ,ranges 
suggest a discrimination factor of approximately an order of magnitude. Thus, a(B,IBv )ratio of 0.1 
was assumed and B,= 0.006. 

The Bvand B,for chlorine were determined through comparison of observed Cvand C,and 
average C,for chlorine (Table 2.7). Both the resulting Bvand B,= 70, the highest concentration 
factors for any element reviewed here. Reference 65 yielded a Bvof 2.1 and a value of 20 was 
obtained from reference 15, but the C v predicted with these factors are well below the reported range. 
Thus the more indirect method was deemed more appropriate for chlorine. 
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Table 2.7. Comparison of observed and predicted concentrations of Group VI A
VII A elements in produce and plants (ppm, dry wt.)

Average. Vegetative growth (C,) Fruits and tubers (C,)
Element concentratlon

in soil (C,), Observed rangeb Predicted' Observed rangeb Predictedd

Group VI A
S 850 100 to 17,0000 1,300 200 to 450e 1,300
Se 1.0f <0.01 to 0.35 0.025 <0.01 to 0.50 0.025
Te
Po 1.0 X 10-11 2.5 x 10-14 4.0 x 10-11

Group VII A
F 200 1.3 to 28 12 0.020 to 8.4 1.2
Cl 100 2,000 to 23,000 7,000 300 to 8,500 7,000
Br 5.0 0.31 to 4.9 7.5 0.20 to 260 7.5
I 5.0 4.3 to 10 0.75 2.8 to 10 0.25
At

aReference 52.
bTaken or calculated from values in reference 53 assuming ash wt./dry wt. = .128 and .057 for vegetative growth and

fruits and tubers, respectively
cThe product, B, xC,.
dThe product, B, xC,.
'Reference 14.
fBased on values given in references 65 and 76.

The B, for bromine is based on reference 65. Although the corresponding predicted C, is slightly
high with respect to the observed C, range, comparison of observed C, and Crranges suggest that the
reported C. range may be low (the upper end of the Crange is higher than that for the C. range and a
discrimination factor of greater than 1.0 for Crappears unlikely). In lieu of contrary information, a
(Br I B,)ratio of 1.0 was assumed for bromine, and thus B, = Br was assumed.

The B, for iodine (0.15) is the geometric mean of values determined for references 25, 59, 65,
107, 234, and 235. References 59 and 107 indicate that Bfor iodine ranges between 1.0 to 2.0.
However, references 65, 234, and 235 indicate a much lower B, for iodine (0.04 to 0.10). Menzel'°6

reports that the concentration factor for bromine is greater than that for iodine, and examination of
Table 2.7 shows that the adopted B, for iodine does not predict a C. value greater than observed.
Thus, the default value adopted in the TERRA code seems reasonable.

The B, value of 0.050, adopted as a default in TERRA, is based on a compromise between the
value of 0.02 derived from reference 234 and the product of the B,/B, ratio (0.5) derived from
references 25 and 234 and the default B.of 0.15. Examination of Table 2.7 shows that the default
B, value does not over-predict observed Cvalues reportedin the literature.

No references were found for astatine. A value of 1.0 for B, is derived from Ng et al., "5 and this
value is adopted as a default value for TERRA. Using polonium as an analog, the assumed (B,/B,)
ratio is 0.15, producing aB,= 0.15.
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Table 2.7. Comparison of observed and predicted concentrations of Group VI A 
VII A elements in produce and plants (ppm, dry wt.) 
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The By for bromine is based on reference 65. Although the corresponding predicted C v is slightly 
high with respect to the observed C v range, comparison of observed C v and C ,ranges suggest that the 
reported C y range may be low (the upper end of the C ,range is higher than that for the C v range and a 
discrimination factor of gre.ater than 1.0 for C ,appears unlikely). In lieu of 'i0ntrary information, a 
(B, I By) ratio of 1.0 was assumed for bromine, and thus By = B, was assumed. 

The By for iodine (0.15) is the geometric mean of values determined for references 25, 59, 65, 
107,234, and 235. References 59 and 107 indicate that BJor iodine ranges between 1.0 to 2.0. 
However, references 65, 234, and 235 indicate a much lower Bv for iodine (0.04 to 0.10). Menzel lo6 

reports that the concentration factor for bromine is greater than that for iodine, and examination of 
Table 2.7 shows that the adopted By for iodine does not predict a Cy value greater than observed. 
Thus, the default value adopted in the TERRA code seems reasonable. 

The By value of 0.050, adopted as a default in TERRA, is based on a compromise between the 
value of 0.02 derived from reference 234 and the product of the B,IBv ratio (0.5) derived from 
references 25 and 234 and the default Bvof 0.15. Examination of Table 2.7 shows that the default 
B, value does not over-predict observed C, values reportedjn the literature. 

No references were found for astatine. A value of 1.0 for B)s derived from Ng et aI.,15 and this 
value is adopted as a default value for TERRA. Using polonium as an analog, the assumed (B,IB y) 
ratio is 0.15, producing aB,= 0.15. 
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2.1.5 Group IIIB and the rare earth elements

The Group IIIB and the rare earth or lanthanide series elements are generally not important for
plant nutrition, nor do they accumulate to any large extent in plants. Radiologically, isotopes of
cerium are important. In our analysis, we found yttrium16

,
22

,
59

,60
6
'" and cerium 22

.
59

,6°'65 to be the best
documented of these elements, followed by scandium," lanthanum,65 promethium, samarium,65
and ytterbiurn.6' No references were obtained for praseodymium, neodymium, europium,
gadolinium, terbium, dysprosium, holmium, erbium, and thulium. However, because of the
similarity of chemical behavior of all the lanthanides," 0 'l soil-to-plant concentration factors for
these undocumented elements are based on our analysis of cerium. The B, for yttrium of 0.015 was
derived from references 16, 22, 59, 60, and 67. A (C,/QC) ratio of 0.29 was determined from
references 16, 22, and 60 and compared with a (BrB,) ratio of 0.46 which was based on a B, derived
from these same references. A (B,IB,) ratio midway between these two estimates (0.36) was used to
derive a default B,= 0.006. Comparison of observed and predicted C. and C,for yttrium (Table 2.8)
indicate that the default B. and B, values are perhaps slightly low, but not unreasonable.

The B. for scandium of 0.006 is based on the observation by Baes and Mesmer"' that the
chemistry of scandium is between that for aluminum (Sect. 2.1.3) and that for yttrium, but
surprisingly more like that for aluminum. A value of 0.0078 was taken from reference 65, and data
from Ng et al."5 yields a value of 0.0043. The mean of these two values corresponds well with the
value of 0.006 determined through systematic interpretation of Baes and Mesmers' observation
(Fig. 2.10). The (B,/B,) ratio was determined in a similar manner to Bassuming a systematic
variation in this parameter. The ratio value of 0.2 was used to calculate a default B,= 0.001.
Comparison of observed and predicted scandium food concentrations (Table 2.8)' are difficult
because of the uncertaintity in the observed range values. However, if the observedC,range reported
is reasonable, then both predicted Cand C. values are not unreasonable.

The Bjfor cerium of 0.01 was derived from references 22, 59, 60, and 65. Because of the
similarity in the lanthanide elements, the B. values from references 22, 59, and 65 for other members
of the series were pooled with and without those for cerium to estimate B, for all of the lanthanides.
Both sets of pooled references yielded a B,= 0.01. Thus, this value was adopted for elements 57
through 71. Pooling of references for (Br/B, ) ratio 22'60 yielded a value of 0.4. This value was also used
for elements 57 through 71.

Comparisons of observed and predicted lanthanide concentrations in produce and plants is
difficult because of the paucity of good experimental information. However, examination of Table
2.8 shows that for elements in which comparisons can be made, our soil-to-plant transfer
coefficients tend to slightly underpredict reported food concentrations. Although some
underpredictions are by more than an order of magnitude, the uncertainty involved in a typical soil
concentration or the applicability of a few measurements to the true range of food concentrations
does not warrant revision of the estimates.
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Table 2.8. Comparison of observed and predicted concentrations of Group IIIB
• and the rare earth elements in produce and plants (ppm, dry wt.)

Average.
Element concejtratiqnin soil (C,)"

Sc 7.0.
Y 50
La 40
Ce 50

Pr 4.5
Nd 18

Obser

1.0
2.7

0

Vegetative growth (C,)

ved rangeb Predictedc

X 10-4e 0.042

to 9.1 0.75
0.074 0.40
1.084 0.50

0.045
0.18

Pm

Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

4.9
0.39

.5.5
0.85
6.0

0.95
4.5
0.45
4.6
1.2

<5.3 x 10-3,

0.53 to 3.2

0.049

.3.9 x 10-3

0.055
8.5 x 10-'

0.060
9.5 x 10-3

0.045
4.5 x 10-3

0.046
0.012

Observ

5.0 x 10
0.40

0.052
0.033

0
0
0
0
0
0
0
0
0.
0.

0.08
0.

Fruits and tubers (C,)

ed rangeb Predictedd

-5 to 0. 10ob'e 7.0 x 10-3

)to 4.5 0.30
to 0.31e 0.16

to 0. 10b'e 0.20
0.18

.080 0.072

.080

.080 0.020

.080 1.6 x 10-3

.080 0.022

.080 3.4 x 10-3

.080 0.024

.080 3.8 x 10-3

.080 0.018

.080 1.8 x 10-3
0 to 13 0.018
.080 4.8 x 10-3

'Sc-Ce from reference 52; Pr-Lu estimated from ranges reported byGibson et al."'
bTaken or calculated from values in reference 53 assuming ash wt./dry wt. =.128 and .057 for vegetative growth and

fruits and tubers, respectively
'The product, B, xC,.
dThe product, B, xC,.
'Reference 54.

2.1.6 Period IV transition elements

Elements of atomic number 22 through 30 (titanium through zinc) are perhaps the best
documented for plant uptake from soil. Several of these elements, including manganese, iron, and
zinc are generally accepted as essential plant micronutrients." Others, including chromium and
cobalt, are recognized as essential for animal nutrition and are suspected as plant nutrients, although
their essentiality has not been established. Stable isotopes of these elements have been extensively

studied because most are toxic to plants and animals at sufficient concentrations, although
radiologically they are relatively unimportant. As the following discussion will show, the concept of
a single equilibrium concentration factor for many of these elements can be questioned. For those
elements which are essential to plant nutrition, and thus are likely to be regulated by the plant,
correlations between soil concentrations and B, have been established in a manner similar to those

for potassium, phosphorus, and nitrogen.
Available references for B,, B, and (B,/B,) ratio numbered 16 for

.16;17.19.20,35.37.65.67,97.104.114-119 ; 16.17,19.36.37.65.104.112,113
zinc; nine for manganese; eight for

copper 16,7,19,20,65.104,114.115 five for nickel,16,20° 2,°041 iron,16,17.1965.104 and cobalt;16.17'.9 "6 5 '10 4  four for
ch;omium;16.19.65,102 three for titanium;161.9165 and two for vanadium. 6'6, Correlations between soil

concentrations and B, were found for all but vanadium, titanium, and nickel. These correlations
were often used in lieu of the geometric means approach to define default Bvalues.
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Table 2.S. Comparison of observed and predicted concentrations of Group I1IB 
and the rare earth elements in produce and plants (ppm, dry wt.) 

Element 
Average. 

concentratlgp 
Vegetative growth (C,) Fruits and tubers (C ,) 

in SOl (C,) Observed rangeb PredictedC Observed rangeb Predictedd 

Sc 7.0, 1.0 X 10-4< 0.042 5.0 x 10-5 to O.IOb,< 7.0 X 10-3 

Y 50 2.7 to 9.1 0.75 0.40 to 4.5 0.30 
La 40 <0.074 0.40 0.052 to 0.31 < 0.16 
Ce 50 0.084 0.50 0.033 to 0.1 Ob.< 0.20 
Pr 4.5 0.045 0.18 
Nd 18 0.18 0.080 0.072 
Pm 0.080 
Sm 4.9 0.049 0.080 0.020 
Eu 0.39 <5.3 X 10-3< . .3.9 X 10-3 0.080 1.6 x 10-3 

Gd 5.5 0.055 0.080 0.022 
Tb 0.85 8.5 x 10-3 0.080 3.4 x 10-3 

Dy 6.0 0.060 0.080 0.024 
Ho 0.95 9.5 x 10-3 0.080 3.8 x 10-3 

Er 4.5 0.045 0.080 0.018 
Tm 0.45 4.5 x 10-3 0.080 1.8 x 10-3 

Yb 4.6 0.53 to 3.2 0.046 0.080 to 13 0.018 
Lu 1.2 0.012 0.080 4:8 x 10-3 

'Sc-Ce from reference 52; Pr-Lu estimated from ranges reported by Gibson et al. 111 

bTaken or calculated from values in reference 53 assuming ash wt./dry wt. = .128 and .057 for vegetative growth and 
fruits and tubers, respectively . 

cThe product, B, xC,. 
dThe produq, B, xC,. 
<Reference 54. 

2.1.6 Period IV transition elements 

Elements of atomic number 22 through 30 (titanium through zinc) are perhaps the best 
documented for plant uptake from soil. Several of these elements, including manganese, iron, and 
zinc are generally accepted as essential plant micronutrients. sl Others, including chromium and 
cobalt, are recognized as essential for animal nutrition and are suspected as plant nutrients, although 
their essentiality has not been established. Stable isotopes of these elements have been extensively 
studied because most are toxic to Jplants and animals at sufficient concentrations, although 
radiologically they are relatively unimportant. As the following discussion will show, the concept of 
a single equilibrium concentration factor for many of these elements can be questioned. For those 
elements which are essential to plant nutrition, and thus are likely to be regulated by the plant, 
correlations between soil concentrations and B v have been established in a manner similar to those 
for potassium, phosphorus, and nitrogen. 

Available references for Bv ' B" and (BJBv ) ratio numbered 16 for 
zinc;16.17.19.20.lS.l7.6S.67.97.104.114.119 nine for manganese;16.17.19.l6.l7.6S.104.112.11l eight for 
copperI6.17.19.20.6S.104.114.11S five for nickel,16.2o.102.1o4.114 iron,16.17.19.6S.104 and cobalt;16.17.19.6S.104 four for 

ch;omium;16.19.6S.102 three for titanium;16.19.6s and two for vanadium. 16.6s Correlations between soil 
concentrations and Bv were found for all but vanadium, titanium, and nickel. These correlations 
were often used in lieu of the geometric means approach to define default Bv values. 
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Figure 2.10. Assumed systematic trends in B, and (Br /B,) ratio for aluminum, scandium, and yttrium. Solid
dots and error bars represent geometric means and standard deviations of the mean determined from
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As before, predicted plant concentrations' were compared with observed values in order to assure
reasonable B, and B, estimates. These approaches were used in lieu of elemental systematics because
subsequent analyses (see Sec. 2.1.7 and 2.1.8) depended heavily on the values obtained for these
Period IV elements.

The B, for titanium of 0.0055 is the geometric mean derived from references 16 and 65. The'
B,value was generated from a (Br/B,) ratio derived from reference 19. Both soil-to-plant
concentration factors predict plant concentrations from typical soil titanium concentrations which
agree well with observed plant concentrations (Table 2.9).

The B, for vanadium was also derived from references 16 and 65, and it is numerically equal to
theB,, for titanium. No information was available on the (B,/B,) ratio for vanadium, and therefore, it
was assumed equal to that for titanium, yielding aB,= 0.003. Comparison of observed and predicted
C, and Cfor vanadium (Table 2.9) is also good.

References 16 and 65 yield a B, by the geometric means method of 0.03 for chromium. However,
a correlation between soil chromium concentration and chromium B, was observed from the data in
these two references (Fig. 2.11). Although this correlation is weak, the B, determined by geometric
means predicts C, for chromium greater than the observed range. Therefore, the relationship in Fig.
2.11 was used to predict a chromium B, of 0.0075 at a soil chromium concentration of 200 ppm.52

This value of B, does predict a reasonable C,, (Table 2.9).
A (B,/B,) ratio of 0.6 for chromium was determined from references 16, 19, and 102. This value

generates a B,= 0.0045, which predicts a C,within the reported range of observed C, values (Table
2.9).

The B, for manganese generated by the geometric means method is 0.41. However, from data in
references 16, 36, 37, 104, 112, and 113 a strong correlation between Band soil manganese
concentration was observed (Fig. 2.12). At a typical soil manganese concentration of 850 ppm,5 2 the
corresponding B, = 0.25. This latter value was adopted for TERRA. Although this latter B, value for
manganese overpredicts Cwith respect to the reported observed range, the former value
overpredicts C, by an even larger factor.

The (Br/B,) ratio for manganese of 0.2 was determined from references 16, 17, and 19. This ratio
generates a B,= 0.05. Comparison of observed and predicted Cr using this Bvalue (Table 2.9)
indicates that the default Br is reasonable.

Iron is an essential plant nutrient, and therefore, root uptake is probably regulated by the plant.
It is not surprising that'the relationship between soil iron concentration and B, shown in Fig. 2.13
was found. At a typical soil iron concentration of 3.8%,52 the corresponding B, = 0.004. The (B,/B,)
ratio based on references 16, 17, and 19 = 0.25, yielding aBof 0.001. Comparison of observed and
predicted C, and Cr(Table 2.9) for iron indicates the reasonableness of the default B, and B,.

The B, for cobalt of 0.02 is based on the weak correlation between soil cobalt concentration and
B, (Fig. 2.14) and a typical soil cobalt concentration of 8 ppm.5 A (B,/B,) ratio of 0.35 was derived
from references 16, 17, and 19. This ratio generates a Br= 0.007. Predicted Cand Cr using these
default concentration factors for cobalt agree well with observed C, and C, ranges (Table 2.9).

The B, for nickel is based on references 16 and 104. Unlike chromium, manganese, iron, and
cobalt, no clear relationship between soil nickel concentration and B, was indicated from the
available data. Also, unlike the other Period IV transition elements no discrimination factor between
vegetative and nonvegetative plant parts was found. In fact, the geometric mean of references 16, 20,
102, and 114 for (B,/B,) ratio was 1.2. Therefore, a (Br/B,) ratio of 1.0 was assumed and B, = Bfor
nickel. Examination of Table 2.9 indicates that the observed C,range includes the Crange,
supporting this assumption. Predicted C, and Cvalues agree well with reported observed ranges.

The B for copper is based on the strong correlation between soil copper concentration and
B,shown in Fig. 2.15 and an average soil copper concentration of 20 ppm.52 The (B,/B,) ratio, as
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As before, predicted plant concentrations' were compared with observed values in order to assure 
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Bv (Fig. 2.14) and a typical soil cobalt concentration of 8 ppm. 52 A (B,IBv) ratio of 0.35 was derived 
from references 16, 17, and 19. This ratio generates a Br= 0.007. Predicted C v and Cr using these 
default concentration factors for cobalt agree well with observed C v and C r ranges (Table 2.9). 
. The BJor nickel is based on references 16 and 104. Unlike chromium, manganese, iron, and 

cobalt, no clear r~lationship between soil nickel concentration and Bv was indicated from the 
available data. Also, unlike the other Period IV transition elements no discrimination factor between 
vegetative and nonvegetative plant parts was found. In fact, the geometric mean of references 16,20, 
102, and 114 for (BrIBv) ratio was 1.2. Therefore, a (B,IBv) ratio of 1.0 was assumed and Bv =B,for 
nickel. Examination of Table 2.9 indicates that the observed Crrange includes the Cvrange, 
supporting this assumption. Predicted C v and C r values agree well with reported observed ranges. 

The BJor copper is based on the strong correlation between soil copper concentration and 
Bvshown in Fig. 2.15 and an average soil copper concentration of 20 ppm. 52 The (B,IBv) ratio, as 
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Table 2.9. Comparison of observed and predicted concentrations of Group IV
transition elements in produce and plants (ppm, dry wt.)

Average Vegetative growth (C.) Fruits and tubers (Cq,)
Element concentrabtin

in soil (C-,) Observed rangeb Predicted' Observed range" Predicted"

Ti 4,600 1.6 to 160 25 0.087 to 80 14
V 100 <0.091 to 21 0.55 4.60 x 10-4 to 47 0.30
Cr 200 0.18 to 2.9 1.5 0.030 to 8.0 0.90
Mn 850 1.9 to 16 210 8.0 to 80 43
Fe 38,000 6.5 to 410c 150 10 to 160 38
Co 8.0 0.010 to 0.54 0.16 6.0 x 10-3 to 0.36 0.056
Ni 40 0.23 to 5.2 bf 2.4 0.028 to 10 2.4
Cu 20 1.7 to 11 8.0 0.80 to 27 5.0
Zn 50 2.5 to 630 75 0.50 to 110 45

aReference 52.
bTaken or calculated from values in reference 53 assuming ash wt./dry wt. =.128 and .057 for vegetative growth and

fruits and tubers, respectively
'The product, B. x C,.
dThe product, B, xC,.

'Reference 14.
fReference 54.

determined from references 16, 17, 19, 20, and 114, equals 0.63. This ratio yields aB,= 0.25. Both
soil-to-plant concentration factors yield reasonable predicted plant copper concentrations (Table
2.9).

The B, for zinc was determined from the strong correlation between soil zinc concentration and
B, determined from references 16, 35, 37, 67, 97, 104, 114, 115, 117, and 119 (Fig. 2.16) and an
average zinc soil concentration of 50 ppm. 5 2 The (B,/B,,) ratio of 0.6 was determined from references
16, 17, 19, 20, 67, 97, 114, and 116. Combining this ratio with the default B, value generates a B,=
0.9. Examination of Table 2.9 shows that predicted plant concentrations using these default
concentration factors fall well within observed ranges.

Figures 2.17 and 2.18 show the default B,,and (B,/B,) ratios, respectively, for Period IV
transition elements used in the TERRA computer code. The solid lines in the figures show the
systematic trends in these parameters defined by the default estimates. The dots represent the
parameter values as determined from the geometric means method. The error bars represent one
geometric standard deviation. With the exception of chromium, all B, default values fall within one
standard deviation of the mean. For all elements except nickel, the (Br/B,) ratio is the geometric
mean of the reference values.

2.1.7 Period V transition elements

The Period V transition elements contain the controversial and radiologically important
element technetium and the toxic metal cadmium. Additionally, this period includes the element
ruthenium which is also important radiologically. For concentration factors,
cadmium, 16.17,19,20,42.65'97•102.104,105.114,116.124"126 molybdenum,1'6, 7'19.65' 76',M12 ' technetium 23' 0 7'' 22"123' 27 and are
the best documented, followed by rutheniu m 22

,
59

,60,
63 and zirconium.16 No references were found for

niobium, rhodium, palladium, and silver. -
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geometric standard deviation. With the exception of chromium, all Bv default values fall within one 
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2.1.7 Period V transition eI.ements 

The Period V transitIOn elements contain the controversial and radiologically important 
element techm:tium and the toxic metal cadmium .. Additionally, this period includes the element 
ruthenium which is also important radiologically. For concentration factors, 
cadmium, 16.17.19.20.24.65.97.102.104.105.114.116.124-126 molybdenum, 16.17.19.65.76.120.121 technetium23.107.122.123.127 and are 
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Figure 2.11. Correlation between soil chromium concentration and the soil-to-plant concentration factor, Bv, for
chromium based on references 16 and 65.
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Figure 2.12. Correlation between soil manganese concentration and the soil-to-plant concentration factor, By,
for manganese based on references 16, 36, 37, 104, 112, and 113.
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Figure 2.12. Correlation between soil manganese concentration and the soil-to-plant concentration factor, Bv' 

for manganese based on references 16,36,37, 104, 112, and 113. 
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Figure 2.13. Correlation between soil iron concentration and the soil-to-plant concentration factor, Bv, for iron

based on references 16, 65, and 104.
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Figure 2.13. Correlation between soil iron concentration and the soil-to-plant concentration factor, By, for iron 
based on references 16,65, and 104. 
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Figure 2.14. Correlation between soil cobalt concentration and the soil-to-plant concentration factor, By, for
cobalt based on references 16 and 65.
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Figure 2.14. COiTelation between soil cobalt concentration and the soil-to-plant concentration factor, B., for 
cobalt based on references 16 and 65. ' 
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Figure 2.15. Correlation between soil copper concentration and the soil-to-plant concentration factor, Bv, for
copper based on references 16, 104, and 115.
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Figure 2.15. Correlation between soil copper concentration and the soil-to-plant concentration factor, Bv, for 
copper based on references 16, 104, and 115. 
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Figure 2.16. Correlation between soil zinc concentration and the soil-to-plant concentration factor, Bv, for zinc
based on references 16, 35, 37, 67, 97, 104, 114, 115, and 119.
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Figure 2.16. Correlation between soil zinc concentration and the soil-to-plant concentration factor, B., for zinc 
based on references 16,35,37,67,97, 104, 114, lIS, and 119. 
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Figure 2.17. Assumed systematic trends in B, for Period IV elements based on default B, estimates. Solid dots
and error bars represent geometric means and standard deviations determined from available references.
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Figure 2.17. Assumed systematic trends in Bv for Period IV elements based on default Bv estimates. Solid dots 
and error bars represent geometric means and standard deviations determined from available references. 
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Figure 2.18. Assumed systematic trends in (B,/Bv) ratio for Period IV elements. Solid dots and error bars
represent geometric means and standard deviations of the mean determined from available references.
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Because of its importance radiologically and because of the high concentration factors
previously reported for technetium,23' 7' 23 it will be given special attention. Hoffman et al.'23

critiqued past studies of technetium uptake using the pertechnetate anion (TcO,-) and concluded that.
the concentration factors of 100-1000 derived from these studies were inappropriate because of the
high levels of technetium added to the soils and the measurement of concentration factors before
plant maturity. Evidence further suggests that technetium in soil becomes increasingly sorbed and
thus is less available for plant uptake with time....28 Aging of soils over 100 days decreased observed
concentration ratios by factors of 1.5 to 5.1 in one study by Cataldo.'O7 Thus, the application of
short-term pot studies to long-term assessments is clearly inappropriate for technetium. Therefore,
the concentration factors representing field measurements of long-term technetium uptake in plants
reported by Hoffman et al.' 23 were adopted for the TERRA code, and references 23, 107, and 122
were used only for calculation of B, or were excluded from our analyses.

The geometric mean of the B, values reported by Hoffman eta 1.123 is 9.5. The geometric mean for
B, derived from references 23 and 122 is 1.3. This value was rounded to 1.5 for use as a default value
in TERRA. The (B,/B,) ratio generated by the two default values is 0.16 which compares favorably
with the observed (B,IB,) ratios for molybdenum and ruthenium. It is interesting that aB N 2 generated
from B, (see Sect. 2.1) is roughly an order of magnitude less than the value suggested in Moore et al.'
which takes into account successive harvesting of food crops. No information* is available on
average technetium concentrations'in typical soils and vegetation. Until such information becomes
available the B, and B, for technetium remain suspect.

The B. for molybdenum of 0.25 is based on references 16, 65, 76, and 120. Although Singh and
Kumar' 2' reported soybean grain and leaf molybdenum concentrations from which a (B,/B,) ratio of
2.2 was derived, the (B,/B,) ratio for determination of Bwas derived from references 16, 17, and 19.
This (B,/B,) ratio is 0.25"and yields aBestimate of.0.06. These B, and Bestimates predict vegetable
and produce concentrations which agree well with observed concentrations (Table 2.10).

• The B, estimate of 0.002 for zirconium is based on the data on pumpkin leaves and vines by Baes
& Katz.16 A value of 0.25 was chosen for the default (B,/B,) ratio for zirconium based on the above.
analysis for molybdenum. The resultant B, estimate of 5.Ox 10-4 yields predicted plant concentrations

which are consistent with observed concentrations (Table 2.10). Observed zirconium concentrations
in vegetative growth in Table 2.10 are based on a range of values reported for cabbage. Shacklette et
al." report that zirconium is "infrequently detected in food plants." Thus, the "observed" plant
concentrations in Table 2.10 for zirconium may not be entirely representative of actual produce
concentration. Therefore, agreement of observed and predicted concentrations in Table 2.10 was not
considered essential to acceptance or rejection of B, and B, values. Thus, although the predicted C. is
below the reported C, for zirconium the default B, for zirconium based on reference 16 is used as
default in TERRA.

The B, for ruthenium of 0.075 is based on references 22, 59, 60, and 63. The (B,/B,) ratio from
references 22, 60, and 63 is 0.26, yielding a Bestimate of 0.02. Unfortunately, no estimate of
ruthenium in typical soils was available for comparison of observed and predicted plant
concentrations.

The occurrence of cadmium in soils and plants has been well studied.The B, for cadmium was
determined from eleven references (16, 17, 24, 65, 97, 104, 105, 114, and 124-126). The
geometric mean of the eleven geometric means is 0.55. A (B,/B,) ratio of 0.26 was derived from
references 16, 19, 20, 24, 97, 102, 105, 114, 116, 125, and 126, yielding an estimate of B,= 0.15.
Agreement between observed and predicted cadmium concentrations in plants is excellent (Table
2.10).

Default values of Band B,for niobium, rhodium, palladium, and silver were determined
primarily through elemental systematic approaches, because no references on direct determination
of Bor B,for these elements were available. The assumption that Period V transition elements
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Table 2.10. Comparison of observed and predicted concentrations of Period V
transition elements in produce and plants (ppm, dry wt.)

Average Vegetative growth (C,) Fruits and tubers (C,)Element uponcejitration
in soil (C,) Observed rangeb Predicted' Observed rangeb Predictedd

Zr 300 53 to 74 0.60 5.0 x 10-3 to 11 0.15
Nb 0.038 0.017
Mo 2.0 0.35 to 2.9 0.50 0.060 to 13 0.12
Tc
Ru" 1.0 X 10-4 to 4.0 x 10-3

Rh
Pd
Ag 0.10 0.13 0.040 0.057 0.010
Cd 0.50 0.13 to 2.4 0.28 0.013 to 0.82 0.075

'Reference 52.
bTaken or calculated from values in reference 53 assuming ash wt./dry wt. = .128 and .057 for vegetative growth and

fruits and tubers, respectively
'The product, B. xC,.
dThe product, B, xC,.

are natural analogs of Period IV transition elements suggested that the ratio of B, estimates for these
periods might vary systematically from Group IVB to Group IIB. Examination of these ratios for
which B, estimates had been made via other approaches (Fig. 2.19) yielded estimates of B, ratio for
Nb/V by linear extrapolation between the Zr/Ti ratio and the Mo/Cr ratio. Likewise the Rh/Co,
Pd/Ni, and Ag/Cu ratios were extrapolated from the Ru/Fe and Cd/Zn ratios. These estimated ratios,
when multiplied by defaultB, estimates for Period IV elements (Sect. 2.1.6), yieldedB, estimates for
the Period V elements niobium, rhodium, cobalt, palladium, and silver. Plotting of the resultant
Period V transition element B, estimates by atomic number (Fig. 2.20) yields results somewhat
similar to the same plot for Period IV transition elements (Fig. 2.17). Unfortunately, comparison of
observed and predicted C, and Cfor niobium, rhodium, and palladium is not possible until more
information is available. Some comparison for silver is possible (Table 2.10), although typical silver
concentrations in plants are only approximates. The systematics approach seems to underpredict
B, for silver, but by less than an order of magnitude. The default B,estimates for niobium, rhodium,
palladium, and silver used in Fig. 2.2 were derived from an assumed (B,/B,) value of 0.25, which is
consistent with observations for molybdenum and cadmium.

2.1.8 Period VI transition elements

Very few references for plant uptake of the Period VI transition elements were available. Also,
comparisons between observed and predicted produce and plant concentrations were difficult to
make because of the uncertainty in typical soil and plant concentrations (Table 2.11). Therefore,
B, and B, default estimates for Period VI transition elements are mostly based on their Period IV and
V analogs.

Single measurements of associated soil and plant concentrations applicable to B, were found in
reference 65 for hafnium, tantalum, and tungsten. Three additional measurements were found in
reference 101 for tungsten. The geometric means approach for tungsten indicates a B, which is
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Table 2.11. Comparison of observed and predicted concentrations of Period VI
transition elements in produce and plants (ppm, dry wt.)

Average Vegetative growth (C,) Fruits and tubers (C,)Element concentration
in soil (C.) Observed rangeb Predicted' Observed rangeb Predictedd

Hf 6.0 <6.3x10-3e 0.021 2.3x10-3 to 2.0e 5.1x10-3

Ta
W 0.064 0.029
Re 6.4x 10- 4  2.9x 10-4

Os
Ir
Pt
Au <l.lxl0-4 to 5.3x10- 3e 1.Oxl0-5 to 1.1x10-3 a

Hg 0.010 <0.01 to 0.020 9.0x10- 3  <0.010 to 0.020 2.Oxlo- 3

aReference 52.
bTaken or calculated from values in reference 53 assuming ash wt./dry wt. =.128 and .057 for vegetative growth and

fruits and tubers, respectively
cThe product, B, xC,.
dThe product, B, xC,.
eReference 54.

much greater than that for chromium and more nearly equal to that for molybdenum, although in
reference 65 the derived molybdenum Bexceeds the derived tungsten Bby a factor of
approximately three. Comparison of B. values derived from reference 65 for hafnium and tantalum
with their respective Period IV and V analogs indicates that if the single derived values are
appropriate, the Period VI transition element concentration factors exceed those for their Period IV
analogs, but are less than their Period V analogs.

While the above observations lend insight into the concentration factors for some Period VI
transition elements, concentration factors for the rest must rely on supposition until further
experimental evidence is available. Figure 2.21 represents the methodology used in determination
of default B. estimates for Period VI transition elements. To derive these, B, default estimates for
Period IV transition elements (Sect. 2.1.6) and Period V transition elements (Sect. 2.1.7) were
plotted by increasing atomic number. The default B, estimate for the Period VI elements were simply
the log-averages of the two other elements within each group rounded to the nearest 0.5 decimal
place. This method insures that trends observed in Periods IV and V are generally repeated in Period
VI (increasing B, for the first four members of the period, decrease in the fifth, etc.). While such
repetition of trends may be acceptable if general chemical properties are assumed to be an important
basis for B, behavior, our method has serious limitations. Our procedure implies that, except for
Groups IVB and IIB, Period VI element B. values exceed those for Period IV and are exceeded by
those for Period V. Such an implication is unfounded and may be a serious limitation to our
approach. However, determination of the most appropriate default estimates of B. for Period VI
transition elements will require direct experimental measurement of them.

There were no available references for the (B,/B,) ratio or for Bfor the Period VI elements.
Therefore, a value of 0.25 for the (B,/B,) ratio was assumed, based on analysis of Period V transition
elements. This value was used with the default B, estimates to generate default B, estimates.
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with their respective Period IV and V analogs indicates that if the single derived values are 
appropriate, the Period VI transition element concentration factors exceed those for their Period IV . 
analogs, but are less than their Period V analogs. 

While the above observations lend insight into the concentration factors for some Period VI 
transition elements, concentration factors for the rest must rely on supposition until further 
experimental evidence is available. Figure 2.21 represents the methodology used in determination 
of default Bv estimates for Period VI transition elements. To derive these, Bv default estimates for 
Period IV transition elements (Sect. 2.1.6) and Period V transition elements (Sect. 2.1.7) were 
plotted by increasing atomic number. The defaultBv estimate for the Period VI elements were simply 
the log-averages of the two other elements within each group rounded to the nearest 0.5 decimal 
place. This method insures that trends observed in Periods IV and V are generally repeated in Period 
VI (increasing Bv for the first four members of the period, decrease in the fifth, etc.). While such 
repetition of trends may be acceptable if general chemical properties are assumed to be an important 
basis for Bv behavior, our method has serious limitations. Our procedure implies that, except for 
Groups IVB and lIB, Period VI element Bv values exceed those for Period IV and are exceeded by 
those for Period V. Such an implication is unfounded and may be a serious limitation to our 
approach. However, determination of the most appropriate default estimates of Bv for Period VI 
transition elements will require direct experimental measurement of them. 

There were no available references for the (BJB v ) ratio or for Brfor the Period. VI elements. 
Therefore, a value of 0.25 for the (BJB v ) ratio was assumed, based on analysis of Period V transition 
elements. This value was used with the default Bvestimates to generate default Brestimates. 
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Comparisons of observed and predicted plant concentrations were possible only for hafnium
and mercury. For these elements predicted values were always within an order of magnitude of the
observed ranges. However, observed ranges were usually bounded on the low sides by detection
limits of the analysis procedures.54

2.1.9 The actinide elements

The actinide elements have been extensively studied with respect to plant uptake from soil. The
greatest number of references were found for plutonium 8•0.30,59,101,129-13 8 and
americium, °03°.129.31.133.136,137,139-142 with fewer references for uranium ,29'65.9°'91,143 thorium , 919

neptunium, and curium.10 3
0',

3 No literature references were found for actinium, protactinium, or any
elements of atomic number greater than 96.

The B, for plutonium appears to be lognormally distributed and reported values range from 10-6

to 0-2 (Fig. 2.22). The fourteen references used to determine B, for plutonium yielded a geometric
mean of 4.5x10-4. The (B,/B,) ratio of 0.1 was calculated from references 8, 10, 30, 129, 130, 134,
and 136. This value produces a B, = 4.5x 1O-' which agrees well with the geometric mean ofBrderived
from references 8, 10, 30, 129, 133, 134, 136, and 138. No measurements of typical or average
concentrations of plutonium in soils or vegetable produce were available for comparison between
predicted and observed concentrations. Comparisons of predicted and observed actinide
concentrations were only possible for thorium and uranium (Table 2.12).

The Bfor americium of 0.0055 was derived from references 10, 30, 129, 131, 136, 137, and
139-142. A B, of 2.5x10-4 was derived from references 10, 30, 129, and 136 by selecting a value
midway between the range defined by the geometric mean of Brand the product of the default
B. estimate and the geometric mean for (B,/B,) ratio.

The B, for uranium of 0.0085 was determined from references 29, 65, and 91. The (Br/B,) ratios
derived from data reported by Prister29 and Fedorov and Romanov"'3 both equaled a value of 0.5, and
this value was used to determine a default Bestimate of 0.004. Comparison of predicted and
observed vegetable concentrations supports the default concentration factors, although typical
uranium concentrations in vegetative portions of produce are unavailable.

The Bfor thorium of 8.5x10-4 was determined from references 65 and 91. No references were
available for a thorium (B,/B,) ratio, and thus the value of 0. 1 used for radium was assumed, yielding
a default Bestimate of 8.5x 105 . Comparisons of observed and predicted vegetation concentrations
are hampered by the uncertainty in thorium concentrations in vegetation. In the food surveys carried
out by Oakes et al.3 4 and Monford et al." most thorium concentrations in food items were at or
below detection limits. However, it may be concluded that the default B, and B, estimates assumed
here do not overpredict observed food concentrations.

The default B, estimates for actinium and protactinium were determined from those of radium
and thorium and thorium and uranium, respectively, by assuming systematic variation in B, with
atomic number in a manner similar to that used for radium and francium (see Sect. 2.1.2). Such a
procedure implies that thorium has the lowest B, of the actinides of atomic number 89 through 92.
This implication has yet to be tested, but examination of our default estimates of the ingestion-to-
cow's milk (Fm) transfer coefficient shows that it is less than or equal to those for actinium,
protactinium, and uranium (see Sect. 2.2 for the milk transfer coefficient). The B,for actinium and
protactinium was determined by assumption of a (Br/B,) ratio of 0. 1 as for radium and thorium.

The B, for neptunium of 0.1 is based on references 10, 30, and 131. The B, default estimate of
0.01 is based on the geometric means ofBr values from references 10 and 30. This value suggests that
a (B,/B,) ratio of 0.1 is appropriate for neptunium also.

The Bfor curium of 8.5x10-' is based on, references 10, 30, and 141. The B,estimate of
1.5x 10-'is based on the geometric means of B from references 10 and 30, suggesting an appropriate (
Br/B,) ratio of less than 0.1. In the TERRA code B, and Brestimates for elements of atomic number
greater than 96 are set equal to those for curium (element 96).
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Figure 2.22. Lognormal probability plot of geometric means of B, for plutonium (calculated from references 8-
10, 30, 59, 101, 129, 131, 132, and 134-138), including one geometric standard deviation of the mean.
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Figure 2.22. Lognormal probability plot of geometric means of Bv for plutonium (calculated from references 8-
10, 30, 59, 101, 129, 131, 132, and 134-138), including one geometric standard deviation of the mean. 



47

Table 2.12. Comparison of observed and predicted concentrations
of actinide elements in produce and plants (ppm, dry wt.)

Average Vegetative growth (C,) Fruits and tubers (C,)
Element concentrptiop

in soil (C,) Observed Predictedc Observed rangeb Predictedd
range-

Actinide elements
Ac
Th 6.0 <0.032 5.1x10-

3  <2.5x10-
3 

to 0.12 5.1x10-4

Pa
U 1.0 8.5x10-

3  3.8x10-
4 

to 0.020 4.0x10-3

Np
Pu
Am
Cm

aReference 52.
bTaken or calculated from values reported in reference 144.
'The product, B, xC,.
dThe product, B, xC,.

2.1.10 Comparison of default estimates with previously published values

Comparisons of our default estimates of B, and Bwith previously used or reported values is
difficult because the parameter definitions used here differ somewhat from past soil-plant uptake
parameter definitions. However, general comparisons may be made. The most useful comparison is
with the soil-to-plant uptake parameter Bi, in Table E-1 of the NRC Reg. Guide 1.109.' Most of these
values of Bi. were, in turn, taken from reference 15 by dividing the "concentration in terrestrial
plants" (Table 10A) by the "elemental composition of typical agricultural soil" (Table 4). In
reference 15 the plant concentrations were converted to a wet or fresh weight basis by assuming 25%
dry matter in plants. Thus, theBi, values generated from Tables 10A and 4 may be converted to a dry
weight basis by multiplying by a factor of four. The resultant dry weight Bi, values may be directly
compared with our B, estimates (Fig. 2.23).

In comparing plant uptake parameters it should be remembered that the criteria for B, and
B,, definition are comparable, but not equivalent. Also, as evidenced by figures 2.3, 2.7, and 2.22,
each default estimate is representative of a distribution of values. Thus, a factor of 2 or 3 difference
between B, and Bi. should not be considered significant. Therefore, in Fig. 2.23 we have highlighted
those elements for which an order of magnitude difference or greater occurs between our numbers
and those in reference 15. These elements include fluorine, silicon, calcium, titanium, selenium,
strontium, rhodium, palladium, indium, tellurium, osmium, iridium, platinum, gold, thallium,
bismuth, polonium, radium, thorium, neptunium, and curium. Our approaches to determination of
B, estimates have led to lower estimates than those derived from reference 15 for more than half of
these elements. For elements calcium, strontium, and neptunium, numerous experimental results
indicate higher default values than those derived from reference 15.

2.2 Ingestion-to-Milk Parameter, F.

The ingestion-to-milk transfer coefficients for milk cows used in TERRA are representative of
the fraction of the daily elemental intake in feed which in transferred to a kilogram of milk. The
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Table 2.12. 'Comparison of observed and predicted concentrations 
of actinide elements in produce and plants (ppm, dry wt.) 

Avera!1;e 
concentrlitiop 
in soil (C,) 

Vegeiative growth (C.) Fruits and tubers (C,) 
Element 

Actinide elements 
Ac 
Th 6.0 
Pa 
U 1.0 
Np 
Pu 
Am 
em 

"Reference 52 .. 

Observ~d 
range PredictedC 

<0.032 5.lxI0-3 

8.5xI0-3 

bTaken or calculated from values reported in reference 144. 
cThe product, B,xC,. 
dThe product, B, xC,. 

Observed rangeb Predictedd 

<2.5xlO-3 to 0.12 5.lxI0-4 

3.8xI0-4 to 0.020 4.0xI0-3 

2.1.10 Comparison of default estimates with previously published values 

Comparisons of our default estimates of Bv and Br with previously used or reported values is 
difficult because the parameter definitions used here differ somewhat from past soil-plant uptake 
parameter definitions. However, general comparisons may be made. The most useful comparison is 
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elemental values for this parameter (Fig. 2.24) were taken from the extensive review in 1977 by Ng
et al.,"4 5 except for the elements chromium, manganese, iron, nickel, zirconium, antimony, mercury,
polonium, and americium which were taken from a later (1979) reference.'4 The protocol for
rounding adopted for B, and B, was used also for Fm. The error introduced in defining the parameter
in days/kilogram (here) rather than days/liter (as by Ng and his associates) is much less than that
introduced by the rounding protocol, because the density of milk ranges from 1.028 to 1.035 kg/L.'"

2.3 Ingestion-to-Beef Parameter, F,

The ingestion-to-beef parameters in TERRA are representative of the fraction of the daily
elemental intake in feed which is transferred to and remains in a kilogram of beef until slaughter.
The elemental values for this parameter (Fig. 2.25) were either taken from several reviews published
by Ng and his coworkers'5 .

39
.
4 0 or determined from elemental systematic assumptions. Estimates of

F, for 32 elements were available from the more recent reviews (references 39 and 40). Values for
sodium, phosphorus, potassium, calcium, manganese, iron, zinc, strontium, niobium, antimony, and
cerium were taken from reference 40, and values for chromium, cobalt, nickel, copper, rubidium,
yttrium, zirconium, molybdenum, technetium, ruthenium, rhodium, silver, tellurium, iodine,
cesium, barium, lanthanum, praseodymium, neodymium, tungsten, and americium were taken from
reference 39. The Ffestimates for the remaining elements were derived from reference 15, except
for those which exceeded a theoretical maximum value of 1.0 day/kg.

A theoretical maximum F, value may be calculated by assuming a 1 unit/kg (wet) concentration
of an element in feed. If an extremely conservative 100% efficiency in transfer from feed to muscle is
assumed, and beef cattle consume 50 kg (wet) feed per day,"5 and the average muscle mass per head
of beef cattle is 200 kg,' 3 then the average daily increase in elemental concentration in beef muscle is
given by

(1 unit / kg)(50 kg / head / day) 025 unit kg beef I day. (6)

200 kg beef / head

Further, if a second extremely conservative assumption that there is no biological turnover of the
element from the muscle is made, then assuming that the average beef cow is fed for 200 days before
slaughter'3 gives a value of 50 units/kg beef at slaughter. Relating this value to the daily consumption
of feed yields a conservative maximum Ffof (50 units/kg)/(50 units/day) or 1.0 days/kg. Clearly,
default estimates near or exceeding this value are highly suspect.

Review of the F/values derived from reference 15 indicates that estimates for gallium,
germanium, tantalum, polonium, astatine, francium, actinium, thorium, protactinium, neptunium,
plutonium, and curium all exceed the above-calculated theoretical maximum. Because of the
radiological importance of elements of atomic number greater than 82, a systematic approach based
on elemental variation of B, and Fm was used to determine default F/estimates (Fig. 2.26). A similar
approach using systematic trends observed in F,. for Period IV elements was used to determine
F, estimates for gallium and germanium.

The approach used for elements of atomic number greater than 82 was to observe ratios of
default B, (Fig. 2.1) and F, (Fig. 2.24) values for successive elements (Fig. 2.26). The ratios
determined for both parameters were log-transformed and averaged. The exponentials of these
averages were used to define a default ratio value for successive F, default estimates. The F, value
for americium was then used to determine the default Ffestimates for curium and plutonium. In turn,
each default Ffestimate was calculated by multiplication with the proper ratio, i.e., Pu F,= (Pu/Am)
ratio x (Am F,), Np F,= (Np/Pu) ratio x (Pu F,), and so on. Implicit in such an argument is the
assumption that the availability of an element for plant uptake and transportability to milk is
indicative of its availability or transportability to beef. Some support for this argument is
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seen in the systematic variability of our B, estimates (Figs. 2.27 and 2.28) and F. estimates (Figs.
2.29 and 2.30). However, experimental determination of Ff for elements of atomic number greater
than 82 would be preferable to our present approach, if available.

2.4 The Distribution Coefficient, Kd

The distribution coefficient, Kd is the ratio of elemental concentration in soil to that in water in a
soil-water system at equilibrium. In general, Kdis measured in terms of gram weights of soil and
milliliter volumes of water. In TERRA the distribution coefficient is used in the following equation
to determine a location-specific leaching constant for elemental removal from a given soil depth,

P+I-E 
(7)

rd[i + (0 Kd )]

where
P = annual average total precipitation (cm),
E = annual average evapotranspiration (cm),
I = annual average irrigation (cm),
d = depth of soil layer from which leaching occurs (cm),
p = soil bulk density (g/cm3 ),
0 = volumetric water content of the soil [mL(= cm3)/cm3), and

Kd = the distribution coefficient (mL/g).

Default estimates of Kd used in the TERRA code are presented in Fig. 2.31. The mantissa of
these values has been rounded off to the nearest 0.5 decimal place as for the other element specific
transport parameters. The values for magnesium, potassium, calcium, manganese, iron, cobalt,
copper, zinc, strontium, yttrium, molybdenum, technetium, ruthenium, cesium, lead, polonium,
cerium, thorium, uranium, neptunium, plutonium, americium, and curium were determined through
a review of the Kdliterature. The estimates for the remaining elements were determined by a
correlation of Kd with B.. Because of the inherent uncertainties in estimates of. Kd for various
materials, a brief discussion of the parameter and its determination is appropriate.

2.4.1 Variability in Kd

The first source of variability in the parameter is associated with the laboratory methods used to
determine Kd. Generally, the two most common techniques for determination of Kd are the column
and batch methods, although other methods have been employed to measure distributions of
chemical forms 147 or distribution among soil fractions."' In the column method a solution of material
in water is applied to a column containing uniformly packed soil. The Kdof the material is
determined from comparison of the 50% breakthrough curves for the water and material according
to the equation

- , (8)

l_1+ -PKd

where
Vi = the velocity of the migrating material (determined from the 50% breakthrough

curve) and
Vw = the velocity of the water.

53 

seen in the systematic variability of our B, estimates (Figs. 2.27 and 2.28) and F m estimates (Figs. 
2.29 and 2.30). However, experimental determination of Flfor elements of atomic number greater 
than 82 would be preferable to our present approach, if available. 

2.4 The Distribution Coefficient, K d 

The distribution coefficient, Kd is the ratio of elemental concentration in soil to that in water in a 
soil-water system at equilibrium. In general, Kdis measured in terms of gram weights of soil and 
milliliter volumes of water. In TERRA the distribution coefficient is used in the following equation 
to determine a location-specific leaching constant for elemental removal from a given soil depth, 

where 
P = 
E = 
/ = 
d = 
P = 
e = 

Kd = 

~ _ P+/-E 
1\,[ -

ed[l +(e. K
d

)] 

e 

annual average total precipitation (cm), 
annual average evapotranspiration (cm), 
annual average irrigation (cm), 
depth of soil layer from which leaching occurs (cm), 
soil bulk density (g/cml), 
volumetric water content of the. soil [mL(= cml)/cml),and 
the distribution coefficient (mLlg). 

(7) 

Default estimates of Kd used in the TERRA code are presented in Fig. 2.31. The mantissa of 
these values has been rounded off to the nearest 0.5 decimal place as for the other element specific 
transport parameters. The values for magnesium, potassium, calcium, manganese, iron, cobalt, 
copper, zinc, strontium, yttrium, molybdenum, technetium, ruthenium, cesium, lead, polonium, 
cerium, thorium, uranium, neptunium, plutonium, americium, and curium were determined through 
a review of the Kdliterature. The estimates for the remaining elements were determined by a 
correlation of Kd with B,. Because of the inherent uncertainties in estimates of. Kd for various 
materials, a brief discussion of the parameter and its determination is appropriate. 

2.4.1 Variability in K d 

The first source of variability in the parameter is associated with the laboratory methods used to 
determine K d • Generally, the two most common techniques for determination of Kd are the column 
and batch methods, although other methods have been employed to measure distributions of 
chemicalforms 147 or distribution among soil fractions. 148 In the column method a solution of material 
in water is applied to a column containing uniformly packed soil. The Kdof the material is 
determined from comparison of the 50% breakthrough curves for the water and material a,ccording 
to the equation 

(8) 

where 
Vi = the velocity of the migrating material (determined from the 50% breakthrough 

curve) and 
Vw = the velocity of the water. 
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In the batch method, soil and water are shaken with the material for a period of time until equilibrium
distribution between soil and water is achieved or assumed. Because of nonequilibrium or the influences
of convection and diffusion in the column method, these two techniques may give different results for
nonionic elemental forms.1'9 Thus, in searching the literature for K values, various biases and

confounding factors inherent in the laboratory methods used to determine Kd are reflected in the values
reported.

A second factor responsible for variation or imprecision in Kd measurement is a result of the
parameter being a ratio of two concentrations. A small amount of error in measurement of either the
soil or water concentration of material may produce a large amount of error in the resultant ratio. For
example, in a batch-type experimental system of 10 g soil, 100 mL H,0, and 100 4.tg of material for
which the true Kd is 190 mL/g, a 1% overestimate of the soil concentration (95.95 g.g in soil) yields a
Kd of 237 mL/g, or approximately a 25 % overestimate of Kd. The relative error in Kd estimate from a
given percent error in measurement of soil concentration increases rapidly with increasing Kd (Fig.
2.32). The same is true with a given percent underestimate of the water concentration as the true
Kdof the material decreases. Thus, if an investigator measures only one fraction of the soil-water
system and determines the concentration of the other fraction by default, significant errors may be
introduced into the Kdestimate from very small experimental errors of measurement. This
magnification of experimental error undoubtedly contributes a significant amount of variability to
Kd estimates for materials which are highly soluble or insoluble.

A third source of variability in Kd is its variation with soil type. Soils with different pH, clay content,
organic matter content, free iron and manganous oxide contents, or particle size distributions will likely
yield different Kd values. For example, in a study by Griffin and Shimp'5" of lead absorption by clay
minerals, pH was shown to be an extremely important determinant of Kd. From their data, an exponential
relationship between Kd and pH of the clays was found. At pH > 7.0, lead Kd is on the order of 103, and
below this pH, Kd ranges from 10' to 102. Soil pH has also been shown to influence Kd for plutonium and
curium;151 -..3 ruthenium, yttrium, zirconium, niobium, and cerium;'14 arsenic and selenium;l5....6 and
manganese, iron, zinc, cobalt, copper, cadmium, and calcium......

Another source of variation in Kd is the time factor involved with its determination. Batch-type
Kd determinations are usually made over a period of a few to several hours until equilibrium is
achieved or assumed. If equilibrium does not occur within this short time period, some error is
introduced. Errors from nonequilibrium Kd determinations made after 24 hours, however, are
relatively insignificant.'""1526•0 A more significant error may be introduced by using short term
Kd determinations to simulate leaching over time periods of months or years. Gast et al.23 found that
sorption of Tc-99 by low organic soils tended to significantly increase over a 5-6 week period.
Treatments of the soil with dextrose, H,02, and steam sterilization, and sorption variation with
temperature-all indicated that microbiota played either a direct or indirect role in sorption.
Heterotrophic bacteria capable of solubilizing PbS, ZnS, and CdS have been reported by Cole,"' and
microbial influences on the solubility of transuranics has also been suggested by Wildung and
Garland.' 2 If microbial action is, indeed, important over the long term, then the applicability of
Kd experiments carried out with oven dried and sieved soil to models of leaching in agricultural soils
over long time periods must be questioned.

An analysis of the literature was performed to ascertain appropriate distributions of Kd for
various elements (Table 2.13). Because of the variationof Kdwith soil pH, an analysis of 222
agricultural soils' 63"6 ' was used to determine a typical range of pH for agricultural soils. In these
soils, pH was found to be normally distributed with a mean pH of 6.7 and 95% of the values
between a pH of 4.7 to 8.7. Thus, the criterion was adopted of discarding Kd values which were
measured in soils outside of the pH range of 4.5 to 9. The Kddeterminations used to generate
Table 2.13 represent a diversity of soils, pure clays (pure minerals were excluded), extracting
solutions (commonly HO, CaCl2, or NaCl), laboratory techniques, and magnification of
experimental error. Also, unavoidably, single measurements have been combined with replicates,
means, and means of means to deriveKd distributions. When many references have been used to
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In the batch method, soil and water are shaken with the material for a period of time until equilibrium 
distribution between soil and water is achieved or assumed. Because of nonequilibrium or the influences 
of convection and diffusion in the column method, these two techniques may give different results for 
nonionic elemental forms. 149 Thus, in searching the literature for Kd values, various biases and 
confounding factors inherent in the laboratory methods used to determine Kd are reflected in the values 
reported. 

A second factor responsible for variation .or imprecision.in Kd measurement is a result of the 
parameter being a ratio of two concentrations. A small amount of error in measurement of either the 
soil or water concentration of material may produce a large amount of error in the resultant ratio. For 
example, in a batch-type experimental system of 10 g soil, 100 mL H20, and 100 Ilg of material for 
which the true Kd is 190 mUg, a 1 % overestimate of the soil concentration (95.95 Ilg in soil) yields a 
Kd of237 mUg, or approximately a 25% overestimate of Kd. The relative error in Kd estimate from a 
given percent error in measurement of soil concentration increases rapidly with increasing Kd (Fig. 
2.32). The same is true with a given percent underestimate of the water concentration as the true 
Kdof the material decreases. Thus, if an investigator measures only one fraction of the soil-water 
system and determines the concentration of the other fraction by default, significant errors may be 
introduced into the Kdestimate from very small experimental errors of measurement. This 
magnification of experimental error undoubtedly contributes a significant amount of variability to 
Kd estimates for materials which are highly soluble or insoluble. 

A third source of variability in Kd is its variation with soil type. Soils with different pH, clay content, 
organic matter content, free iron and manganous oxide contents, or particle size distributions will likely 
yield different Kd values. For example, in a study by Griffin and Shimp150 of lead absorption by clay 
minerals, pH was shown to be an extremely important determinant of K d • From their data, an exponential 
relationship between Kd and pH of the clays was found. At pH > 7.0, lead Kd is on the order of 103, and 
below this pH, Kdranges from 101 to 102. Soil pH has also been shown to influence Kd for plutonium and 
curium;151-153 ruthenium, yttrium, zirconium, niobium, and cerium;154 arsenic and selenium;155,156 and 
manganese, iron, zinc, cobalt, copper, cadmium, and calcium. 157.159 

. Another source of variation in Kd is the time factor involved with its determination. Batch-type 
Kd determinations are usually made over a period of a few to several hours until equilibrium is 
achieved or assumed. If equilibrium does not occur within this short time period, some error is 
introduced. Errors from nonequilibrium Kddeterminations made after 24 hours, however, are 
relatively insignificant. 15l ,152,16o A more significant error may be introduced by using short term 
Kd determinations to simulate leaching over time periods of months or years. Gast et itl. 23 found that 
sorption of Tc-99 by low organic soils tended to significantly increase over a 5-6 week period. 
Treatments of the soil with dextrose, H202, and steam sterilization, and sorption variation with 
temperature-all indicated that micro biota played either a direct or indirect role in sorption. 
Heterotrophic bacteria capable of solubilizing PbS, ZnS, and CdS have been reported by Cole, 161 and 
microbial influences on the solubility of transuranics has also been suggested by Wildung and 
Garland. 162 If microbial action is, indeed, important over the long term, then the applicability of 
Kd experiments carried out with oven dried and sieved soil to models of leaching in agricultural soils 
over long time periods must be questioned. 

An analysis of the literature was performed to ascertain appropriate distributions of Kd for 
various elements (Table 2.13). Because of the variation' of Kd with soil pH, an analysis of 222 
agricultural soils163.164 was used to determine a typical range of pH for agricultural soils. In these 
soils, pH was found to be normally distributed with a mean pH of 6.7 and 95% of the values 
between a pH of 4.7 to 8.7. Thus, the criterion was adopted of discarding Kd values which were 
measured in soils outside of the pH range of 4.5 to 9. The Kddeterminations used to generate 
Table 2.13 represent a diversity of soils, pure clays (pure minerals were excluded), extracting 
solutions (commonly H20, CaCI2 , or NaCl), laboratory techniques, and magnification of 
experimental error. Also, unavoidably, single, measurements have been combined with replicates, 
means, and means of means to deriveKddistributions. When many references have been used to 
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Table 2.13. Estimates of the distribution of K1 for various
elements in agricultural soils of pH 4.5 to 9.0

Element # Obs. A a ab Exp(pl)c Observed rangeb References

-- mL/g -

Mg
K
Ca
Mn
Fe
Co
Cu
Zn
Sr

Y
Mo
Tc
Ru
Ag
Cd
Cs

Ce
Pb
Po
Th
U
Np
Pu

Am
Cm

58
10
10

45
30
57
55

146
218

2
17
24
17
16
28

135

16
125

6
17
24
44
40

1.5
1.7
1.4

4.2
3.2
3.9
3.6
3.6
3.6

6.2
2.9

-3.4
5.9
3.8
1.9
6.9

6.7
6.0
6.3

12
6.1
3.4
8.4

0.40

0.49
0.78
2.5
2.0
1.1
0.97
1.8
1.6

1.7
2.2
1.1
0.75
1.5
0;86
1.8

0.54
2.1
0.65
0.57
2.5
2.5
2.4

4.6
5.6
4.1

65
25"
47
35
38
37

510
18

0.033
350
46

6.4
1,000

840
400
520

150,000
450

29
4,500

1.6 to 13.5
2.0 to 9.0
1.2 to 9.8
0.2 to 10,000
1.4 to 1,000
0.2 to 3,800
1.4 to 333
0.1 to 8,000
0.15 to 3,300

160 to 1,640
0.37 to 400
0.0029 to 0.28
48 to 1,000
10 to 1,000
1.26 to 26.8
10 to 52,000

58 to 6,000
4.5 to 7,640
196 to 1,063
2,000 to 510,000
10.5 to 4,400
0.16 to 929
11 to 300,000

165, 166
165
165
149, 158, 167, 168
149, 158, 167, 169
149, 158, 160, 167, 169-171
157,158
149, 157-159, 167
149, 152, 154, 160,167,
169, 171-180
154
149
23
154,160
149, 167
157
149,160, 167, 169, 171,
173, 175, 177, 178, 180-183
154, 160
150, 184
184
185-187
185-187
148, 186, 188, 189
151, 152-154, 177, 182,
186, 187,189
148, 188-190
148, 153, 189

46 6.5 2.4 680 1.0 to 47,230
31 7.6 1.6 1,900 99.3 to 51,900

aThe mean of the logarithms of the observed values.
bThe standard deviation of the logarithms of the observed values.
cGeometric mean (50% cumulative probability).

generate the distribution, greater assurance can be given that the distribution is a representative
distribution because it is not heavily biased by one or two experimental designs or techniques.
Where a single or a few references were used, less assurance can be given.

On the basis of distributions computed for cesium and strontium (Fig. 2.33), a lognormal
distribution for Kdhas been assumed for all elements. Thus, the median value of the assumed
lognormal distribution is used as a best estimate default Kdfor TERRA (except for lead, and
technetium where judgement was exercised). However, if the distribution of Kd computed for cesium
and strontium are typical, then Kd may vary by as much as three orders of magnitude in soils of pH

4.5 to 9.0. Such variation in Kd is greater than or equal to the variation in B, observed for cesium,
strontium, and plutonium (Figs. 2.3, 2.7, and 2.22) and suggests the advisability of using
site-specific values when available.
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Table 2.13. Estimates of the distribution of K.for various 

elements in agricultural soils of pH 4.5 to 9.0 

Element # Obs. l1
a crb EXP(I1)C Observed rangeb References 

--mL/g--

Mg 58 1.5 0.40 4.6 1.6 to 13.5 165.166 
K 10 1.7 0.49 5.6 2.0 to 9.0 165 
Ca \0 1.4 0.78 4.1 1.2 to 9.8 165 
Mn 45 4.2 2.5 65 0.2 to 10.000 149. 158. 167. 168 
Fe 30 3.2 2.0 25' 1.4 to 1.000 149. 158. 167. 169 
Co 57 3.9 1.1 47 0.2 to 3.800 149.158.160.167.169-171 
Cu 55 3.6 0.97 35 1.4 to 333 157. 158 
Zn 146 3.6 1.8 38 0.1 to 8.000 149. 157-159. 167 
Sf 218 3.6 1.6 37 0.15 to 3.300 149. 152. 154. 160. 167. 

169.171-180 
Y 2 6.2 1.7 510 160 to 1.640 154 
Mo 17 2.9 2.2 18 . 0.37 to 400 149 
Tc 24 -3.4 1.1 0.033 0.0029 to 0.28 23 
Ru 17 5.9 0.75 350 48 to 1.000 154. 160 
Ag 16 3.8 1.5 46 10 to 1.000 149.167 
Cd 28 1.9 0,86 6.4 1.26 to 26.8 157 
Cs 135 6.9 1.8 1.000 10 to 52.000 149.160.167.169.171. 

173.175.177.178.180-183 
Ce 16 6.7 0.54 840 58 to 6.000 154. 160 
Pb 125 6.0 2.1 400 4.5 to 7.640 150. 184 
Po 6 6.3 0.65 520 196 to 1,063 184 
Th 17 12 0.57 150.000 2.000 to 510.000 185-187 
U 24 6.1 2.5 450 10.5 to 4.400 185-187 
Np 44 3.4 2.5 29 0.16 to 929 148. 186. 188. 189 
Pu 40 8.4 2.4 4.500 11 to 300.000 151.152-154.177.182. 

186. 187. 189 
Am 46 6.5 2.4 680 1.0 to 47.230 148. 188-190 
Cm 31 7.6 1.6 1.900 99.3 to 51.900 . 148. 153. 189 

aThe mean of the logarithms of the observed values. 
bThe standard deviation of the logarithms of the observed values. 
cGeometric mean (50% cumulative probability). 

generate the distribution, greater assurance can be given that the distribution is a representative 
distribution because it is not heavily biased by one or two experimental designs or techniques. 
Where a single or a few references were used, less assurance can be given. 

On the basis of distributions computed for cesium and strontium (Fig. 2.33), a lognormal 
distribution for Kdhas been assumed for all elements. Thus, the median value of the assumed 
lognormal distribution is used as a best estimate default Kd for TERRA (except for lead, and 
technetium where judgement was exercised). However, if the distribution of Kd computed for cesium 
and strontium are typical, then Kd may vary by as much as three orders of magnitude in soils of pH 
4.5 to 9.0. Such variation in Kd is greater than or equal to the variation in Bvobserved for cesium, 
strontium, and plutonium (Figs. 2.3, 2.7, and 2.22) and suggests the advisability of using 
site-specific values when available. 



9

10 I ,I ! I III

5 2f - ' "

1004

2

101o

40

5 5 2£.

z

0 / /O (0 "
2 F n

X" cc 5 S No 10,0

10o
22

S 5

100 ,

50 25 I I I I I I I I I I I I I I I I I

2 5 10 1520 30 40 50 60 70 808590 95 98 2 5 10 1520 30 40 50 60 70 808590 95 98
PERCENT CUMULATIVE PROBABILITY PERCENT CUMULATIVE PROBABILITY

Figure 2.33. Lognormal probability plots of Kd for cesium and strontium in soils of pH 4.5 to 9 based on
available references.

2 

Cl 
:::J 102 

J III 11 
\ ;. 

10' , 
l~ 

e 
5 ,/ 

~ 
S 
~ 

5 => 

(. 
:3' .; 

,~~ 

S 2 
i= z 
0 
0: 

~ 
::J 

103 en 
I- 2 en w 

() 

0: 0: 5 
0 10' u. 0 u. 

':::J:.'" ':::J:.'" 
5 2 

102 

5 

• 
2 

2 5 101520 30405060 70 808590 95 98 2 5 101520 30405060 70 80859095 98 
PERCENT CUMULATIVE PROBABILITY PERCENT CUMULATIVE PROBABILITY 

Figure 2.33. Lognormal probability plots of Kd for cesium and strontium in soils of pH 4.5 to 9 based on 
available references. . . . 



63

2.4.2 Estimates of Kd based on default B, values

Although Kdestimates for the 23 above-mentioned elements are subject to great uncertainty,
they are based on values reported in the literature. No references are immediately available for the
remaining elements of the periodic table. In order to provide a default estimate for these elements,
an alternative method is used. In 1979, Van Dorp, Eleveld,. and Frissel", proposed a model for
estimation of the soil-plant concentration factor. Their approach was to calculate the solubility of a
nuclide in soil water, its ability to transfer across root membranes, and its upward movement with
the transpiration stream. They reasoned that measured values of K, ; root selectivity coefficient (S),
and transpiration coefficient (T,) would allow them to predict the soil-plant concentration factor
from soil-radionuclide concentration. Their model has not become generally used or accepted for
dose calculations, but their implied dependency of B, on Kdis the basis of our approach for
estimating default K, estimates in lieu of experimental determinations.

Our approach is to presume that the default Kdestimates for elements in Sect. 2.4.1 and their
corresponding B, estimates represent a wide variety of soils and plants. Therefore, a single default
estimate forB. and Kd will reflect soils, plants, and experimental conditions. which are "averaged" or
"generalized." Thus, any relationship observed between Kd and B, may be used to predict "average"
or "generalized" Kd estimates from our default B, estimates.

Figure 2.34 shows the correlation found between B. and Kd. It should be noted that the
B, estimates in Fig. 2.34 are the geometric means determined directly through analysis of reviewed
literature, and not necessarily the default values from Fig. 2.1. Technetium is an example. The
technetium B. of 89 is the geometric mean of the geometric means of references 23, 107, 122, and
123. It was felt that although the short-term plant uptake studies represented in references 23, 107,
and 122 were inappropriate for long-term B, estimates, they were appropriately associated with the
short-term Kddeterminations for technetium (because B, decreases and Kdincreases with time).
Thus, these two short-term parameters were used in the definition of the B,-Kd relationship.
However, in Fig. 2.31 we used our best estimate of technetium B, and the regression equation

Kd =exp(2.38-0.89(lnB,) (9)

to determine our best estimate of technetium K,,of 1.5. In addition to technetium the Kddefault
estimates for elements not mentioned in Sect. 2.4.1 were determined via Eq. (9) and the best
estimate B, default values in Fig. 2.1.
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3. INTERCEPTION FRACTION FOR VEGETATION

The interception fraction for a given vegetation type, r', is a factor which accounts for the fact
that not all of the airborne material depositing within a unit area will initially deposit on edible
vegetation surfaces. The fraction of the total deposit which is initially intercepted by vegetation is
the interception fraction, r', such that 0 £ r £ 1. In the TERRA code, as in other food chain transport
models,6 the processes of initial deposition and weathering removal with time are treated separately.
In the NRC Regulatory Guide 1.109 model, separate interception fractions are suggested for iodines
and other particulate types.6 The analysis of agricultural food and feed crops in the United States by
Shor, Baes, and Sharp7 suggests that the diversity of growth forms necessitates vegetation-specific
estimates of interception fraction as well. The following sections outline a theoretical approach to
vegetation-specific interception fractions. The results of such approaches have been used as default
estimates in lieu of user-input values in the TERRA computer code. Variation of interception
fraction with element, chemical form, and deposition process (e.g., wet, dry) will require further
research.

In Section 3 pasture. hay, and silage productivities are considered to be on an air-dry weight
basis as reported in reference 7. Vegetable and produce productivities are in fresh weight as
reported in reference 7.

3.1 Pasture Grasses and Hay

The interception fraction for pasture grasses and hay are modeled in a different manner than for
other vegetation types because experimental determinations of interception fractions for grasses
have been performed."9 2"98 In these studies a correlation between initial interception fraction and
productivity (standing crop biomass) has been found. This relationship and an empirical fit of the
available data (summarized in Table 3.5 of reference 199) is shown in Figure 3.1. The empirical
relationship is given by

rp9 = 1 -exp(-2.88Ypg) (10)
where

rP9 = the interception fraction for pasture grass and
Yg = the productivity of pasture grass (kg/m2 , dry).

This relationship has been assumed to apply to hay as well as pasture grasses in the computer code
TERRA.

3.2 Leafy Vegetables

There are no readily available literature references for the interception fraction for leafy
vegetables. Therefore, the interception fraction for leafy vegetables is based on a theoretical model
(Fig. 3.2). With this model a range. of possible interception fractions may be generated if the
following assumptions are made:

• 1. On a two-dimensional basis the fractional area represented by leafy vegetables is equal to the
interception fraction;

2. leafy vegetables may. be represented by circles on a two-dimensional basis (Fig. 3.2);

3. leafy vegetables are planted in rows;
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Figure 3.2. Model of field geometry of leafy vegetable spacings.
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4. the ranges of between-plant and between-row spacings in the United States are approximately
equal to the minima and maxima recommended by Knott;2 1

0

5. a farmer will not plant individual leafy vegetables s6 close together that leaves from adjacent
plants overlap (thereby decreasing yield);

6. rows will generally be spaced farther apart than individual plants in a row; and

7. harvest of leafy vegetables occurs at the time of maximum yield, and maximum yield
corresponds to maximum plant diameter.

With the above assumptions, the model given by Fig. 3.2 predicts that the fraction of planted area
occupied by leafy vegetables, equivalent to the interception fraction at harvestable maturity, is given
by

-N 'r r,, r

r =_ n~.t•(1 1)
[(n, -1)dP + 2rf ][(r. -1I)d, + 2rf]

where
r = the interception fraction for mature leafy vegetables,
n, = the number of plants per row,
r. = the number of rows of plants,
rf = the radius of an individual fruit or plant,
dp = the distance between plants in a row, and
dr = the distance between rows of plants.

The constraints on the model are

2rf < dp < dr. (12)

As the land area planted becomes infinitely large, Eq: (11) becomes

lt2
r =- .rr (13)

If a farmer maximizes the number of plants per row such that d. 2r1 , then Eq. (13) becomes

r• _v nrfr 14)
2d(1

When 2rf= dp= d,(maximum utilization of planted land), then the interception fraction for mature
leafy vegetables is 0.785.

In order to predict an average interception fraction for the mature leafy vegetable, recommended
field spacings'00 for leafy vegetables were assumed to represent typical spacings actually
encountered in American agriculture. A distribution of field spacings was determined by obtaining a
range of recommended spacings for each leafy vegetable and weighting each vegetable according to
its importance (by area planted) in the United States(ýTable 3.1). By determining distributions of
typical drspacings and values of rf, a Monte Carlo technique was used to produce a distribution of
solutions to Eq. (14). The mean value of this distribution is r"' = 0.30. In this simulation the average
drwas 73.5 cm (28.7 inches).
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Table 3.1. Weighting factors for leafy vegetable interception
fraction model simulation

Leafy vegetable 'Quantity llanted Percent Weight factor
(kmr)

Lettuce 948 42
cos 14
head 14
leaf 14

Cabbage 367 16
early 6
late 5
Chinese 5

Greens 246 11
collards 3
kale 3
spinach 3
New Zealand spinach 2

Broccoli 176 8
sprouting 4
raab 4

Mint 160 7 7
Celery 140 6 6
Cauliflower 113 5 5
Green onions 59.3 3 3
Escarole 33.6 2

chicory I
endive I

Brusselssprouts 24.8 1 1

Total 2267.7 100 100

.From the theoretical interception fraction for mature leafy vegetables of 0.30 it is possible to
generate an average interception fraction over the time in the field by taking into account the logistic
growth characteristics of plants (Fig. 3.3). It is commonly known that plants (and many living
organisms) have growth patterns which follow a logistic growth pattern. 20 12- 5 Logistic growth curves
have been defined by various equations which yield the appropriate shape. For our analysis the
following equation was used:

1 -cos[180(t'-)]
= , (15)

2

where

f" =
ti -

tm -•

the fraction of maximum growth,
the time of interest, and
the time at which maximum growth normally occurs
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Equation (15) was chosen because at time = tm/2, fo= 0.5 and integration of Eq. (15) from tto
t. yields 0.5. Thus, an average interception fraction for leafy vegetables over the time in the field is
equal to 0.5x0.30 or 0.15. It must be emphasized that the value of 0.15 represents a theoretical
average over the United States for leafy vegetables. A corresponding theoretical maximum would be
0.5x0.785 or 0.39.

3.3 Silage

The analysis of silage interception.fraction is based on an approach similar to that for leafy
vegetables. A modification of the two-dimensional model was made to allow for overlap of leaves
from adjacent plants (as seen in aerial views of corn and sorghum fields). However, no overlap was
allowed between leaves from adjacent rows (Fig. 3.4). It was assumed in our analyses that the silage
is not harvested until the grain has matured. This period of maturity corresponds to the period tto
t 2 in Fig. 3.3. According to descriptions of growth stages in corn by Hanaway2 -6 and Norman,'°7 grain
maturity occurs at a time approximately equal to twice the time to maximum plant growth (and thus
maximum surface area). Accordingly, the integral of plant surface area from t0 to t2 in Fig. 3.3 is 0.75.

From Fig. 3.4, the fraction of total area occupied by the silage at maturity is given by

r, =r4i +(n- -1)-j +(n,-2) It (.

[d,(r. -1) + 2rf][dp (n, + 1)]

The model constraints are

d
rd <-i--. (17)

S2

As the planted area becomes infinitely large, Eq. (16) approaches

r /32 7C r
S 3 2(18)

•dr -dP

Since dp =rf, Eq. (18) becomes

- 3 (19)
d,

At maximum silage density (dr =2dp) Eq. (19) becomes a value of 0.96. Correspondingly, the
maximum average interception fraction is equal to 0.72.

The average interception fraction was derived from average values of d, and dpfor corn and
sorghum plantings. An average dpof 30.5 cm (12 inches) and dof99 cm (39 inches) was taken from
Knott 200 and Rutledge.20' Using these values, an interception fraction at maturity of 0.59 was
determined from Eq. (19). This value yields an average interception fraction of 0.44.
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Figure 3.4. Model of field geometry of silage plant spacings.

72 

ORNL-DWG 80-17187 

CONSTRAINT:r = dp ~ dr 

Figure 3.4. Model of field geometry of silage plant spacings. 



73

3.4 Exposed Produce

The exposed produce category includes 31 commercially important fruits and vegetables in the
United States.7 These produce may be broadly classified as noncitrus fruits, berries, and important
field crops. Because of the diversity of growth forms in the exposed produce category, our analysis is
based on five of the most important noncitrus fruits and field crops in the category-apples, snap
beans, tomatoes, peaches, and cherries. For this analysis, importance is defined in terms of area
planted (see Table 3.2).

For noncitrus fruits and tomatoes, as with leafy vegetables and silage, it is assumed that the
fruits can be represented by circles on a two-dimensional basis. The interception fraction is
calculated by determining the total fruit cross-sectional area per square meter which is given by

2(20)

1w

where
r"4 = the interception fraction of the mature fruit,
n = the number of fruit per square meter
rf = the radius of the fruit (mm),
I = the length of the unit area (1000 mm), and
w = the width of the unit area (1000 mm).

It is assumed that an average interception fraction over the lifetime of the fruit is provided for by the
model of logistic growth and maturity used for silage. That is, half of the fruit's residence time in the
tree or on the plant is assumed to be for growth and development, and one half of the time is assumed
to be for maturing or ripening before harvest. Thus, Eq. (20) becomes

0.75nt 
2

re , (21)1w

where
r = average interception fraction for exposed fruit.

For snap beans the same approach as for round fruits is used, except that the effective surface
area of a snap bean is modeled in two dimensions as a rectangle-a two dimensional view of a
cylinder on its side. For mature snap beans

-n 2 rfIf, 
(22)

1w

where
i= the length of the snap bean.

As with tree fruits and tomatoes, the average interception fraction over the time in the field is 0.75
times the value of the mature interception fraction.

A search of the literature was performed to determine values of n, rf, r1 , and Ifor collateral
information from which to deduce them. Empirical measurements of rf and rwere combined with
literature values to determine default values. Fruit weights were compared with estimated weights
of spheres of water of the same radius to check default estimates. Information from the 1974
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Table 3.2. Relative importance of various exposed produce in the U.S.

Vegetable Quantity ilanted Percent of Percent of sub-
(km?) category category

Non-citrus tree fruits
Apple 1960 27.2 57.3
Apricot 6.00 0A1 012
Cherry 429 6.0 12.5
Date 0.101 <0.1 <0.1
Fig 0.0647 •0.1 •0.1
Mango 4.86 <0.1 0.1

Nectarine 3.63 •0.1 0.1
Peach 644 9.0 18.8
Pear 229 3.2 6.7
Hot Pepper 48.2 0.7 1.4
Plum 36.6 0.5 1.1
Prune 61.4 0.9 1.8

Total 3423 47.6

Berries & vine fruits
Blackberry 94.5 1.3 10.6
Blueberry 154 2.1 17.3
Boysenberry 4.75 <0.1 0.5
Cranberry 91.2 1.3 10.2
Currant 1.12 •0.1 0.1

Gooseberry 0.348 •0.1 50.1
Grape 411 5.7 46.1
Pimento 1.64 •0.1 0.2
Rasberry 29.9 0.4 3.4
Strawberry 104 1.5 11.7

Total 892 12.4

Field crops
Asparagus 269 3.7 9.3
Cucumber 380 5.3 13.2
Eggplant 16.0 0.2 0.6
Okra 16.7 0.2 0.6
Rhubarb 6.80 0.1 0.2
Sweet pepper 155 2.2 5.4
Snap bean 1250 17.4 43.4
Squash 133 1.9 4.6
Tomato 655 9.1 22.7

Total 2880 40.0
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Census of Agriculture 20 9 was used to calculate values of nfor each fruit or vegetable. Estimated
interception fractions for mature apples, snap beans, tomatoes, peaches, and cherries were
calculated according to Eqs. (21) and (22) and weighted to derive a default interception fraction
estimate of 0.052 for exposed produce (Table 3.3). Surprisingly, the values for the noncitrus fruits
(apples, peaches, and cherries) are within approximately a factor of 1.3 of each other, and the values
for the field crops are approximately equal to each other.

3.5 Correlation Between Interception Fraction and Standing Crop Biomass

As mentioned in Sect. 3.1, Chamberlain found a relationship between standing crop biomass or
productivity and the interception fraction for pasture grasses. This relationship [ Eq. (10)] is used in
the TERRA code to calculate the interception fraction for pasture grasses and hay. The analyses of
interception fraction for leafy vegetables, silage, and exposed produce (Sect. 3.2, 3.3, and 3.4,
respectively) are based on generalized or average crops. Use of the interception fraction values for
these categories as default estimates independent of complementary values of productivity (Yi)
could result in unreasonable overestimates of surface plant concentrations, c I, because

c"' P --. (23)
yi

That is, low values of Ycoupled with values of r'for average crops (represented by average 1, values)
could produce high values of r'/1y. As Yi approaches zero, the r1/Y, ratio approaches infinity.

Figure 3.3 indicates that leaf (or edible produce) surface area increases with time as the plant
grows. Clearly, since interception fraction is proportional to surface area, the interception fraction
for very young plants is less than that for mature plants, and r'is a function of Yifor the individual
plant. However, it is not clear whether r is a function of Yfor the mature plant in the field. Figure 3.5
illustrates the problem.

Figure 3.5 presents three plots of equal area with hypothetical crops represented by spheres. The
relative ordering of productivity is A > B > C. In plots A and B planting geometry (packing) has been
maximized (without staggering) by planting individual plants within a row and rows of plants
adjacent to one another. The difference between the two crops is that the crop in plot A is of greater
size (radius, rf) than the crop in plot B. In plots B and C the crop radii are equal, but planting
geometry is less efficient in plot C. In all plots the interception characteristics of the individual crops
are equal.

It can be shown mathematically that the total surface area of crops in plots A and B are equal.
That is, the decrease in surface area per plant as plant radius is reduced is exactly counterbalanced by
the increase in number of plants per unit area. Therefore, the interception fraction for crops A and B
should be the same. The productivity, however, is dependent on the volume multiplied by the number
of plants per unit area. Since volume is proportional to the cube of plant radius, the productivity of
plot A is greater than that of plot B. In this example, regardless of plant size the interception fraction
is a constant value which is independent of productivity.
. In plots B and C the interception fraction is a function of productivity. The surface area per plant

is constant, and as planting geometry becomes less efficient, both productivity and interception
fraction decrease porportionately.

The above examples illustrate that interception fraction for nongrasslike plants may or may not
be a function of productivity, depending on whether a difference in productivity reflects a difference
in plant size or a difference in plant spacings. This dilemma has been addressed in TERRA. As
mentioned in the introduction to this report (and as will be discussed later), the TERRA code allows
input of location-specific agricultural parameters, including location-specific productivity
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Table 3.3. Values of the interception fraction for five important
crops in the exposed produce category

Produce r r n I• Interception Weightingfraction factora

Apples 4.2 m 38 mm 10/m 2  
0 .0 3 4 b 0.29

Snap beans 4 mm 220/m2- 55 mm 0.073c 0.21
Tomatoes 38 mm 20/m 2  0.068b 0.29
Peaches 1.8 m 31.8 mm 15/m 2  

0 .0 3 6 b 0.14
Cherries 5.3 m 8.5 mm 160/m 2  0.027b 0.07

Weighted average 0.052

aBased on values in Table 3.2.
bEq.(21).
c0.75 x Eq. (22).

estimates. In TERRA the location-specific productivity estimate determines a corresponding
interception fraction. In other words, it has been assumed that location-specific variations in
productivity are more reflective of the differences in plots. B and C than in A and B.

Since observed relationships between interception fraction and productivity are unavailable for
nongrasslike plants, the relationship shown in Fig. 3.1 has been assumed to apply to nongrasslike
plants also. The coefficients of the exponential terms for exposed produce, leafy vegetables, and
silage have been determined by fitting an exponential regression equation, forced through the point
[(0-r' = 0),(Y, = 0)] to the points representing the United States average productivity-average
interception fraction and maximum observed productivity -theoretical maximum interception
fraction. The average and maximum productivities are taken from Appendices B and C of
reference 7. The resulting relationships are (Fig. 3.6),

r' =1 -exp(-0.0324Y,), (24)

r= 1 - exp(--0.0846Y) , and (25)

r=1 -exp(-0.769Y,), (26)

where the superscripts and subscripts "e," "lv," and "s" are for exposed produce, leafy vegetables,
and silage, respectively.

Although this approach is at best ad hoc, the consequences of setting the interception fraction at
a constant value and allowing productivity to vary over its reported range are serious. Figure 3.7
compares the method of using Eqs. (24)-(26), case A, and using a single interception fraction, case
B, over the observed productivity range shown at the bottom of the figure. At the extremes of the
ranges, especially at productivities less than 0.1 kg/m2 , the ratio of r'./Y, is particularly suspect.
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dependent on (A) and independent of (B) productivity of silage, exposed produce, and leafy vegetables.
The ranges of productivity found in the U.S., based on reference 7, are shown at the bottom of the figure.
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4. SITE-SPECIFIC PARAMETERS

For a given location, as specified by a longitude-latitude coordinate (X, Y), TERRA simulates
terrestrial transport by incorporating 21 site-specific agricultural and climatological parameters
into its calculations. These parameters are available on a V2xV2 degree longitude-latitude basis and
are part of a data base, called SITE, which includes 36 agricultural, climatological, demographic,
and other parameters. The remaining 15 parameters not used by the TERRA code are either used by
or are available for use by the other codes of the CRRIS system. The agricultural parameters were

209derived from the report by Shor, Baes, and Sharp7, which analyzes the 1974 Census of Agriculture:
Climatological parameters were interpolated from long-term averages recorded by United States
weather stations as reported in several sources. 21-22 Demographic parameters describing the
fraction of the population in various urbanization categories were available on a half-degree cell
basis from the analyses of the 1970 U.S. Census by Haaland and Heath.2 3 ' Estimates of population
were taken from the 1980 U.S. Census.

The half-degree cell grid was preferred over the United States county resolution because of the
variation in county area (Fig. 4.1). Bristol county, Rhode Island, the smallest county, is 64.5 km2,
and San Bernardino county, California, the largest, is 52,100 k2, a range of over 800 fold. Half-
degree cells provide a more uniform grid (Fig. 4.2). The areas of the cells vary from 2,030 km2 at
491N latitude to 2,810 km2 at 25°N latitude-a variation of less than 30% over the conterminous
United States. Half-degree cell areas are comparable to the areas of counties in niortheast Texas
(Fig. 4.1).

Each SITE cell is defined by an identification number, i, such that

i =2[(X -66.5) + 116(Y -24.5)], (27)

where
X = the longitude (in degrees W) of the southeast corner of the cell and
Y = the latitude (in degrees N) of the southeast corner of the cell.

Equation (27) is based on the reference point 66.5°W, 24.5°N and the fact that the conterminous
United States lies between 66.5°W and 125°W. One hundred and sixteen half-degree cells define this
span, horizontally.

Two methods were needed to convert county data to half-degree cell data because some data
were stored per unit area and others were stored as a total count. The data stored as a total count was
distributed according to the fraction of each county included in the individual cell (method A). The
data stored per unit area was distributed according to the fraction of each cell included in the
appropriate counties (method B). Both of these transformation fractions were determined for each
SITE cell and each United States county using the IUCALC program which calculates polygon-
polygon intersections, unions, and relative differences.21" Table 4.1 shows the derivation of the
number of cattle and calves, nc, and productivity of protected produce, Y,, for SITE cell #3284,
which has coordinates at the southeast corner of 84.5°W, 38.5°N. Three counties in Indiana and nine
counties in Kentucky overlap this cell.

Method A is used for all parameters representing discrete entities, e.g., head of livestock,
numbers of people, kilograms of produce. The assumption in effect is that number distribution is
uniform throughout the county. The proportion of the county total within the cell is proportional to
the area of the county within the cell. Method B is used for all parameters representing densities and
representative averages, e.g., productivities and climatic variables. The effective assumption here is
that the contribution from the county to the cell is proportional to the fraction.of the cell which
coincides with the county.
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Table 4.1. Example derivation of agricultural parameters for
SITE cell #3284 from county-averaged parameters

- Transfer parameterb - yndCounty, statea n, 2Method A Method B (head) (kg/m2 )

Dearborn, In 3.60x10 3  1.25x10 3  17288 1.52
Ohio, In 5.59x10 1  5.5 lx10-2  7111 0.060
Switzerland, In 3.74x10- 1  9.38xi0-2 12863 0.060
Boone, Ky 6.18x101 1.75x10 1  20926 1.42
Carroll, Ky 8.45x10"2  1.25x10 2  11370 0.040
Gallatin, Ky 9.71xl0-1  1.10xl0-1  7512 2.12
Grant, Ky 9.3 1xl0 1  2.63xl01' 22148 0.61
Harrison, Ky 9.00x10-4  3.14xl0"4 44345 1.22
Henry, Ky 2.60x10 3  8.52x10-4  36319 0.78
Kenton, Ky 4.74xi0- 1  8.88x10 2  10633 1.18
Owen, Ky 4.91x10"' 1.96x10"' 26555 0.75
Pendleton, Ky 1.32x10I2  4.18x10 3  24125 0.82

Total or average 69190 0.99

'All counties which share area with SITE cell #3284 which has coordinates of southeast corner of

84.5'W, 38.5°N.
bFor method A parameter is fraction of each county within the cell. For method B parameter is fraction

of cell within each county.
CNumber of cattle and calves.
dyield of protected produce.

Climatological parameters were determined on a half degree cell basis by selecting the three
United States weather stations nearest the centroid of the cell. The three parameter values for the
weather stations were weighted according to distance from the weather station to the cell centroid
such that -

P, ýWIpf +W2 P2 +w 3p 3 1 (28)

where

PC = the parameter value for the half degree cell,
W1, W 2 , w 3 = the weighting factors for the first, second, and third nearest weather

stations, respectively, and
PT, P2 , P 3 = the parameter values for the first, second, and third nearest weather stations,

respectively.

The weighting factors were defined such that

w 1 +w 2 +w 3 =1 and (29)

(30)
1

W=-,dl
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dYield of protected produce. 

Climatological para~eters were determined on a half degree cell basis by selecting the three 
United States weather stations nearest the centroid of the cell. The three parameter values for the 
weather stations were weighted according to distance from the weather station to the cell centroid 
such that 

where 

(28) 

Pc = the parameter value for the half degree cell, 
WI' w 2 ,w) = the weighting factors for the first, second, and third nearest weather 

stations, respectively, and 
PI' P2' p) = the parameter values for the first, second, and third nearest weather stations, 

respectively. 

The weighting factors were defined such that 

1 
w=­

d ' 
I 

(29) 

(30) 
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where
d = the linear distance between the weather station and the centroid of the cell.

The linear distance between weather stations and the centroid of the cell was determined by

kilometers - AcosY+B+CY+DY2 and (31)
1.00 longitude

kilometers Eq. (31) -E +FY +GY2 (32)
1.0' latitude cos Y

where
A = 1.113x102 ,
B = -9.855x10-2 ,
C = 7.789xi0-3,
D = -5.894x10-5 ,
E = -8.570x10'-,
F = 7.927x10l', and
G = 5.888x10 5-.

Table 4.2 shows example derivations of cell-averaged values of frost-free days from values from the
three nearest United States weather stations.

4.1 Agricultural Parameters

The SITE data base contains 21 parameters describing location-specific agricultural practice,
14 of which are used by TERRA in simulating terrestrial transport of radionuclides. In addition, the
climatic parameter, number of frost-free days, is used to estimate the number of harvests of hay and
grazings of pasture by cattle. These parameters are described in detail in the report by Shor, Baes,
and Sharp7 . It is beyond the scope of this report to detail their derivation, but a brief description of
their use in TERRA follows.

As discussed in Sect. 3., atmospheric deposition on edible portions of food and feed crops is
inversely proportional to standing crop biomass. The best estimate of standing crop biomass at
harvest is given by the productivity, defined as

P.Y Y=i (33)

w here
Yj = the productivity (yield) of crop i (kg/m 2),
P, = the harvest yield (production) of crop i (kg) per harvest, and
A• = the area planted to crop i which is harvested or harvest area (Mi).

For leafy vegetables, exposed and protected produce, grains, and silage, harvest yields and areas
were obtained directly from the 1974 Census of Agriculture. However, for hay and pasture only,
annual yields (summed over all harvests) and areas allocated for hay and pasture (not necessarily
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As discussed in Sect. 3., atmospheric deposition on edible portions of food and feed crops is 
inversely proportional to standing crop biomass. The best estimate of standing crop biomass at 
harvest is given by the productivity, defined as 

where 

Phi 
Y =-

. i Ahi' 

the productivity (yield) of crop i (kg/m2), 
the harvest yield (production) of crop i (kg) per harvest, and 
the area planted to crop i which is harvested or harvest area (m2

). 

(33) 

For leafy vegetables, exposed and protected produce, grains, and silage, harvest yields and areas 
were obtained directly from the 1974 Census of Agriculture. However, for hay and pasture only, 
annual yields (summed over all harvests) and areas allocated for hay and pasture (not necessarily 
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Table 4.2. Derivation of number of frost-free days for half-degree cells from
values for the three nearest weather stations to the centroid of the cell'

Weighting factorsd Frost-free
Cell# Longitudeb Latitudec Stations days

3615 76.0 40.0 B, A, C 0.462 0.287 0.251 203

3616 75.5 40.0 B, F, E 0.858 0.074 0.067 201
3617 77.0 40.0 B, F, E 0.612 0.225 0.163 201
3618 77.5 40.0 B, F, E 0.436 0.342 0.222 200
3731 76.0 40.5 A, B, D 0.372 0.334 0.294 185
3732 76.5 40.5 B, A, D 0.489 0.262 0.249 189

3733 77.0 40.5 B, F, D 0.525 0.241 0.234 189
3847 76.0 41.0 D, A, B 0.508 0.279 0.213 181

aThe following weather station values were used:

A = Allentown, Pa: 180 frost-free days
B = Harrisburg, Pa: 201 frost-free days
C = Philadelphia, Pa: 232 frost-free days
D = Scranton, Pa: 174 frost-free days
E = Baltimore, Md: 234 frost-free days
F = Frederick, Md: 176 frost-free days.

bSoutheast corner of cell.
cFirst, second, and third nearest weather station, respectively.
dGiven by Eqs. (30) and (31).

areas actually harvested) were given or derived from census information. Thus, for hay and pasture
Shor, Baes, and Sharp7 calculated "areal yields" defined by

Ai

where
y = the areal yield of crop i (kg/yr/m2),

Pa = the annual yield of crop i (kg/yr), and
Ai = the inventory area for crop i (m).

(34)

The sum of all harvest yields (production) and productivity estimates for leafy vegetables (Figs.
4.3 and 4.4), exposed produce (Figs. 4.5 and 4.6), protected produce (Figs. 4.7 and 4.8), grain for

food (Figs. 4.9 and 4.10), grain for feed (Figs. 4.11 and 4.12), and silage (Figs. 4.13 and 4.14) are
included in the SITE data base. Also included are the annual yield (production) of hay. (Fig. 4.15)
and area 1 yield estimate for hay (Fig. 4.16). The area 1 yield of pasture estimate is not included in the
SITE data base, but is calculated in TERRA from information contained in SITE (as discussed

below). The productivity estimates for hay and pasture are calculated by dividing area I yields by the
estimated numbers of hay harvests and successive pasture grazings by cattle, respectively.

Number of harvests per year for hay is initially estimated by

h- 6dy (35)60 days
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where 
y. = I 

Pai = 
Ai = 

ya = Pai 
i A.' 

I 
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where
hh = the number of hay harvests (yr-f),
dif = the number of frost-free days (day/yr), and

60 days = the average time between successive hay harvests.7

The initial estimate of hh is rounded off to the nearest integer and hay productivity, Yh', is calculated
according to

Yh Ph (36)hh

If Yh <0.10kg/m2, then the initial estimate of hh is reduced to the largest integer for which Yh > 0.10
kg/r• 2 . The value of 0.10 kg/m 2 is considered the minimum productivity at which hay harvesting is
economically feasible.7 The same general procedure is followed for calculation of pasture grass
productivity, Ypg, except that the initial estimate of successive grazings (harvests) by cattle, gpg,is
given by

dff

g- 30 days' 
(37)

where
30 days - the average time between successive grazings by cattle.6

and the minimum productivity is 0.005 kg/m2 .7 The SITE data base includes estimatednumber of
frost-free days in a year (Fig. 4.17).

In TERRA the areal yield of pasture grass, from which pasture grass productivity is calculated,
is estimated from the cattle and calf inventory, n,,(Fig. 4.18), the inventory of milk cows,
n.(Fig. 4.19), the annual sales of cattle on grain, s9(Fig. .4.20), and the inventory of sheep,
n, (Fig. 4.21), in the manner described in Section 5.1 of the report by Shor, Baes, and Sharp.7 Briefly,
annual consumption of pasture grass is defined by a mass balance of livestock forage requirement or
need and harvested supply. The difference between need and supply is assumed to be pasture
consumption. The harvested supply is defined as 75% of hay and silage production, and need is
defined according to the numbers and types of forage consuming livestock. The following equations
are used to calculate pasture grass areal yield Ya in TERRA:

ya - - (38)
- p '

where
Cp = the annual consumption of pasture in a half-degree cell by livestock (kg/yr) and
AP = the area of pasture (Fig. 4.22) in the cell (Mi).

Pasture consumption is calculated according to

CP =Rf -0.75Pv , and (39)

=P, ++P ,
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(36) 
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d ff 
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where 
30 days :: the average time between successive grazings by cattle.6 

and the minimum productivity is 0.005 kg/m2.7 The SITE data base includes estimated number of 
frost-free days in a year (Fig. 4.17). 

In TERRA the areal yield of pasture grass, from which pasture grass productivity is calculated, 
is estimated' from the cattle and calf inventory, nee (Fig. 4.18), the inventory of milk cows, 
nm (Fig. 4.19), the annual sales of cattle on grain, s g (Fig. 4.20),' and the inventory of sheep, 
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annual consumption Of pasture grass is defined by a mass balance of livestock forage requirement or 
need and harvested supply. The difference between need and supply is assumed to be pasture 
consumption. The harvested supply is defined as 75% of hay and silage production, and need is 
defined according to the numbers and types of forage consuming livestock. The following equations 
are used to calculate pasture grass areal yield Y~in TERRA: 

where 

(38) 

the annual consumption of pasture in a half-degree cell by livestock (kg/yr) and 
the area of pasture (Fig. 4.22) in the cell (m2

). 

Pasture consumption is calculated according to 

C p =Rf -0.75PIif ,and (39) 
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where
Rf = the collective forage requirement by forage-consuming livestock in the cell (kg/yr),
PIV = annual production of harvested forage in the cell (kg/yr),
P, = the annual production of silage in the cell (kg/yr), and
P, = the annual production of hay in the cell (kg/yr).

The collective livestock forage requirement is given by

Rf =4010n,. +970n, + 3 030na +600n5 , (41)

where
nfg = the inventory of cattle on grain (head) in the cell,
n. = the average annual inventory of "all other cattle" (neither milk cows or cattle on

feed) in the cell (head), and

the coefficients are annual forage requirements for each livestock category (kg/head/yr).7 Inventory
numbers of milk cows, n,,, and sheep, n,, are given in SITE, and ng and na are calculated by

SR
n. =-, and (42)

na =ncC -n, -- ng. , (43)

where
,= the turnover rate of cattle on feed grain (1/yr).

The number of cattle and calves in the cell, n, is given in SITE. The turnover rate ý,g is assumed to be
2.0/yr.7

In some states, notably Texas, Oklahoma, Nebraska, and Kansas, large numbers of cattle are
imported and placed on feedlots for fattening. In these areas Eq. (43) may produce a negative value
due to the high value of ng. This possibility is tested for in the TERRA code, and when Eq. (43) is
negative the value of n.ais set equal to the SITE parameter beef cow inventory, nb (Fig. 4.23).

As shown in Eq. (39), all forage consumed by livestock in a cell is assumed to be produced
locally within thecell in TERRA. This type of assumption is not applied to grain. That is, a grain
requirement for all livestock in the cell is calculated according to

R, =2600n, +1820n, +150na, (44)

where
R = the collective grain requirement of all grain-consuming livestock in the cell (kg/yr)

and

the coefficients are the annual grain requirements for each livestock category (kg/head/yr).7 Sheep
are assumed to consume forage only. The grain requirement is compared to the SITE parameter,
annual harvest yield or production of grain feed, P,(kg), and the fraction of grain imported from
outside of the cell, f, . is calculated according to

where 
R, 
Plif 
Ps 

Ph 

= 
= 
= 
= 
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the collective forage requirement by forage-consuming livestock in the cell (kg/yr), 
annual production of harvested forage in the cell (kg/yr), 
the annual production of silage in the cell (kg/yr), and 
the annual production of hay in the cell (kg/yr). 

The collective livestock forage requirement is given by 

where 

(41) 

ng = the inventory of cattle on grain (head) in the cell, 
na = the average annual inventory of "all other cattle" (neither milk cows or cattle on 

feed) in the cell (head), and 

the coefficients are annual forage requirements for each livestock category (kg/head/yr).7 Inventory 
numbers of milk cows, nm , and sheep, ns ' are given in SITE, and ng and na are calculated by 

(42) 

(43) 

where 
Ag = the turnover rate of cattle on feed grain (l/yr). 

The number of cattle and calves inthe cell, nee' is given in SITE. The turnover rateA.gis assumed to be 
7' . 
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locally within the cell in TERRA. This type of assumption is not applied to grain. That is, a grain 
requirement for all livestock in the cell is calculated according to 

where 

(44) 

Rg = the collective grain requirement of all grain-consuming livestock in the cell (kg/yr) 
and 

the coefficients are the annual grain requirements for each livestock category (kg/head/yr).7 Sheep 
are assumed to consume forage only. The grain requirement is compared to the SITE parameter, 
annual harvest yield or production of grain feed, Pgf(kg), and the fraction of grain imported from 
outside of the cell, fgi' is calculated according to 
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Table 4.3. Agricultural and climatological parameters for seven selected
SITE cells and parameters derived from them in TERRA

Cell number; (X,Y); state

Parameter #1655 #2069 #2273 #3051 #3182 #3628 #4541
(82,31.5) (115,33) (101,34) (84,37.5) (91.5,38) (82.5,40) (75,44)

GA CA TX KY MO OH NY

SITE Parameter
Y, (kg/m 2) 0.536 2.28 0.577 0.721 0.154 1.13 1.29
Y, (kg/- 2 ) 0.0 2.84 0.0 0.209 0.0 2.06 0.177
Y, (kg/m 2 ) 0.843 0.187 0.391 1.04 0.591 0.847 0.917
Y,' (kg/m 2 ) 0.540 1.40 0.365 0.397 0.394 0.495 0.441
di (day/yr) 287 357 209 201 206 191 162
A, (m2 ) 2.73xi05  4.00x10 7  9.18xi0s 1.28x10 9  1.06xl0 9  3.10xlO0 2.24x10 8

P, (kg/yr) 6.42x10 6  2.36x10 5  4.43x10 6  1.75x10 7  5.52x106 1.88x10 7  3.38x10 7

P, (kg/yr) 8.54x106 1.61x105  4.OlxlO6 6.97x10 7  5.70x 107 5.97x10 7  7.22x10 7

n_ 29,536 72,784 35,451 124,414 67,263 42,645 27,564
n, (head) 2,446 1,460 40 3,504 2,250 8,907 15,125
n, (head) 1 34,385 1,776 3,184 444 22,226 280
nb (head) 12,543 2,334 13,265 52,694 32,797 10,748 817
s, (head) 2,117 136,978 1,391 3,856 2,437 6,279 127
P, (kg) 8.64x10 7  9.32x10 6  1.05×xlO 2.23xi0 7  1.47x10 7  1.24x105  1.83x10 6

Parameters calculated in TERRA
hh (1/yr) 5 6 3 3 3 3 3
Y, (kg/m 2) 0.108 0.233 0.122 0.132 0.131 0.165 0.147

n, (head) 1,059 68,489 696 1,592 1,219 3,140 64
n. (head) 25,502 2334a 34,367 119,522 63,184 29,028 12,343
Rf (kg/yr) 8.81x10 7  1.0Oxl0 1.06x10 5  3.80x105  2.02x 101 1.40xt0s 9.83x10 7

C (kg/yr) 7.69x10 7  0 9.97x10 7  3.15×10 5  1.55x105  8.11X10 7  1.88x10 7

Y,, (kg/yr/m2) 0.282 0 0.109 0.246 0.146 0.262 0.084
g., (1/yr) 10 0 7 7 7 6 5
Y,, (kg/m 2) 0.028 0 0.016 0.035 0.021 0.044 0.017

aSet equal to inventory of beef cattle in this SITE cell.

fi =1-R,gi Rg (45)

unless Pl/Rg> 1.0, in which case fgiis set to 1.0.
Table 4.3 lists 13 of the 14 agricultural parameters in SITE and number of frost-free days, which

is used by TERRA for selected SITE cells in the United States. The 14`h agricultural parameter,
irrigation, is discussed in Sect. 4.2. The other seven parameters-annual yields (production) of leafy
vegetables, P,,, exposed produce, Pe, protected produce, P,,, grains consumed by man, P,,, and
productivity estimates for protected produce, YP,, grain feeds,.Y , and grain foods consumed by
man, Y•, -are not currently used by TERRA.

4.2 Climatological Parameters

The SITE data base contains six climatological parameters-precipitation, evapotranspiration,
absolute humidity, morning mixing height, afternoon mixing height, and number of frost-free days.
All except evapotranspiration have been calculated according to the method described in Sect. 4. for
climatological parameters (interpolation among the three nearest weather stations).
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Table 4.3. Agricultural and climatological parameters for seven selected 
SITE cells and parameters derived from them in TERRA 

Cell number; (X,Y); state 

Parameter #1655 #2069 #2273 #3051 #3182 #3628 #4541 
(82,31.5) (115,33) (101,34) (84,37.5) (91.5,38) (82.5,40) (75,44) 

GA CA TX KY MO OH NY 

SITE Parameter 
y, (kg/m2) 0.536 2.28 0.577 0.721 0.154 1.13 1.29 
Y", (kg/m2) 0.0 2.84 0.0 0.209 0.0 2.06 0.177 
1'; (kg/m2) 0.843 0.187 0.391 1.04 0.591 0.847 0.917 
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dlf (day/yr) 287 357 209 201 206 191 162 
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Ph (kg/yr) 8.54xl06 1.61xl08 4.01xl06 6.97xl07 5.70xl07 5.97xl07 7.22xl07 
nro 29,536 72,784 35.451 124,414 67,263 42,645 27,564 
nm (head) 2,446 1,460 40 3,504 2,250 8,907 15,125 
n~ (head) I 34,385 1,776 3,184 444 22,226 280 
n. (head) 12,543 2,334 13,265 52,694 32,797 10,748 817 
s, (head) 2,117 136,978 1,391 3,856 2,437 6,279 127 
P" (kg) 8.64xl07 9.32xl06 1.05x108 2.23x107 1.47xl07 1.24x108 1.83xl06 

Parameters calculated in TERRA 

hh (1/yr) 5 6 3 3 3 3 3 
Yh (kg/m2) 0.108 0.233 0.122 0.132 0.131 0.165 0.147 
n, (head) 1,059 68,489 696 1,592 1,219 3,140 64 
n. (head) 25,502 . 2334" 34,367 119,522 63,184 29,028 12,343 
Rf (kg/yr) 8.81xl07 1.00xl08 1.06x108 3.80xl08 2.02x108 1.40x108 9.83x107 

C p (kg/yr) 7.69x107 0 9.97x107 3.15x108 1.55x108 8. 11 X 107 1.88x107 

Yp~ (kg/yr/m2) 0.282 0 0.109 0.246 0.146 0.262 0.084 
g PI (I/yr) 10 0 7 7 7 6 5 
Y" (kg/m2) 0.028 0 0.016 0.035 0.021 0.044 0.017 

'Set equal to inventory of beef cattle in' this SITE cell. 

Prd (45) fgi =l-R , 
g 

unless P rdl Rg > 1.0, in which case fgi is set to 1.0. 
Table 4.3 lists 13 of the 14 agricultural parameters in SITE and number of frost-free days, which 

is used by TERRA for selected SITE cells in the United States. The 14th agricultural parameter, 
irrigation, is discussed in Sect. 4.2. The other seven parameters-annual yields (production) of leafy 
vegetables, Plv ' exposed produce, P" protected produce, Ppp ' grains consumed by man, Pgh , and 
productivity estimates for protected produce, Ypp ' grain feeds,}, rd' and grain foods consumed by 
man, Ygh ,-are not currently used by TERRA. 

4.2 Climatological Parameters 

The SITE data base contains six climatological parameters-precipitation, evapotranspiration, 
absolute humidity, morning mixing height, afternoon mixing height, and number of frost-free days. 
All except evapotranspiration have been calculated according to the method described in Sect. 4. for 
climatological parameters (interpolation among the three nearest weather stations). 
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Evapotranspiration was calculated by United States county and converted to SITE cell basis
according to Method B. Of the six, only precipitation, evapotranspiration, absolute humidity, and
frost-free days are used by TERRA. Frost-free days has beendiscussed in Sect. 4.1. The following
discussion will detail the derivation and use of the remaining five climatological parameters and the
agricultural parameter irrigation.

Evapotranspiration (Fig. 4.24), irrigation (Fig. 4.25) and precipitation (Fig. 4.26) are used in the
calculation of leaching constants [Eq. (7)] as described in Sect. 2.4. Leaching constants are
calculated for both irrigated and nonirrigated soils in TERRA. Food crops (except grains) are
assumed to be grown on irrigated soils and all livestock feeds are assumed to be grown on
nonirrigated soils. The numerator of Eq. (7), (P + I-E), is assumed to be a mass balance of water
inputs and outputs for a given agricultural area. Surface runoff and storage of water in surface
agricultural soils is not considered in TERRA.

Evapotranspiration was calculated according to a model proposed by Morton:.2" The model
requires as input afinual precipitation, sea level pressure (or altitude), monthly dew point, monthly
ambient air temperatures, and monthly fraction of maximum possible sunshine. Annual
precipitation was taken from Olson, Emerson, and Nungesser' 17 by county in eastern states and by
state climatic division in western states. Conversion of precipitation by state climatic division to a
county basis was achieved using the IUCALC code. 215 The altitude of each county centroid in meters
was estimated using the TERGHT code. 218 Each altitude was converted to sea level pressure in
millibars using2 19

I z- 4 4308 5.25679

.- 11876.94
where

Pw1 = sea level pressure (mb) and
z = altitude (in).

Monthly dew point and ambient air temperatures were taken from references 210, 211, and 212 for
various United States weather stations. The monthly fractions of maximum possible sunshine were
taken from references 211 and 212 for various weather stations. All parameters derived from
weather station data were interpolated to county centroids and finally to the half degree cells using
methods previously described.

Annual irrigation in centimeters was taken from information reported in the 1974 Census of
Agriculture. For each county the 1974 Census reports total land irrigated in acres and the estimated
quantity of irrigation water applied in acre-feet. The latter was divided by the former and the
quotient was converted to centimeters.

Irrigation was not included with precipitation in the model input parameters, although it is
considered in Eq. (7). This discrepancy will add a small amount of error to the evapotranspiration by
county calculation. Because the Morton model is designed for large land areas and does not provide
for local discontinuities, it was assumed that irrigation water is an insignificant fraction of total
precipitation over the entire county or cell. This assumption is supported by the observation that
nationally only 3-4% of all farmland is irrigated. However, in some counties irrigated land may be a
significant fraction of the total land area and our calculations inappropriate.

According to Morton, the evapotranspiration model has been verified over a wide range of
environments and compares satisfactorily with annual precipitation less runoff for 81 river basins in
Canada, 36 river basins in the southern United States, three river basins in Ireland,,and two river
basins in Kenya. Wallace 220 compared the model with the Thornthwaite-Mather 2 ' and Penman222

approaches to modeling evapotranspiration and found the Morton model to be superior in modeling
arid environments. Morton, however, warns against use of the model near sharp environmental
discontinuities. Therefore, estimates of evapotranspiration near coast-lines and mountain ranges are
suspect.
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Evapotranspiration was calculated by United States county and converted to SITE cell basis 
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where 
Psi = 
Z = 

P = [ z - 44308 ] 5.25679 
sl -11876.94 

sea level pressure (mb) and 
altitude (m). 

(46) 

Monthly dew point and ambient air temperatures were taken from references 21 0, 211, and 212 for 
various United States weather stations. The monthly fractions of maximum possible sunshine were 
taken from references 211 and 212 for various weather stations. All parameters derived from 
weather station data were interpolated to county centroids and finally to the half degree cells using 
methods previously described. 

Annual irrigation in centimeters was taken from information reported in the 1974 Census of 
Agriculture.For each county the 1974 Census reports total land irrigated in acres and the estimated 
quantity of irrigation water applied in acre-feet. The latter was divided by the former and the 
quotient was converted to centimeters. 

Irrigation was not included with precipitation in the model input parameters, although it is 
considered in Eq. (7). This discrepancy will add ':l small amount of error to the evapotranspiration by 
county calculation. Because the Morton model is designed for large land areas and does not provide 
for local discontinuities, it was assumed that irrigation water is an insignificant fraction of total 
precipitation over the entire county or cell. This assumption is supported by the observation that 
nationally only 3-4% of all farmland is irrigated. However, in some counties irrigated land may be a 
significant fra<:tion of the total land area and our calculations inappropriate. 

According to Morton, the evapotranspiration model has been verified over a wide range of 
environments and compares satisfactorily with annual precipitation less runofffor 81 river basins in 
Canada, 36 river basins in the southern United States, three river basins in Ireland, and two river 
basins in Ken)ra. Wallace220 compared the model with the Thornthwaite-Mather221 and Penman222 

approaches to modeling evapotranspiration and found the Morton model to be superior in modeling 
arid environments. Morton, however, warns against use of the model near sharp environmental 
discontinuities. Therefore, estimates of evapotranspiration near coast-lines and mountain ranges are 
suspect. 
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Morning and afternoon mixing heights in meters (Figs. 4.27 and 4.28, respectively) were taken
from the annual average tabulation for 62 United States weather stations reported by Holzwortha23

under both precipitation and nonprecipitation conditions. Cell values are interpolations among the
thrbe nearest weather stations. Currently, morning and afternoon mixing height estimations are not
used in TERRA. However, they may be of use to atmospheric dispersion computer codes and models
which calculate dispersion of elevated releases.

The estimates of absolute humidity (Fig. 4.29) were taken, from the annual averages for 218
United States weather stations calculated by Etnier 2

4 from annual-average temperature and relative
humidity data. The cell-averaged values were interpolated from the three nearest weather stations as
previously described.

4.3 Demographic and Miscellaneous SITE Parameters

In addition to the 29 parameters previously discussed, SITE includes seven parameters
describing the population of the cell and cell characteristics. These parameters include the estimated
1980 population and fractions (based on the 1970 Census) which are classified as urban, rural-farm,
and rural-nonfarm, the actual land area of the cell, the dominant land feature in the cell, and the
coarse suspended particulate matter due to resuspension.

The 1980 population estimate for half degree cells (Fig. 4.30) was determined from data by
enumeration district as described in references 213 and 214. The definitions of "urban," "rural-
farm," and "rural-nonfarm" are as follows. The urban population (Fig. 4.31) comprises all persons
living in (1) places of 2,500 inhabitants or more incorporated as cities, boroughs, villages, and towns
(except towns in New England, New York, and Wisconsin); (2) the densely settled urban fringe,
whether incorporated or unincorporated, of urbanized areas; (3) towns in New England and
townships in New Jersey and Pennsylvania which contain no incorporated municipalities as
subdivisions and have either 25,000 inhabitants or more or a population of 2,500 to 25,000 and a
density of 580 persons or more per square kilometer (1,500 persons per square mile); (4) counties in
states other than the New England States, New Jersey, and Pennsylvania that have no incorporated
municipalities within their boundaries and have a density of 580 persons or more per square
kilometer (1,500 persons per square mile); and (5) unincorporated places of 2,500 inhabitants or
more. The rural population is divided into "rural-farm," (Fig. 4.32) comprising all persons living on
farms, and "rural-nonfarm," (Fig. 4.33) comprising the remainder. According to the 1970 Census
definition, the farm population consists of all persons living in rural territory on places of less than
0.04 km2 yielding agricultural products which sold for $250 or more in the previous year, or on
places of 0.04 km2 ( 10 acres) or more yielding agricultural products which sold for $50 or more in
the previous year.

The land area of the cell in square meters is less than or equal to the theoretical area of the cell,
depending on the area of surface waters in the cell. The actual area of the cell was determined from
the county areas reported in the 1974 Census of Agriculture. "Land areas" includes land temporarily
or partially covered by water (marshlands, swamps, etc); canals under 201 m (one eighth statute
mile) wide; and lakes, reservoirs, and ponds under 0.16 km2 (40 acres).

The SITE data base contains a coded number which describes the dominant land feature of the
cell (Fig. 4.34). The dominant land feature may be useful to atmospheric dispersion calculations
requiring location-specific surface roughness correction factors. The dominant land features
considered are

1) Tall row crops,
2) Short row crops,
3) Hay or tall grass,
4) Urban areas,
5) Small lakes,
6) Short grass, and
7) Forest.
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The dominant land features were determined from data gathered by Olson, Emerson, and
Nungesser.217 They reported areas for each land feature by county. The county areas were converted
to cell areas by methods previously described. The land feature with the largest area is considered
the dominant land feature.

The dominant land feature is expressed as a code of the form FLPPP. The "F" value is either "0"
or "1," for less than or more than 50% of the total area in the cell classified as Federal land,
respectively. Federal land was not subclassified as to land use in data gathered by Olson, Emerson,
and Nungesser.2 17 Therefore, an assumption inherent in our estimation of dominant land feature is
that Federal and privately owned lands are similar in land feature make up. This assumption may be
incorrect, especially when Federal lands are protected forest or wildlife areas. The "L" value
corresponds to the seven land features previously given. The "PPP" value indicates the percentage of
the total area of the cell corresponding to the "L" category.
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5. MISCELLANEOUS PARAMETERS

Other default parameters included in the TERRA code are the weathering removal constant, X,
the metabolic removal rate constants from milk and beef, 4,. and Xf, respectively, and the lifetime
grain and forage requirements of cattle on feed, Q-and Qf, respectively. The weathering removal
constant is extremely important in calculating surface plant concentrations due to direct deposition
processes, and the latter four parameters are utilized in calculating beef and milk concentrations.

5.1 The Weathering Removal Loss Constant, X.

After radionuclides are initially deposited on vegetation surfaces environmental processes (in
addition to radiological decay) will begin to remove the deposited material. Miller and Hoffman 225

have reviewed the literature on weathering removal of radionuclides from vegetation. They classify
the environmental removal processes as wind removal, water removal, growth dilution, and
herbivorous grazing. Wind removal may be very effective in removal of freshly deposited large
particles (> 1 gtm diameter), but not nearly as effective after the first few days. Submicron particles
may be released from plant surfaces during periods of rapid growth and high transpiration rates.
Also, surface abrasion from wind action may dislodge salt particles, wax, and other surface
fragments. Radioactivity associated with these components would also be removed from the
vegetation.

Precipitation, fog, dew, and mist-all may remove surface-deposited radionuclides via direct
washoff and leaching. Leaching, in addition, may remove radionuclides incorporated into plants
through root uptake. Wash-off, like wind removal, seems to be most effective on freshly deposited
material. Precipitation falling as a light, continuous drizzle is more efficient than a large quantity of
precipitation falling over a much shorter period.225

Removal due to growth'dilution and grazing by herbivores may vary considerably by plant and
location. Produce growth characteristics may be quite varied. Slow-growing varieties may be
expected to be less affected by growth dilution than faster growing varieties. Grazing by herbivores
may be particularly hard to predict. Weathering removal tends to occur in an exponential manner
with a characteristic half-time, T. .225 From this half-time a weathering removal constant, X,., may be
derived according to

In2 (47)

In the TERRA code the value of XL adopted by the USNRC6 of 5.7 3x 1 - (equal to a T,. of 14 d) is

used for all radionuclides (except for iodine) on all plant surfaces. This value is somewhat arbitrary,
but is within the range of reported values in the literature. In their literature review Miller and
Hoffman 22

1 found measured values of T to range between 2.8 to 34 days with a geomeiric mean of all
reported values of 10 days. For 12 vapor, iodine particulates, and other particulates on herbaceous
vegetation the geometric means of reported values of T. are 7.2, 8.8, and 17 days, respectively. The
value of T. used in TERRA is 1.Oxl0- s-', which corresponds to a T. of 8 days.

5.2 The Metabolic Turnover Constant For Milk, X.

In the TERRA code radionuclide transfers to beef and milk are modeled via a single
compartment model whereby the radionuclide is transferred from feed directly to milk and beef.
This approach differs from the approach taken by the USNRC 6 in that isotopes of the same
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5. MISCELLANEOUS PARAMETERS 

Other default parameters included in the TERRA code are the weathering removal constant, Aw ' 

the metabolic removal rate constants from milk and beef, Am and A f' respectively, and the lifetime 
grain and forage requirements of cattle on feed, Q: and QJ<, respectively. The weathering removal 
constant is extremely important in calculating surface plant concentrations due to direct deposition 
processes, and the latter four parameters are utilized in calculating beef and milk concentrations. 

5.1 The Weathering Removal Loss Constant, A .. 

After radionuclides are initially deposited on vegetation surfaces environmental processes (in 
addition to radiological decay) will begin to remove the deposited material. Miller and Hoffman225 

have reviewed the literature on weathering removal of radionuclides from vegetation. They classify 
the environ"mental removal processes as wind removal, water removal, growth dilution, and 
herbivorous grazing. Wind removal may be very effective in removal of freshly deposited large 
particles (> 1 llm diameter), but not nearly as effective after the first few days. Submicron particles 
may be release:d from plant surfaces during periods of rapid growth and high transpiration rates. 
Also, surface abrasion from wind action may dislodge salt particles, wax, and other surface 
fragments. Radioactivity associated with these components would also be removed from the 
vegetation. 

Precipitation, fog, dew, and mist-all may remove surface-deposited radionuclides via direct 
washoff and leaching. Leaching, in addition, may remove radionuclides incorporated into plants 
through root uptake. Wash-off, like wind removal, seems to be most effective on freshly deposited 
material. Precipitation falling as a light, continuous drizzle is more efficient than a large quantity of 
precipitation falling over a much shorter period. 225 

Removal due to growth'dilution and grazing by herbivores may vary considerably by plant and 
location. Produce growth characteristics may be quite varied. Slow-growing varieties may be 
expected to be less affected by growth dilution than faster growing varieties. Grazing by herbivores 
may be particularly hard to predict. Weathering removal tends to occ,ur in an exponential manner 
with a characteristic half-time, Tw. 225 From this half-time a weathering removal constant, Aw' may be 
derived according to 

(47) 

In the TERRA code the value ofAwadopted by the USNRC6 of 5.73xlO-' (equal to a Twof 14 d) is 

used for all radionuclides (except for iodine) on all plant surfaces. This value is somewhat arbitrary, 
but is within the range of reported values in the literature. In their literature review Miller and 
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This approach differs from the approach taken by the USNRC6 in that isotopes of the same 
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element with significantly different half-lives may yield different milk and beef concentrations,
even though the milk and beef transfer coefficients (Fm and Ff, respectively) are the same for the
isotopes. Such one-compartment models require quantification of all inputs and outputs from the
compartment. For milk and beef the metabolic removal constants must be known.

The model for radionuclide transfer to milk is given by

Cm s CI. Q feed f.m (1 -exp-(Xm. tin)) (8C. - ,f,~,d1,lep(t (48)
mpXm

where
C. = the radionuclide concentration in milk (Bq or Ci/kg),
Cfeed = the radionuclide concentration in feed (Bq or Ci/kg),
Qfed = the ingestion rate of feed (kg/s),

= the fractional transfer from ingested feed to milk (unitless),
= the metabolic turnover constant for milk (s-),

tm = the time at which milk is sampled (s), and
mP = the quantity of milk collected per milking (kg).

At equilibrium Eq. (48) reduces to

C. Creed Qfdf•. (49)

mX

Since by the USNRC6 approach,

Cm = 8 6 ,4 00Cfeed QfCM Fm, (50)

where 86,400 = the number of seconds in a day, then

f, =86,400Fm mX. (51)

Since Fm and mp are already known (from reference 7 mp= 13.4 kg), then the only parameter which
needs to be defined is Xm.

Ng and his associates 14 have determined values of metabolic halftimes, T., for various elements
in milk (Fig. 5. 1: note that these values of Tm are in terms of days rather than seconds). They consider
a value of Tm of 0.693 d (equal to In 2) to be conservative. Such a value of Tm is equivalent to a Xm. of
1.0/d or 1.16xl0-/s. This latter value is adopted for calculation of milk concentrations in the
TERRA code. Using this value in Eqs. (49) and (51) allows for an equilibrium milk concentration to
be achieved within approximately seven days.

5.3 The Metabolic Turnover Constant For Beef, X,

The metabolic turnover constant for beef is determined in a manner similar to that for milk by
substituting the fractional transfer to beef, fr, the time to slaughter, t,, the muscle mass of beef
cattle, mm, the metabolic turnover constant for beef, Xf, and the beef transfer coefficient, F1 for the
respective parameters f.I tr., mp, X., and F.in Eqs. (49)-(51). However, estimates of Xfdo not
appear to be available in the literature. In fact, the question of whether equilibrium beef
concentration ever occurs for some radionuclides has never been completely resolved. As default in
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TERRA we have assumed that equilibrium does, indeed, occur, and a Xf of 5.73x10-7/s (equal to a
T7 of 14 d) is reasonable. Such a turnover rate constant allows for equilibrium to be achieved after
approximately 90 days.

5.4 Lifetime Grain and Forage Requirements For Cattle
On Feed, Q f' and Q f, Respectively

In calculating radionuclide transport into beef the average annual lifetime feeding schedule of
the cattle is combined with the predicted radionuclide concentrations in the feed to predict average
annual intake of radionuclides by the cattle. For milk cows and "all other" cattle the inventory
feeding schedules may be used in the calculation because slaughtered individuals from these
categories may be assumed to have always resided in their respective category. However, lifetime
grain and forage requirements for cattle on feed are different from the inventory grain and forage
requirements (discussed in the report by Shor, Baes, and Sharp7) which are used in the calculation of
pasture production (Sect. 4. 1) because they take into account the movement of the individuals from
one inventory category to another. These lifetime average feeding rates are used in the calculation of
beef concentrations in the TERRA code.

Since the cattle in feedlots are slaughtered after an average occupancy of six months, and since
they enter and leave the feedlot throughout the year, the lifetime feeding rate of grain and forage is a
mix of the feeding schedules in the.inventory categories "all other cattle". and "cattle on feed." For
example, an animal entering the feedlot at the beginning of the year would have been fed on. the
feedlot schedule only before slaughter, but those entering thereafter until the endof the year would
have been fed a combination of the feedlot and "all other cattle" schedules before slaughter. In
determining the lifetime feeding schedule of slaughtered cattle from feedlots, we assume that entry
and exit from the feedlot is at a constant rate equal to s91365 or ngl/l 82.5. The ideal animal entering
the lot is 9 months old and is fed for 6 months or 182.5 days. In order to find an average feeding rate
for this animal, his feed is added over the last 13.5 months of his life (the first 1.5 months is assumed
to be on milk) and 12/13.5 of this amount is his annual rate of feeding. From Table 17 of reference 7
the daily grain consumption rate for cattle on grain is 5.0 kg/d (equal to 1820/365). The comparable
rate for forage is 2.7 kg/d. The respective rates for the "all other cattle" category are 0.4 kg/d for
grain and 8.3 kg/d for forage. Therefore the totals for grain and forage for the last 13.5 months of life
are 910 kg and 1003 kg, respectively. The annual rates are 891 kg and 2108 kg for grain and forage,
respectively. These rates are used in the TERRA code in the calculation of radionuclide
concentrations in beef from slaughtered feedlot cattle.

5.5 The Carbon and Water Content of Foods

In the TERRA code concentrations of tritium (H-3) and carbon-.14 in foods are calculated
according to a model which assumes that the specific activities of tritium and carbon-14 in foods at a
given location are the same as the specific activities of H-3 and C- 14 in atmospheric H20 and CO2,
respectively (equilibrium is assumed). Thus, the first step in calculating activity concentrations of
tritium and carbon-14 in food is calculating their respective activity concentrations in atmospheric
water vapor and carbon dioxide. For tritium, this calculation is made by utilizing the SITE
parameter, absolute humidity, H, by the equation

H

Where
= the activity concentration of tritium in atmospheric water vapor (Bq or Ci/kg),
= the activity concentration of tritium in air based on the atmospheric dispersion

calculation (Bq or Ci/m 3), and
H = the absolute humidity (g/m 3 .
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where 

H = 

C H3 

C H3 =1000-°_. 
"'" H' 

(52) 

the activity concentration of tritium in atmospheric water vapor (Bq or Ci/kg), 
the activity concentration of tritium in air based on the atmospheric dispersion 
calculation (Bq or Ci/ml), and 
the absolute humidity (g/ml. 



128

Once the specific activity of H-3 in atmospheric water vapor is calculated, then thesame activity
in the atmospherically derived water of vegetable produce, beef, and milk is assumed. That is

Cd : ,(53)

where
= - The tritium activity concentration in food (Bq or Ci/kg) and
= the fraction of water in food derived from atmospheric sources (unitless).

Traditionally, the tritium concentration in food has been assumed to be 50% of tritium
concentration in air (f: = 0.5) based on a model by Anspaugh, et al. 226 However, recent empirical
evidence suggests that tritium concentration in vegetation under chronic exposure conditions is
nearly equal to the tritium air concentration (fa = 1.0).121 In the TERRA code the default is the latter
assumptiofi.

The water content of the produce categories may be derived from the dry-to-wet weight
conversion factors presented in Table 2.3. The value (1.0 - the listed conversion factor) gives the
kilograms of H20 per kilogram fresh produce. For beef and milk, reference 14 yields 0.615 and 0.87
kilograms of water per kilogram of fresh, uncooked food, respectively. The water content of leafy
vegetables is assumed to be 0.934 (Table 5.1).

A specific activity approach, analogous to that for tritium, is used for carbon-14. The specific
activity of C-14 in atmospheric CO 2 is given by

CC 14 cC14

c4 =1000 a (54)0.18

where
•cd"4 =-the activity concentration of carbon-14 in atmospheric CO 2 (Bq or Ci/kg),

c14 the activity concentration of carbon-14 in air based on the atmospheric dispersion
calculation (Bq or Ci/m3 ), and

0.18 - the average concentration of CO2 in the atmosphere (g/m 3), corresponding to 330
228ppm by volume.

The carbon content of the food categories in TERRA, based on a recent review by Killough2 29 and
supplemental information from reference 14, is given in Table 5.2.

5.6 Coarse (2.5 - 15 m) Suspended Particulate Matter

Resuspension of material deposited on surface soils is calculated in TERRA via a mass loading
approach.230 In such an appiroach the specific activity of a radionuclide in resuspended material is
assumed to be the same as the specific activity of surface soil. Thus, the calculation of surface soil
concentration is used together with the quantity of resuspended material in the air (mass loading) to
calculate an air concentration due to resuspension. This air concentration is given by

a sp(Ca 1x10 9 (,5
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(55) 
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Table 5.1. Water content of produce, beef, and cow's milk

Food Water Weighting Food Water
contenta factorb content

Leafy vegetables Beef

Broccoli 0.899 3.7 Chuck 0.65
Brussel sprouts 0.849 0.6 Flank 0.61
Cabbage 0.924 22.0 Hamburger 0.55
Cauliflower 0.917 2.8 Liver 0.697
Celery 0.937 15.5 Porterhouse 0.58
Escarole 0.866 1.1 Rib roast 0.59
Green onions 0.876 2.6 Round 0.69
Lettuce 0.948 46.0 Rump 0.55
Spinach greens 0.927 5.7 Sirloin 0.62

Weighted average 0.934 Average 0.615

Exposed producec 0.874 Whole cow's milk 0.870

Protected producec 0.778

Grain foodsc 0.112

aKilograms of water per kilograms fresh, unprepared produce or edible portions of

uncooked food (reference 14)
bRelative importance based on production in kilograms (% of total) in the

conterminous United States.
cBased on values given in Table 2.3.

where

C.-
1x10 9 =
C =

surface soil (depth = 1 cm) concentration (Bq or Ci/kg),
the number of micrograms per kilogram (g.tg/kg),
resuspension air concentration (Bq or Ci/m3), and
suspended particulate matter (gtg/m 3).

In TERRA the mass loading value P,. is based on data reported by the EPA.2 "
1 This parameter

represents the 2.5-15 gtm diameter particle fraction collected by either the Size-Selective Inlet (SSI)
hi vol or the dichotomous samplers operated as part of the Inhalable Particulate Network (IPN)
operated by EPA's Environmental Monitoring and Support Laboratory, Research Triangle Park.:
Inhalable suspended particulate matter appears to be bimodally distributed into fine and coarse

particle sizes. The fine fraction (<0.1-2 gim) are mostly generated by fossil fuel combustion' and

atmospheric photochemistry processes. The coarse fraction (2.5-15 g-m) is primarily a result of
windblown dusts, mechanical processes, and pollen.

.The value of P,.of 15.5 g.g/m 3 used as default in TERRA is the geometric mean of values taken

from the April 1979-June 1980 IPN summary (Fig. 5.2). The data are reported for 46 sampling
locations in the conterminous United States, and represent annual arithmetic averages for each
station. As shown in Fig. 5.2, the parameter P,. is lognormally distributed. The range of measured
values is from 3.2 to 52.4 gg/mr.

where 
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values is from 3.2 to 52.4 J.!.g/m3

• 
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Table 5.2. Water content of produce, beef, and cow's milk

Food Carbon Weighting Reference Food Carbon Weighting Referencecontent b factorj content factor

Leafy vegetables

Broccoli
Brussel sprouts
Cabbage
Cauliflower
Celery
Escarole
Green onions
Lettuce
Spinach greens

Weighted average

Exposed produce'

Apple
Asparagus
Bushberries
Cherry
Cucumber
Eggplant
Grape
Peach
Pear
Plums and prunes
Sweet pepper
Snap bean
Squash
Strawberry
Tomato

Weighted average

Beef

Protected produce

0.042 3.7
0.065 0:6
0.032 22.0
0.035 2.8
0.024 15.5
0.056 1.1
0.053 2.6
0.020 46.0
0.028 5.7

0.026

0.070 15.4
0.030 0.6
0.070 1.6
0.074 0.7
0.016 4.0
0.031 0.1
0.083 20.2
0.056 6.9
0.076 3.5
0.062 3.1
0.033 1.3
0.047 0.7
0.021 1.8
0.044 1.3
0.025 38.8

0.050

0.228

229
229.
229
229
229

14
14

229
229

229
229
229

14
14
14

.229
229
229
229

14
229
229
229
229

229

Bean (dry 0.198 2.2
Cantaloupe 0.025 1.1
Carrot 0.049 2.4
Grapefruit 0.048 . 5.5
Lemon 0.047 2.4
Onion 0.054 3.6
Orange 0.055 22.8
Peanut 0.574 3.4
Peas 0.114 0.4
Potato 0.095 33.7
Sugarbeet 0.051 6.5
Sugarcane 0.438 5.5
Sweet corn 0.118 6.0
Sweet potato 0.137 1.5
Tree nuts 0.659, 0.4
Watermelon 0.034 2.6

Weighted average 0.116

Grains

Barley 0.395 10.1
Corn (for meal) 0.118 37.7
Oats 0.431 2.3
Rye 0.396 0.5
Soybean 0.465 5.3
Wheat 0.391 44.0

Weighted average 0.293

229
229
229

14
14
14

229
229

14.
229

14
229
229
229
229

14

229
229
229
229
229
229

14Whole cow's milk 0.069

aKilograms of carbon per kilograms fresh, unprepared produce. Based on protein, fat, and carbohydrate content of 50,

76, and 44%, respectively.
bRelative importance based on production in kilograms (% of total) in the conterminous United States.
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Resuspended material may contribute to plant surface concentrations before and after
termination of the atmospheric source term. In TERRA a deposition rate of the resuspended activity
is calculated according to

D- ; V,' (56)
100

where
D• = the deposition rate of resuspended material (Bq or Ci/m 2

/s),

V' = deposition velocity of the resuspended material (cm/s), and
100 = the number of centimeters, in a meter (cm/m).

The value of Vr used in TERRA is 0. 1 cm'/s, which is a reasonable estimate for particle diameters
between 2 and 15 gm, a friction velocity of 30 cm/s, and particle densities >1 g/cm3 as shown by
Sehmel232 (Figure 5 in reference 232).
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6. SUMMARY

In this report we have documented most of the default parameters incorporated into the TERRA
computer code. Especially, we have presented a literature review and systematic analysis of
element-specific transfer parameters Bv, Br, Fm, Ff, and Kd. This review and analysis merely
suggests default values which are consistent with the modeling approaches taken in TERRA and
may be acceptable for most assessment applications of the computer code. However, particular
applications of the code and additional analysis of elemental transport may require alternative
values to the default values in TERRA. Alsouse of the values reported herein in other computer
codes simulating terrestrial transport is not advised without careful interpretation of the limitations
and scope of our analyses.

In addition to the default elemental transport parameters, we have discussed an approach to
determination of vegetation-specific interception fractions. The limitations of this approach are
many, and its use indicates the need for analysis of deposition, interception, and weathering
processes. Judgement must be exercised in interpretation of plant surface concentrations generated
through use of our approach.

Finally, we have documented the location-specific agricultural, climatological, and population
parameters in the default SITE data base. These parameters are intended as alternatives to "average"
values currently used in assessment models. Indeed, areas in the United States where intensive crop,
milk, or beef production occurs will be reflected in the parameter values as will areas where little
agricultural activity occurs. However, the original information sources contained some small error
and the interpolation and conversion methods used will add more. Therefore, our values should be
regarded as default best estimates, not absolute "correct" values. As with any assessment,
site-specific information is recommended over default values.

Parameters used in TERRA not discussed herein are discussed in the companion report to this
one-ORNL-5785.3 In the companion report the models employed in and the coding of TERRA are
discussed. These reports together provide documentation of the TERRA code and its use in
assessments..
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The conclusion of this quick study is that there is no impact of plume interaction from Vault 1 for
nitrate beyond the 100-ft point of assessment and the 1,000-year time of assessment. There
appears to be an impact beyond the 100-m perimeter of Vault 4. However, the interaction only
increases nitrate concentrations by about 25%. The Sum-of-Fractions of the 10,000-year
groundwater limits is only 0.004. Applying a 25% reduction factor to all 10,000-year
groundwater limits would only increase the Sum-of-Fractions to 0.005. The potential for plume
interaction will be quantified in the upcoming Salt1kone PA revision and will be included, as
appropriate, in limits determined therein.

7.5.2 Peak Fractional Contaminant Flux of 1-129 to the Water Table

The fractional contaminant flux of 1-129 to the water table at 10,000 years is 1.29E-07
mole/yr/mole as shown in Table A-11. The flux is predominantly the diffusive component of the
total flux and quickly rising beyond 10,000 years (Figure 7-16). To capture the peak .of the flux,
the simulation .run time was extended to 70,000 years. As shown in Figure 7-17, the flux curve
has an inflection point before 30,000 years and approaches a peak at 70,000 years. The peak
fractional contaminant flux of 1-129 to the water table-at 70,000 years is 3.83E-06 mole/yr/mole
which is a factor of 30 greater than the value at 10,000 years. This result is helpful in
understanding the behavior of the SDF over extremely long times but results calculated over such
time frames are not appropriate for establishing disposal limits. However, even if the 10,000-year
disposal limit for 1291 based on the groundwater pathway were decreased by a factor of 30 (i.e., to
7.3 Ci), the projected Vault 4 inventory of 1291 would be only about 10% of that limit.

7.5.3 Inadvertent Intruder Post-Drilling Scenario

In the inadvertent intruder analysis, which is presented in Section 3 and Appendix B, the long-
term durability of the Saltstone waste form. and the concrete vault are assumed to prevent drilling
a well through a disposal vault. To explore the sensitivity of the analysis results to this
assumption, an alternate scenario, termed the post-drilling scenario, was assessed.

The post-drilling scenario is based on the assumption that a person could drill a well through a
disposal vault. For this sensitivity analysis, the assumption is that drilling through a vault first
becomes credible at 1,000 years after closure. The post-drilling scenario is assessed from 1,000
years after closure to 10,000 years after closure. In the post-drilling scenario, the subsurface
material exhumed during drilling includes some of the Saltstone waste. This material is assumed
to be mixed with soil in a garden and the intruder is exposed to the waste through a variety of
pathways (e.g. direct radiation, ingesting food stuffs grown in the garden). The limits derived
from-the post-drilling analysis are presented in Table B-5.

The post-drilling limits are generally smaller (i.e., more restrictive) than the resident limits, which
are presented in Table 3-2. If the post-drilling scenario were to be considered credible, the sum-
of-fractions of the 10,000-year limits would increase from 0.22 to 0.31.
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The conclusion of this quick study is that there is no impact of plume interaction from Vault 1 for 
nitrate beyond the 100-ft point of assessment and the 1,000-year time of assessment. There 
appears to be an impact beyond the 100-m perimeter of Vault 4. However, the interaction only 
increases nitrate concentrations by about 25%. The Sum-of-Fractions of the 1O,000-year 

'groundwater limits is only 0.004. Applying a 25% reduction factor to all 10,000-year 
groundwater limits would only'increase the Sum-of-Fractions to 0.005. The potential for plume 
interaction will be quantified in the upcoming Saltstone PA revision and will be included, as 
appropriate, in limits determined therein. 

7.5.2 Peak Fradional Contaminant Flux of 1-129 to the Water Table 

The fractional contaminant flux of 1-129 to the water table at 10,000 years is 1.29E-07 
mole/yr/mole as shown in Table A-II. The flux is predominantly the diffusive component of the 
total flux and quickly rising beyond 10,000 years (Figure 7-16). To capture the peak.ofthe flux, 
the simulation .run time was extended to 70,000 years. As shown in Figure 7-17, the flux curve 
has an inflection point before 30,000 years and approaches a peak at 70,000 years. The peak 
fractional contaminant flux ofI-129 to the water table ,at 70,000 years is 3.83E-06 mole/yr/mole 
which is a factor of 30 greater than the value at 10,000 years. This result is helpful in 
understanding the behavior of the SDF over extremely long times but results calculated over such 
time frames are not appropriate for establishing disposal limits. However, even if the 10,000-year 
disposal limit for 1291 based on the groundwater pathway were decreased by a factor of 30 (i.e., to 
7.3 Ci), the projected Vault 4 inventory of 1291 would be only about 10% of that limit. 

--7 7.5.3 Inadvertent Intruder Post-Drilling Scenario' 

In the inadvertent intruder analysis, which is presented in Section 3 and Appendix B, the long-
. term durability of the Saltstone waste form and the concrete vault are assumed to prevent drilling 
a well through a disposal vault. To explore the sensitivity of the analysis results to this 
assumption, an alternate scenario, termed the post-drilling scenario, was assessed. 

The post-drilling scenario is based on the assumption that a person could drill a well through a 
disposal vault. For this sensitivity analysis, the assumption is that drilling through a vault first 
becomes credible at 1,000 years after closure. The post-drilling scenario is assessed from 1,000 
years after closure to 10,000 years after closure. In the post-drilling scenario, the subsurface 
material exhumed during drilling includes some of the Salts tone waste. This material is assumed 
to be mixed with soil in a garden and the intruder is exposed to the waste through a variety of 
pathways (e.g. direct radiation, ingesting food stuffs grown in the garden). The limits derived 
from-the post-drilling analysis are presented in Table B-S. 

The post-drilling limits are generally smaller(i.e., more restrictive) than the resident limits, which 
are presented in Table 3-2. If the post-drilling scenario were to be considered credible, the sum-
of-fractions ofthe 10,000-year limits would increase from 0.22 to 0.31. .( . 
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- 7.5.4 Agricultural Scenario Following Failure of Erosion Barrier

In the inadvertent intruder analysis, which is presented in Section 3 and Appendix B, the long-
term persistence of the erosion barrier is assumed, to preclude the Agricultural Scenario by
maintaining a distance greater than that required to excavate a basement (10 ft.). To explore the
sensitivity of the analysis results to this assumption, an alternate scenario in which the erosion
barrier was assumed to erode at the same rate as the other cover material was assessed. The
disposal limits derived from this study for a 10,000-year assessment period are shown in Table 7-
9. Table 7-10 shows a comparison of these limits with theprojected Vault 4 inventory.

The Sum-of-Fractions for these limits is 1.49, which, if the scenario were considered credible,
would indicate non-compliance with the intruder performance measure. However, the erosion
barrier is constructed of material sized to remain in place during a rainfall event with a 10,000-
year recurrence interval calculated using an extreme-value distribution (i.e., 3.3 inches of rain in a
15 minute time span, [Weber 1998]). Thus, the scenario is not credible.

Table 7-9. Intruder-Based Radionuclide Disposal Limits for Vault 4 -
Agriculture Scenario Following Failure of Erosion Barrier
with Transient Calculation for 100 - 10,000 Years

Radionuclide
C- 14
Al-26
Cl-36
Ar-39
K-40
Ca-41
Ni-59
Ni-63
Se-79
Rb-87
Sr-90
Zr-93
Nb-94
Mo-93
Tc-99
Pd-107
Ag-108m
Sn-121m
Sn-126
1-129
Cs-135
Cs-137
Sm-151
Eu-152
Pb-2 10
Bi-207

Time of Limit
(Years)

3275
3275
3275
1132
3275
3275
3275
1280
3275
3275
1132
3275
1132
1720
3275
3275
1132
1132
1132
3275
3275
1132
1132
3275
1150
1132

Concentration
Limit

(uCi/m3)
1.64E+04
4.37E+01
1.43E+02
1.63E+07
5.84E+02
6.90E+04
2.43 E+06
8.72E+10
1.33E+05
8.50E+04
2.11E+16
2.61E+06
8.18E+01
1.31E+06
1.39E+04
4.89E+06
5.17E+02
5.67E+1 1
6.48E+01
2.07E+03
1.37E+05
4.82E+13
9.51E+I 1
4.12E+17

5.15E+12

Inventory
Limit

(Ci/Unit)
1.30E+03
3.44E+00
1.13E+01
1.29E+06
4.60E+01
5.44E+03
1.91E+05
6.87E+09
1.05E+04
6.70E+03
1.66E+15
2.06E+05
6.45E+00
1.03E+05
1.09E+03
3.85E+05
4.07E+01.
4.47E+10
5.11E+00
1.63E+02
1.08E+04
3.79E+12
7.50E+10
3.25E+16
9.56E+18
4.06E+l1
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~ 7.5.4 Agricultural Scenario Following Failure of Erosion Barrier 

In the inadvertent intruder analysis, which is presented ih Section 3 and Appendix B, the long­
term persistence of the erosion barrier is assumed' to preclude the Agricultural Scenario by 
maintaining a distance greater than that required to excavate a basement (10 ft.). To explore the 
sensitivity of the analysis results to this assumption, an alternate scenario in which the erosion 

. barrier was assumed to erode at the same rate as the other cover material was assessed. The 
disposal limits derived from this study fora 1O,000-year assessment period are shown in Table 7-
9. Table 7-10 shows a comparison of these limits with the projected Vault 4 inventory. 

The Sum~of-Fractions for these limits is 1.49, which, if the scenario were considered credible, 
would indicate non-compliance with the intruder performance measure. However, the erosion 
barrier is constructed of material sized to remain in place during a rainfall event with a 10,000-
year recurrence interval calculated using an extreme-value distribution (i.e., 3.3 inches of rain in a 
15 minute time span, [Weber 1998]). Thus, the scenario is not credibie. 

Table 7-9. Intruder-Based Radionuclide Disposal Limits for Vault 4-
Agriculture Scenario Following Failure of Erosion Barrier 
with Transient Calculation for 100 -10,000 Years 

Concentration Inventory 
Time of Limit Limit Limit 

Radionuclide {Years) (uCi/m3) (Ci/Unit) 
C-14 3275 1.64E+04 1.30E+03 
Al-26 3275 4.37E+01 3.44E+00 
Cl-36 3275 1.43E+02 1.13E+Ol 
Ar-39 1132 1.63E+07 1.29E+06 
K-40 3275 5.84E+02 4.60E+01 
Ca-41 3275 6.90E+04 5.44E+03 
Ni-59 3275 2.43E+06 1.91E+05 
Ni-63 1280 8.72E+I0 6.87E+09 
Se-79 3275 1.33E+05 1.05E+04 
Rb-87 3275 8.50E+04 6.70E+03 
Sr-90 1132 2.11E+16 1.66E+15 
Zr-93 3275 2.61E+06 2.06E+05 
Nb-94 1132 8.18E+Ol 6.45E+00 
Mo-93 1720 1.31E+06 1.03E+05 
Tc-99 3275 1.39E+04 1.09E+03 
Pd-l07 3275 4.89E+06 3.85E+05 
Ag-I08m 1132 5.17E+02 4.07E+01. 
Sn-121m 1132 5.67E+11 4.47E+I0 
Sn-126 1132 6.48E+01 5. 11E+OO 
1-129 3275 2.07E+03 1.63E+02 
Cs-135 3275 1.37E+05 1.08E+04 
Cs-137 1132 4.82E+13 3.79E+12 
Sm-151 1132 9.51E+11 7.50E+10 
Eu-152 3275 4. 12E+17 3.25E+16 
Pb-2IO 1150 9.56E+18 
Bi-207 1132 5.15E+12 4.06E+11 
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SITE-SPECIFIC PARAMETER VALUES FOR THE
NUCLEAR REGULATORY COMMISSION'S FOOD

PATHWAY DOSE MODEL

D. M. Hamby* 4--

Abstract-Routine operations at the Savannah River Site
(SRS) in Western South Carolina result in radionuclide re-
leases to the atmosphere and to the Savannah River. The
resulting radiation doses to the off-site maximum individual
and the off-site population within 80 km of the SRS are
estimated on a yearly basis. These estimates are currently
generated using dose models prescribed for the commercial
nuclear power industry by the Nuclear Regulatory Commis-
sion (NRC). The NRC provides default values for dose-model
parameters for facilities without resources to develop site-
specific values. A survey of land- and water-use characteristics
for the Savannah River area has been conducted to determine
site-specific values for water recreation, consumption, and
agricultural parameters used in the NRC Regulatory Guide
1.109 (1977) dosimetric models. These site parameters in-
clude local characteristics of meat, milk, and vegetable pro-
duction; recreational and commercial activities on the Savan-
nah River; and meat, milk, vegetable, and seafood consump-
tion rates. This paper describes how parameter data were
obtained at the Savannah River Site and the impacts of such
data on off-site dose. Dose estimates using site-specific pa-
rameter values are compared to estimates using the NRC
default values.
Health Phys. 62(2):136-143; 1992

Key words: environmental transport; food chain; health ef-
fects; nutrition pathways

by HERMES originated in a 1965 U.S. Department of
Agriculture survey of consumption habits of families
living in North Central United States (Fletcher and
Dotson 1971). One-third of the defaults are judgments
of the NRC staff. The remaining parameters (agricul-
tural and garden productivity), are national averages
obtained from the U.S. Census Bureau (U.S. Bureau of
the Census 1972). It is therefore appropriate that site-
specific estimates of parameter values be determined
for the NRC dose models since most default values are
obtained from usage data that are nearly 20 y old,
specific to the North Central U.S., or not adequately
documented.

METHODOLOGY AND RESULTS

This report focuses on determining those parame-
ters necessary for estimating radiation dose to humans
via consumption of potentially contaminated foodstuffs
and external gamma exposure from water immersion.
The parameters include consumption rates of meat,
milk, and vegetables contaminated by the deposition of
radionuclides released to the atmosphere; the consump-
tion of drinking water, fish, and invertebrates contam-
inated by liquid effluents reaching the Savannah River;
and recreational river usage leading to external irradia-
tion of humans engaged in activities either along or in
the Savannah River. SRS-specific parameter values are
compared to the NRC default values in Table 1.

Two state agencies and 21 county agencies within
an 80-km radius of the SRS and along the downstream
portion of the Savannah River provided much of the
information for the land- and water-use survey. The
majority of the information on livestock grazing habits,
source of forage, vegetation production, etc., was ob-
tained from a questionnaire distributed to county agri-
cultural extension agents within -.the 80-km region. In-
formation on beef and milk preparation was obtained
from direct contact with several meat-packing and
milk-processing plants in Georgia and South Carolina.

INTRODUCrlON

THE NUCLEAR Regulatory Commission (NRC) pro-
vides numerical data to estimate committed doses to
individuals and populations from routine releases of
radioactive materials. The data are furnished in Appen-
dix E of NRC Regulatory Guide 1. 109 (1977) for
various models presented therein and are implemented
in the NRC's GASPAR computer code (USNRC .1980).
Approximately half of the NRC default values were
derived using the HERMES code developed by the
Hanford Engineering and Development Laboratory
(Fletcher and Dotson 197 1).

Most of the usage and consumption data accessed

Westinghouse Savannah River Company, Savannah River Lab-
oratory, Aiken, SC 29808.

(Manuscript received 11 July 199 1; revised manuscript received
27 September 1991, accepted 3 October 1991)

0017-9078/92/$3.00/0
Copyright © 1992 Health Physics Society

Meat and milk production
Farmers in the South rely on year-round grazing

of fresh, coastal Bermuda grass.t Bermuda grass is the

t Personal communication (12 November 1990), T. Mathis,
Aiken County Extension Service, Aiken, SC."

136

r' 

--------------------------~Paper·---------------------------

SITE··SPECIFIC PARAMETER VALUES FOR THE 
. NUCLEAR REGULA TORY COMMISSION'S FOOD 

PATHWAY DOSE MODEL 

D. M. Hamby* -f---

Abstract-Routine operations at the Savannah River Site . 
(SRS) in Western South Carolina result in radionuclide re­
leases to the atmosphere .and to the Savannah River. The 
resulting radiation doses to the off-site maximum individual 
and the off-site population within· 80 km of the SRS are 
estimated on a yearly basis. These estimates are currently 
generated using dose models prescribed for the commercial 
nuclear power industry by the Nuclear Regulatory Commis­
sion (NRC). The NRC provides default values for dose-model 
parameters for facilities without resources to develop site­
specific values. A survey of land- and water-use characteristics 
for the Savannah River area has been conducted to determine 
site-specific values for water recreation, consumption,and 
agricultural parameters US4~ in the NRC Regulatory Guide . 
1.109 (1977) dosimetric models. These site parameters in­
clude local characteristics of meat, milk, and vegetable pro­
duction; recreational and commercial activities on the Savan­
nah River: and meat, milk, vegetable, and seafood consump­
tion rates. This paper describes how parameter data were 
obtained at the Savannah River Site and the impacts of such 
data on off-site dose. Dose estimates using site-specific pa­
rameter values !lre compared to estimates using the NRC 
default values. 
HealthPhys. 62(2):136-143: 1992 

Key words: environmental transport; food chain; health ef­
fects; nutrition pathways 

INTRODUCfION 

THE NUCLEAR Regulatory Commission (NRC) pro­
vides numerical data to estimate committed doses to 
individuals and populations from routine releases of 
radioactive materials. The data are furnished in Appen­
dix E of NRC Regulatory Guide 1.109 (1977) for 

. various models presented therein and are implemented 
; in the NRC's GASPAR computer code (USNRC .1980). 

Approximately half of the NRC default values were 
derived using the HERMES code developed by the 
Hanford Engineering and Development Laboratory 
(Fletcher and Dotson 1971). 

Most of the usage and consumption data accessed 

• Westinghouse Savannah River Company, Savannah River lab­
oratory. Aiken, SC 29808. 

(Manuscript received 11 July 1991; revised manuscript received 
27 September 1991, accepted:3 October 1991) 

00 17-9078/92/$3.00/0 
Copyright © 1992 Health Physics Society 

136 

by HERMES originated in a 1965 U.S. Department of . 
Agriculture survey of consumption habits of families 
living in North Central United States (Fletcher and 
Dotson 1971). One-third of the defaults are judgments 
of the NRC staff. The remaining parameters (agricul­
tural and garden productivity) are national averages 
obtained from the U.S. Census Bureau (U.S. Bureau of 
the Census 1972). It is therefore appropriate that site­
specific estimates of parameter values be determined 
for the NRC dose models since most default values are 
obtained from usage data that are nearly 20 y old, 
specific to the North Central U.S., or not adequately 
documented. 

METHODOLOGY AND RESULTS 

This report focuses on determining those parame­
ters necessary for estimating radiation dose to humans 
via consumption of potentially contaminated foodstuffs 
and external gamma exposure from water immersion. 
The parameters include consumption rates of meat, 
milk, and vegetables contaminated by the deposition of 
.radionuclides released to the atmosphere; the consump­
tion of drinking water, fish, and invertebrates contam­
inated by liquid effiuents reaching the Savannah River; 
and recreational river usage leading to external.irradia­
tion of humans engaged in activities either along or in 
the Savannah River. SRS-specific parameter values are 
compared to the NRC default values in Table I. 

Two state agencies and 21 county agencies within 
an 80-km radius of the SRS and along the downstream 
portion of the Savannah River provided much of the 
information for the land- and water-use survey. The 
majority of the information on livestock grazing habits, 
source of forage, vegetation production, etc., was ob­
tained from a questionnaire distributed to county agri­
cultural extension agents within the 80-km region. In­
formation on beef and milk preparation was obtained 
from direct contact with several meat-packing and 
milk-processing plants in Georgia and South Carolina. 

Meat and milk production 
Farmers in the South rely on year-round grazing 

of fresh, coastal Bermuda grass. t Bermuda grass is the 

tPersonal communication (12 November 1990), T. Mathis, 
Aiken County Extension Service, Aiken, Sc. ' 
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Table 1. SRS-specific and NRC Regulatory Guide 1. 109 model parameter values for dose estimates.

Description Units NRCI SRS

,Cattle forage consumption (wet) kg d' 50 44
Fraction of time cattle on pasture 0.75 1
Fraction of milk-cow intake from pasture - 0.56
Fraction of beef-cow intake from pasture -- 0.75
Feed-milk-man transport time days 4 3
Time from slaughter to cousumption days 20 6
Crop exposure time days 60 70
Pasture grass productivity kg m-2  0.7 1.8
Agricultural productivity (veg/produce) kg m- 2  2 0.7
Sport fish harvestb kg y- - 3.5 x 104

Commercial fish harvestb kg y- - '2.7 x 10'
Invertebrate harvestbc kg y-' - 3.9 x 10'
Maximum shoreline usage h y-' 12 23
Population shoreline usage person-hours - 9.6 x 10'
Maximum swimming usage h y- - 8.9
Population swimming usage person-hours - 1.6 X 101
Maximum boating usage h y-' - 21
Population boating usage person-hours - 1.1 X 106
Effective population-Beaufort/Jasper persons - 5.0 x 101
Effective population-Port Wentworth persons - 1.5 X 104

Annual average absolute humidity g m- 3  8.0 11.4
Bioaccumulation factor for cesium in fish L kg-1 2000 3000
Average adult consumption rates

Leafy vegetables kg y-1 30 21
Other vegetables kg y-' 190 163
Meat kg y-1 95 43
Milk L y-1 110 120
Fish kg y-1 6.9 9.0
Seafood kgy-1 1 2

Maximum adult consumption rates
Leafy vegetables kg y-' 64 43
Other vegetables kg y-' 520 276
Meat kg y-1 110 81
Milk L y-' 310 230
Fish kg y-1 21 19
Seafood kg y-1 5 8

'Taken from the U.S. NRC Regulatory Guide 1. 109, Revision 1 (1977).
b Only edible portions are considered.
C Includes crabs, clams, oysters, and shrimp.

best hay plant for South Carolina; with adequate fertil-
ization and frequent cuttings, yields of up to 1.8 'kg m-2
(8 tons per acre) are common (Clemson University
1988). Beef-cattle diets in this region generally consist
of about 75% pasture grass and 25% stored grass, with
total forage consumption averaging about 36 kg d'
(wet). Dairy cattle consume approximately 52 kg d`
(wet) of which 55% is pasture grass, 25% is silage, and
20% is commercial grain.

Bermuda grass that is not consumed is cut and
baled every 30 d with storage times ranging from I mo
to I y, or sometimes as long as 2 y. Silage may be stored
for up to 1 y before consumption. Under these circum-
stances, the NRC stored-feed holdup time of 90 d is
considered conservative and appropriate for the Savan-
nah River Site.

. Most beef-cattle farmers in this region of the U.S.
operate on a cow-calf system: Calves are raised locally
until weaned (6 mo) and then marketed to western
feeder lots where their weights are increased before
slaughter. These calves' average weight when sold is
approximately 180 kg (400 lbs). Ideally, cows producing

calves each year remain with the farmer, whereas cows
not producing calves are slaughtered locally. Those
cows slaughtered locally average about 360 kg (800 lbs).
For purposes of dose assessment, it is assumed that all
calves are slaughtered at 180 kg and all calfless cows
are slaughtered at 360 kg. All beef is assumed to be
consumed locally. Approximately 40% of a beef cow is
processed into retail cuts and sold for human consump-
tion. Only about 1% of beef cattle in the Savannah
River region are slaughtered and consumed on family
farms.

Hogs and chickens are also raised on farms within
80 km of the SRS. Retail cuts of locally produced pork
(7.7 x 106 kg y-') are approximately half that of retail
cuts of locally produced beef(1.5 x 10' kg y-'). Chicken
production in 1989 reached approximately 2.7 X 107

kg in Aiken County alone. Generally, commercially
raised hogs do not graze; they are fed imported com-
mercial feeds.

Similarly, chickens raised for profit are housed in
covered shelters; they eat imported feed provided by
the parent companies responsible for marketing the

im 1
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Table 1. SRS-specific and NRC Regulatory Guide I. 109 model parameter values for dose estimates. 

Description Units NRC' SRS 

,Cattle forage Consumption (wet) 
Fraction of time cattle on pasture 
Fraction of milk-cow intake from pasture 
Fraction of beef-cow intake from pasture 
Feed-milk-man transport time 
Time from slaughter to consumption 
Crop exposure time 
Pasture gra:ss productivity 
AgricuItura.l productivity (veg/produce) 
Sport fish harvestb 

Commercial fish harvestb 

Invertebrate harvestb.c 

Maximum shoreline usage 
. Population shoreline usage 

Maximum swimming usage 
Population swimming usage 
Maximum boating usage 
Population boating usage 
Effective population-Beaufort/Jasper 
Effective population-Port Wentworth 
Annual ave:rage absolute humidity 
Bioaccumulation factor for cesium in fish 
Average adult consumption rates 
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Other vegetables 
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Milk 
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Maximum adult consumption rates 
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Milk 
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days 
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kg m-2 

kg y-' 
kg y.' 
kg y-' 
h y.' 
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h y.' 

person-hours 
h y.' 
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g m·l 

L kg·' 

kg y.' 
kg y.' 
kg y.' 
Ly·' 
kg y.' 
kg y.' 

kg y.' 
kg y.' 
kg y.' 
L y.' 
kg y.' 
kg y.' 

50 
0.75 
I 
I 
4 

20 
60 

0.7 
2 

12 

8.0 
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30 
190 
95 
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I 

64 
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110 
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21 
5 

44 
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3 
6 

70 
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23 
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1.6 x 101 

21 
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11.4 
3000 
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43 
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9.0 
2 

43 
276 

81 
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8 

• Taken from the U.S. NRC Regulatory Guide 1.109, RevisioD I (1977). 
b Only edible portions are considered. 
C Includes crabs, clams, oysters, and shrimp. 

best hay plant for South Carolina; with adequate fertil­
ization and frequent cuttings, yields of up to 1.8 kg m-2 

(8 tons per acre) are common (Clemson University 
J 988). Beef-cattle diets in this region generally consist 
of about 75% pasture grass and 25% stored grass, with 
total forage consumption averaging about 36 kg d-' 
(wet). Dairy cattle consume approximately 52 kg d-' 
(wet) of which 55% is pasture grass, 25% is silage, and 
20% is commercial grain. 

Bermuda grass that is not consumed is cut and 
baled every 30 d with storage times ranging from 1 rna 
to J y, or sometimes as long as 2 y. Silage may be stored 
for up to J y before consumption. Under these circum­
stances, the NRC stored-feed holdup time of 90 d is 
considered conservative and appropriate for the Savan­
nah River Site. 

. Most beef-cattle farmers in this region of the U.S. 
operate on a cow-calf system: Calves are raised locally 
until weaned (6 mo) and then marketed to western 
feeder lots where their weights are increased before 
slaughter. These calves' average weight when sold is 
approximately 180 kg (400 lbs). Ideally, cows producing 

calves each year remain with the farmer, whereas cows 
not producing calves are slaughtered locally. Those 
cows Slaughtered locally average about 360 kg (800 Ibs). 
For purposes of dose assessment, it is assumed that all 
calves are slaughtered at 180 kg and all calfless cows 
are slaughtered at 360 kg. All beef is assumed to be 
consumed locally. Approximately 40% of a beef cow is 
processed into retail cuts and sold for human consump­
tion. Only about 1 % of beef cattle in the Savannah 
River region are slaughtered and consumed on family 
farms. 

Hogs and chickens are also raised on farms within 
80 km of the SRS. Retail cuts of locally produced pork 
(7.7 X 106 kg y-') are approximately half that of retail 
cuts oflocally produced beef(l.5 x 101 kg y-'). Chicken 
production in 1989 reached approximately 2.7 x 101 

kg in Aiken County alone. Generally, commercially 
raised hogs do not graze; they are fed imported com­
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Appendix K, Erosion Barrier Sizing and Material Properties

The erosion barrier has been sized based upon the maximum precipitation event for a 10,000-year return
period. The maximum precipitation event for a 10,000-year return period is 3.3 inches over a 15-minute
accumulation period (Table XIX from Weber et al. (1998)). The figure below shows that the maximum
drainage length is 350 feet over a 200-foot wide vault.
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Determine the maximum flow (Q in ft3/s) resulting from the 3.3-inch over a 15-minute accumulation period
rainfall event:

To be conservative it has been assumed that all rainfall results in runoff and that there is no lag period
due to the 350-foot flow path (that is all the rainfall over the entire area immediately becomes discharge
out the end of the area).

Q (P112 in/ft)x(350'x where P = precipitation in inches and D = duration in hours

Dx60 min /hrx60 s/min

Q = 1.62-, where P = 3.3 inches and D = 15 minutes = 0.25 hours

Q = 1.62 3.3 3 I/s, over a200-footwidth
0.25

Q = 21.4 ft3/s, over a 200-foot width

Determine the approximate depth of flow using Manning's equation (Clark et al. 1977):
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1.49' Y2 1j
V R 19 S2 , where V = velocity, fps; n = coefficient of roughness;

n

R = hydraulic radius, ft; and S = slope

V= /A' where V = velocity, ft/s; Q = flow, ft3/s; A = area, ft2

Q 21.4 ft 3 /s, over a 200-foot width (i.e. b)

A bd, where b = width, ft; d = depth, ft

A = 200d ft 2

insert values:
g 21.4 3/ O

v ~ 1. ft- Y 200d ft 
2

Assume the use of 2-inch to 6-inch granite stone with a d50 (i.e. median size) of 4 inches. From

Figure 7.29 of Goldman (1986): n = 0.033

R = A/wetted perimeter = A/(b + 2d)

R = 200d/(200 + 2d)

3% slope (see Section 2.0): S = 0.03

insert values:

21.4 1.49 ( 200d >Y3 (0.03)Y2
200d 0.03-3 K 200+-2d (

0.0137= d 200+d)3

K200+2d)
Given d 0.0137
0.1 0.0215
0.08 0.0148
0.075 0.0133
0.076 0.0136

d • 0.076

Determine if the use of a 2-inch to 6-inch granite stone with a d50 (i.e. median size) of 4 inches is satisfactory
to perform as an erosion barrier for a 10,000-year return period, maximum precipitation event:

b/d = 200'/0.076' = 2632, therefore b/d > 50.

From Figure 7.30 of Goldman (1986): Since the bid > 50 then the P/R is greater than 60.

From Figure 7.31 of Goldman (1986): With a slope (S) of 0.03, a flow (Q) of 21.4 ft3/s, and a P/R > 60,
the minimum d50 of the stone must be approximately 3 inches.

Therefore the use of a 2-inch to 6-inch granite stone with a d5 0 (i.e. median size) of 4 inches is
satisfactory to perform as an erosion barrier for a 10,000-year return period, maximum precipitation
event.

The selection of the 2-inch to 6-inch granite stone as an erosion barrier is also satisfactory versus Figure
C-3 of Logan 1997.
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From Figure 7.30 of Goldman (1986): Since the bid> 50 then the P/R is greater than 60. 

From Figure 7.31 of Goldman (1986): With a slope (S) of 0.03, a flow (Q) of 21.4 ft3/s, and a P/R > 60, 
the minimum 'dso of the stone must be approximately 3 inches. . 

Therefore the use' of a 2-inch to 6-inch granite stone with a dso (i.e. median size) of 4 inches is 
satisfactory to perform as an erosion barrier for a 10,000-year return period, maximum precipitation 
event. 

The selection of the 2-inch to 6-inch granite stone as an erosion barrier is also satisfactory versus Figure 
C-3 ofLog:m 1997. 
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Based upon NCSU 1991 the 2-inch to 6-inch granite stone is a common sized erosion control stone. NCSU
1991 also indicates the minimum thickness of the erosion control stone must be 1.5 times the maximum
stone diameter. That is the thickness must be at least 9 inches for a maximum 6-inch stone. A 12-inch
thickness of 2-inch to 6-inch granite stone with a d50 (i.e. median size) of 4 inches will be utilized as the
erosion barrier.

Determine the combined soil material properties for the 2-inch to 6-inch granite stone filled with CLSM or
Flowable Fill:

The porosity of the 2-inch to 6-inch granite stone with a d50 (i.e. median size) of 4 inches is taken as
0.397 based upon the porosity of poorly graded gravel from USEPA 1994a and USEPA 1994b.

Typical CLSM or Flowable Fill properties based upon a May 8, 2003 personal conversation with
Christine A. Langton:

Typical CLSM consists of sand with a porosity of 30%, with thepore space filled with 50% porosity
binder and has a saturated hydraulic conductivity of 1.OE-03 cm/s.

Based upon this information the following are the assumed properties of the CLSM:

Property I Property Value
Saturated Hydraulic Conductivity .OE-03 cm/s
Porosity 0.30 x 0.50 = 0.15
Field Capacity 0.14
Wilting Point' 0.13

Field capacity is assumed to be 0.01 less than the porosity, and the wilting point is assumed
to be 0.01 less than the field capacity based upon the porosity-wilting point-field capacity
relationship of the clean grout and concrete vault roof and floor, which like the CLSM uses
cement as the binder.

The matrix of an individual granite stone itself is considered impermeable and non-porous. The porosity
of a layer of granite stone is considered to be 0.397. When the granite stone porosity is filled with
CLSM, the resultant hydraulic properties, which are area or volume based, become that of the CLSM
times the granite stone porosity. The resultant hydraulic properties are shown below:

Property [ Property Value
Saturated Hydraulic Conductivity1 .OE-03 cm/s x 0.397 = 3.97E-04 cm/s
Porosity 0.15 x 0.397 = 0.06
Field Capacity 1 0.14 x 0.397 = 0.056
Wilting Point 0.13 x 0.397 = 0.052
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2.0 INTRODUCTION

A solvent extraction process for removal of cesium from alkaline solutions has been
developed utilizing a novel solvent invented at the Oak Ridge National Laboratory."-2 This
solvent consists of a calix[4]arene-crown-6 extractant (BOBCalixo) dissolved in an inert
hydrocarbon matrix (Isopar® L). An alkylphenoxy alcohol modifier (1-(2,2,3,3-
tetrafluornpropoxy)-3-(4-sec-butylphenoxy)-2-propanol, also known as Cs-7SB) added to the
solvent enhances the extraction power of the calixarene and prevents the formation of a third

- phase. An additional additive, trioctylamine (TOA), improves stripping performance and
mitigates the effects of any surfactants present in the feed stream. 4 The solvent extraction
process was successfully demonstrated with actual SRS high level waste supernate during
testing performed at SRTC in FY-2001.1 However, the solvent system has recently been
optimized to enhance extractant solubility in the diluent and increase suppressor
concentration. The original solvent mixture represented a metastable solution that
thermodynamic analysis indicated could experience extractant precipitation during long-term
use and storage. Also, radiolytic degradation of the TOA suppressor necessitated an increase
in suppressor concentration. Therefore, the concentration of BOBCalix® in the optimized
solvent mixture was decreased from 0.01 M in the initial formulation, to 0.007 M. The Cs-
7SB modifier concentration was increased from 0.50 M in the initial formulation, to 0.75 M.
The TOA suppressor concentration was increased from 0.001 M in the initial formulation, to
0.003 M.

The SRS tank farms store soluble high level waste in two forms, supernate and salt cake.
Previous testing with actual waste' demonstrated the process chemistry for supernate solution
using the original CSSX solvent formulation. However, it was necessary to verify that the
new optimized solvent mixture could also effectively decontaminate waste supernate and
allow for stable hydraulic operation of the contactor apparatus.

This report summarizes the results of tests at SRTC with radioactively spiked simulated Tank
37H/44F waste and actual Tank 37H/44F supernate composite waste. The spiked simulant
tests demonstrated that stable hydraulic conditions could be maintained with the new solvent
formulation and the radioactive feed could be decontaminated to background levels. The 24
hour actual Tank 37H/44F waste test demonstrated similar hydraulic stability and higher
DFs.
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SUMMARY

This study entailed exposing mixtures of calixarene-based solvent and simulants of the
extraction, scrub and strip solutions to external gamma radiation. The primary results of
these tests are:

1. No significant degradation of the primary solvent components was observed over
doses typical of the proposed facility lifetime.

a. Less than 10% calixarene loss occurred at received doses up to 16
Mrad (a 160 year dose)

b. No statistically significant loss of Cs-7SB modifier occurred at doses
up to 16 Mrad. A 10% loss occurred at a dose of 50 Mrad.

c. Less than 10% TOA loss occurred at received doses up to 6 Mrad (a
60 year dose)

2. The primary degradation product observed was 4-sec-butylphenol. However,
additional testing indicated that, as expected based on the design of the modifier, this
material would easily wash out during the process.

3. No significant degradation of either extraction or stripping performance occurred over
the range of doses employed.

INTRODUCTION

During the technology selection process for Salt Processing Project (SPP), a systems
engineering analysis identified caustic side solvent extraction (CSSX) as one of the leading
candidates for removal of cesium from SRS high level waste.' Testing in 1998
demonstrated some susceptibility of the available solvent system to degradation due to
irradiation.2 Subsequent to these results, the ORNL developers changed the solvent
system to improve its chemical and radiolytic stability? A number of limitations existed in
the preliminary tests. Those tests did not continuously agitate the solutions, and exposure
to radiation dose only occurred in the presence of simulated waste solution. The current
tests were designed to eliminate both of these limitations.

Researchers at ORNL estimated that the solvent system will receive less than 100
krad/year of dose4 The doses employed in this testing (i.e., 50 Mrad) far exceed the
estimated annual dose that the solvent will receive. This testing attempted to determine the
rate of loss of species of interest due to radiation damage, the impact of this degradation
on solvent performance, and to identify any key degradation products. Irradiated samples
shared with ORNL have also led to the generation of further analytical and performance
data that will be reported by ORNL.
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Researchers at ORNL prepared the four different solvents used in these tests. All of these
solvents employ calix[4]arene-bis(t-octylbenzo-crown-6) (BOBCalixC6) as the extractant.
Other components of the solvent included the modifier, trioctylamine as a suppressor and
a diluent. Table I lists the other components present in these four solvents. Figure 1
provides additional detail pertaining to each of the key solvent componenets.

Cesium Extractant

" Synthetically attractive
" Soluble in aliphatic diluents
* Rejects sodium
* Effective at 0.01 M Calix[4]arene-bis(t-octylbenzo-crown-6)
" Stable to alkaline simulant "BoBCalixC6"

Diluent Modifiers Re

" Soluble in aliphatic diluents RH
" Increase Cs extraction
" Effective at 0.20-0.50 M
" Prevent third phase formation

• 2nd Generation possess excellent 2nd Generation Modifiers
stability to warm caustic

Suppressor
• Suppresses impurity effects
* Suppresses ion-pair dissociation
* Effective at <0.001 M
* Improves and stabilizes stripping Trioctylamine

"TOA"
FIGURE 1. KEY SOLVENT COMPONENTS

Table 1, solvents employed

ORNL solvent batch ID Modifier employed Diluent employed
PVB B000718-I OW Cs-7SB lsopar® L
PVB B000718-107W Cs-7SBT Isopar® L

PVB B000718-108W Cs-6 IsoparO L

PVB B000718-109W Cs-6 Norpar® 12

, 
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However, approximately I month after receipt of the Cs-6 modified solvents -108W and -
109W, the authors observed solids insome of the samples. Due to the formation of the
solids, which in most samples involved the solidification of the entire sample, further
analysis of these samples proved impossible. Further investigation at Oak Ridge National
Laboratory indicated that the formation of solids in these samples reflected the limited
solubility of a hydrated form of the Cs-6 modifier. Hence, the Cs-6 modifier is no longer a
candidate for CSSX solvent development. No analogous problems with Cs-7SB modifier
were observed, nor have attempts at ORNL to crystallize analogous hydrates with Cs-7SB
been successful. Crystallization of Cs-7SB is considered to be unfavorable because this
compound is a mixture of isomers. Note that for Cs-6, the aryl R group is a tert-octyl-
benzyl group. For Cs-7SB, the aryl R group is a 4-sec-butyl benzyl group. Further note
that Cs-7SB and Cs-7SBT were found to be indistinguishable in these studies and as such
are treated as identical throughout the remainder of this report. The only difference
between these two modifier designations is the source of the modifier precursor.

High Level Waste Salt Disposition Process Engineering developed a single simulated
waste composition for all solvent extraction testing.5

The tests described herein involved exposure of the solvents listed in Table I to external
radiation from a 60Co gamma source with samples continuously agitated by magnetic
stirring (Teflon® coated stir bar). During irradiation, sample temperatures ranged between
20 °C and 35 °C (some heating of the samples occurs during irradiation). Also note that
the samples were loosely sealed in an air atmosphere during irradiation. Thus, minimal
evaporation of the solvent occurred during evaporation. Table 2 contains a matrix of the
test conditions. Each extraction test employed 25 mL of solvent, while the tests-with the
scrub and strip solutions employed 50 mL of solvent. For each exposure, the organic
sample was used for two extractions with fresh simulant. For the scrub and strip
exposures, the solvent was then contacted with the appropriate volume of 0.05 M nitric
acid. For the strip exposures, the solvent was then contacted with the appropriate volume
of 0.001 M nitric acid. Note that one additional sample of the Cs-7SB/Isopar* L solvent
(with no aqueous phase) was exposed to a 50 Mrad dose.

Note that for all the samples that used the Cs-7SB/Isopar® L, cross-phase contamination
with caustic occurred during the initial preparation of the scrub and strip samples. The
cross-phase contamination was later detected at ORNL by the elevated pH values of the
aqueous scrub solutions that had been contacted with the loaded solvent. These samples
were irradiated before the problem was known, and the characterization of the irradiated
solvent is reported. However, this cross-phase contamination likely compromised the Dc,
values for these samples. Therefore, Dc, values for stripping are not reported for any
samples with an aqueous phase pH more than 2 standard deviations removed from the
average. However, additional samples were prepared for exposure under scrub and strip
solutions using 1.5 and 6 Mrad for scrub and 2 and 8 Mrad for strip. Although the cross-
phase contamination was reduced, it was not totally eliminated, as pH values in the scrub
aqueous solutions were still high. The characterization and Dc. values for these samples
are reported. The result of the cross-phase contamination is thought to be increased
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scatter in the Dcý values and elevated values of Dc, on stripping, including at zero dose.
However, within the total set of samples prepared for this study, the results may be
considered self-consistent with regard to assessment of the effect of external irradiation.

Table 2. Test conditions
Aqueous Phase I Organic Phase ExpOsure (Mrad) 0O/A Ratio
Extraction Cs-7SB/Isopar9 L 0.5,1,2,4 0.33
Scrub Cs-7SB/Isoparg L 1.5,3,6,12 5
Strip Cs-7SB/Isoparg L 2,4,8,16 5
Extraction Cs-7SBT/IsoparO L 0,2 0.33
Scrub Cs-7SBT/Isopar® L 0,6 5
Strip Cs-7SBT/Isopar® L 0,8 5

At the completion of each irradiation, SRTC personnel analyzed the samples. Analysis
included determination of the Dc, (distribution coefficient for Cs between the phases) after
irradiation, measurement of the concentration of the various solvent species and
determination of the concentrations of any detectable degradation products. Appendix B
provides the methodology used for performing distribution coefficients.

BOBCalixC6, Cs-7SB, Cs-6, Norpar®O 12 diluent and Isopar® L diluent were supplied by
Oak Ridge National Laboratory. Personnel purchased 4-tert-octylphenol, 4-sec-
butylphenol and trioctylamine from Aldrich. The HPLC analysis used HPLC-grade
isopropanol (Acros) and ultrapure water obtained form a Waters Milli-Q system.

Analysts used two high performance liquid chromatography (HPLC) instruments for the
analysis of the IsoparO L solvent to determine the concentration of Cs-7SB, BOBCalixC6,
4-tert-octylphenol, and 4-sec-butylphenol. (Note that since these two phenols are
precursor compounds for the modifiers, they were anticipated to be primary degradation
products of each modifier respectively. Also note that 4-tert-octylphenol is a potential
fragment from BOBCalixC6.) One device consisted of a Hewlett-Packard 1090 HPLC
with a diode array detector and a Polymer Laboratories evaporative light scattering
detector (ELSD). The second arrangement included a Hewlett-Packard 1090 HPLC with
a diode array detector enclosed in a radiological hood. Both systems used the HP
ChemStation version 6.0 software. Note that all samples the analyst diluted samples with
isopropanol until the analyte concentration fell within the range of the linear calibration
curve and then completed the analysis.

The analysis oftrioctylamine occurred on a Hewlett Packard 6890 gas chromatograph,
equipped with a 30 m DB-5 column, with 0.25 mm diameter and 0.25 um film thickness.
Quantitation occurred via a Hewlett Packard 5973 mass selective detector. Personnel

.' 
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confirmed the mass spectrometer tuning within 24 hours prior to each measurement using
perfluorotributylamine.

STANDARDS AND PREPARATION

Personnel prepared stock solutions by weighing the analytes into volumetric flasks and
diluting with isopropanol. They combined the stock solutions to form a single stock
solution containing all three analytes at high concentrations. Final working standards were
prepared by diluting the stock solution with isopropanol. The following describes an
example preparation.

Personnel weighed 20 mg of Cs-7SB, 20 mg of BOBCalixC6 and 100 mg of 4-sec-
butylphenol into separate 10 mL volumetric flasks. In order to replicate the dilution of the
sample matrix (Norpar or Isopar) with isopropanol, flasks containing BOBCalixC6 and 4-
sec-butylphenol were diluted with a solvent similar in polarity mainly isopropanol/hexane
(9:1) solvent. Researchers then added 1.0 mL of the BOBCalixC6 solution and 0.05 mL of
the 4-sec-butylphenol solution to the flask containing Cs-7SB and diluted to volume with
isopropanol.. This stock solution was diluted to prepare the working standards.

The analyst diluted samples with isopropanol until the analyte concentration fell within the
range of the linear calibration curve and then completed the analysis.

The reverse-phase HPLC gradient method resulted in separation of the compounds (Table
A. 1). The authors selected a wavelength of 226 nm for monitoring Cs-7SB, Cs-6, 4-tert-
octylphenol and 4-sec-butylphenol, while 205 nm provided the best sensitivity for
BOBCalixC6. The response for the analytes proved linear over the concentration ranges
present in the solvent (Table A.2). Table A.3 provides the chromatographic resolution
parameters for complete separation of the analyte peaks. This methodology typically
provided an accuracy of± 10% for the analytes of interest.

Personnel used the gel permeation chromatography (GPC) method with a evaporative
light scattering detector and diode array detector (280 nm) to separate, analyze, and
estimate the molecular weight of unknown degradation products (Table A.4). Analysts
correlated retention time to molecular weight using polystyrene standards in chloroform.
For quantitation, the diode array detector proved better suited because of a wider linear
range.

Trioctylamine analysis used samples diluted 1:10 in isopropanol prior to analysis by
GC/MS. A selective ion monitoring (SIM) method set to the molecular weight of TOA
(MW = 354) was used to quantify the TOA. The calibration curve (n = 4) remained linear
from 5 mg/L to 40 mg/L with a within-day RSD of<3%.

RESULTS

Figure 2 contains a plot of the modifier concentration as a function of dose received.
Inspection of this figure indicates no significant loss of modifier at doses of 16 Mrad. This
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confirmed the mass spectrometer tuning within 24 hours prior to each measurement using 
perfluorotributylamine. 

STANDARDS AND PREPARATION 

Personnel prepared stock solutions by weighing the analytes into volumetric ·flasks and 
diluting wi1th isopropanol. They combined the stock solutions to form a single stock 
solution containing all three analytes at high concentrations. Final working standards were 
prepared by diluting the stock solution with isopropanol. The following describes an 
example preparation. 

Personnel weighed 20 mg ofCs-7SB, 20 mg of BOBCalixC6 and 100 mg of 4-sec­
butylphenol into separate 10 mL volumetric flasks. In order to replicate the dilution of the 
sample matrix (Norpar or Isopar) with isopropanol, flasks containing BOBCalixC6 and 4-
sec-butylphenol were diluted with a solvent similar in polarity mainly isopropanol/hexane 
(9:1) solvent. Researchers then added 1.0 mL of the BOBCalixC6 solution and 0.05 mL of 
the 4-sec-butylphenol solution to the flask containing Cs-7SB and diluted to volume with 
isopropanol.. This stock solution was diluted to prepare the working standards. 

The analyst diluted samples with isopropanol until the analyte concentration fell within the 
range of the linear calibration curve and then completed the analysis. 

The reverse-phase HPLC gradient method resulted in separation of the compounds (Table 
A.I). The authors selected a wavelength of 226 nm for monitoring Cs-7SB, Cs-6, 4-tert­
octylphenol and 4-sec-butylphenol, while 205 om provided the best sensitivity for 
BOBCalixC6. The response for the analytes proved linear over the concentration ranges 
present in the solvent (Table A.2). Table A.3 provides the chromatographic resolution 
parameters for complete separation of the analyte peaks. This methodology typically 
provided an accuracy of ± 10% for the analytes of interest. 

Personnel used the gel permeation chromatography (GPC) method with a evaporative 
light scattering detector and diode array detector (280 om) to separate, analyze, and 
estimate the molecular weight of unknown degradation products (Table A.4). Analysts 
correlated retention time to molecular weight using polystyrene standards in chloroform. 
For quantitation, the diode array detector proved better suited because of a wider linear 
range. 

Trioctylamine analysis used samples diluted I: lOin isopropanol prior to analysis by 
GC/MS. A selective ion monitoring (SIM) method set to the molecular weight of TO A 
(MW = 354) was used to quantify the TOA. The.calibration curve (n:::: 4) remained linear 
from 5 mgIL to 40 mgIL with a within-day RSD of <3%. 

RESULTS 

Figure 2 contains a plot of the modifier concentration as a function of dose received . 
. Inspection ofthis figure indicates no significant loss of modifier at doses of 16 Mrad. This 
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represents an exposure far in excess of that anticipated during the operational lifetime of
the final facility. The authors irradiated an additional sample to 50 Mrad. This sample
exhibited 10% loss of the modifier, which equates to a rate of modifier loss of 0.02% per
year.

Cs-7SB
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FIGURE 2. MODIFIER COMPOSITION AS A FUNCTION OF DOSE RECEIVED.

Figure 3 contains a plot of the calixarene concentration as a function of dose received.
Inspection of this figure indicates approximately 10% loss of calixarene at doses of 16
Mrad. Note that the annual dose expected to be received by the solvent under plant
operating conditions is estimated to be less than 100 krad/y. 4 Hence this study indicates a
loss of calixarene associated with radiation damage of less than 0.1%/y.
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represents an exposure far in excess of that antiCipated during the operational lifetime of 
the final facility. The authors irradiated an additional sample to 50 Mrad. This sample 
exhibited 10% loss of the modifier, which equates to a rate of modifier loss of 0.02% per 
year. 

C .... 7SB 

200 

180 ............ ······6··· 
160 •• II ! • • .. • • 
140 

.. .. . . - . . 

~ 120 

1 
100 

80 • strip 

• Scrub 
60 • Extraction 

40 ...... ·+10% 

...... 11-10% 
20 

0 

0 2 4 6 8 10 12 14 16 18 

Dosc(Mrad) 

FIGURE 2. MODIFIER COMPOSITION AS A FUNCTION OF DOSE RECEIVED. ) 

Figure 3 contains a plot ofthe calixarene concentration as a function of dose received. 
Inspection of this figure indicates approximately 10% loss of calixarene at doses of 16 
Mrad. Note that the annual dose expected to be received by the solvent under plant 
operating conditions is estimated to be less than 100 krad/y.4 Hence this study indicates a 
loss of calixarene associated with· radiation damage of less than 0.1 %/y. 
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Figure 4 contains a plot of the TOA concentration as a function of dose received.
Inspection of this figure indicates approximately 50% loss of TOA at doses of 16 Mrad,
some scatter in the data notwithstanding. Since the annual dose to be received by the
solvent is less than 100 krad/y, these data indicate a loss of TOA to irradiation damage of
less than 0.5%/y.

TOA
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FIGURE 4. TOA COMPOSITION AS A FUNCTION OF DOSE RECEIVED.

Figure 5 contains a plot of the 4-sec-butylphenol concentration as a function of dose.
Inspection of this figure indicates that the 4-sec-butylphenol concentration increases as
dose increases. However, some of the 4-sec-butylphenol distributed to the aqueous phase
(as indicated in the washing test discussed below). Thus, we will need additional testing to
determine more precise total generation rates. However, since the partition coefficient
should be near 1, these generation rates will likely be correct to within an order of
magnitude. 'However, the authors performed an additional test to determine the ability to
wash the phenol with I M NaOH solution. These tests indicated a partitioning coefficient
of 0.75 for the phenol at a solvent-to-wash volume ratio of 1. Further, notice that the
maximum concentration of 4-sec-butyiphenol in the solvent equaled less than 0.4% of the
total modifier concentration.
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Figure 4 contains a plot of the TOA concentration as a function of dose received. 
Inspection of this figure indicates approximately 50% loss of TO A at doses of 16 Mrad, 
some scatter in the data notwithstanding. Since the annual dose to be received by the 
solvent is 14~ss than 100 kradly, these data indicate a loss of TO A to irradiation damage of 
less than 0.5o/oly. 
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Figure 5 contains a plot of the 4-sec-butylphenol concentration as a function of dose. 
Inspection of this figure indicates th~t the 4-sec-butylphenol concentration increases as 
dose increases. However, some of the 4-sec-butylphenol distributed to the aqueous phase 
(as indicated in the washing test discussed below). Thus, we will need additional testing to 
determine more precise total generation rates. However, since the partition coefficient 
should be nc~ar 1, these generation rates will likely be correct to within an order of 
magnitude. However, the authors performed an additional test to determine the ability to 
wash the phenol with 1 M NaOH solution. These tests indicated a partitioning coefficient 
of 0.75 for tne phenol at a solvent-to-wash volume ratio of 1. Further, notice that the 
maximum concentration of 4-sec-butylphenol in the solvent equaled less than 0.4% ofthe 
total modifi(~r concentration. 
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Figure 5. 4-sec-Butylphenol concentration in the solvent as a function of dose
received.Analysis of unirradiated solvent and solvent exposed to 50 Mrad of external
gamma radiation was examined by gel permeation chromatography (GPC) connected to a
photo diode array detector (PDA) and an evaporative light scattering detector (ELSD).
Molecules are separated in GPC according to molecular size, which roughly correlates, to
their molecular weight. By analyzing standards within the molecular weight range of your
unknowns, a molecular weight for unknowns can be estimated. The Table A.5 contains
the information about the estimated molecular weight of unknown peaks in the
chromatograms from Figures A.I and A.2. Figure A.I is the plot of molecular weight vs
elution volume for the PDA and Figure A.2 is the plot of the molecular weight vs elution
volume for the ELSD. The radiated sample yielded a distinctive chromatogram with the
growth of a board peak at 6.2 mL (mrin). This peak eluted earlier (higher molecular
weight) than the'Cs-7SB the peak indicating it consists of decomposition products from
the modified calix[4]arene molecule. It should be noted that trioctylamine (TOA)
contained in the solvent would appear at 6.1 mL (min) but at 100 to I dilution (3.5 mg/L)
it is not a significant peak by ELSD.

Table 3 contains the distribution coefficients measured for irradiated and unirradiated
solvent. (Note: This table also identifies the other conditions employed in the preparation
of these samples identified in Appendix B). These distribution coefficients were measured
at both SRTC and at ORNL. Inspection of Table 3 indicates that the exposure of samples
to doses to 8 Mrad did not have any significant impact on performance of the solvent in
extraction, scrubbing and stripping relative to unirradiated solvent. The reader should
compare data for irradiated and unirradiated samples at similar doses. These samples that
were repeated with reduced cross contamination are indicated by an *

Table 3.1. Des data for extraction
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Figure 5. 4-sec-Butylphenol concentration in the solvent as a function of dose 
received. Analysis of unirradiated solvent and solvent exposed to 50 Mrad of external 
gamma radiation was examiryed by gel permeation chromatography (OPC) connected to a 
photo diode array detector (PDA) and an evaporative light scattering detector (ELSD). 
Molecules are separated in OPC according to molecular size, which roughly correlates, to 
their molecular weight. By analyzing standards within the molecular weight range of your 
unknowns, a molecular weight for unknowns can be estimated. The Table A.5. contains 
the information about the estimated molecular weight of unknown peaks in the 
chromatograms from Figures A.I and A.2. Figure A.I is the plot of molecular weight vs 
elution volume for the PDA and Figure A.2 is the plot of the molecular weight vs elution 
volume for the ELSD. The radiated sample yielded a distinctive chromatogram with the 
growth of a board peak at 6.2 mL (min). This peak eluted earlier (higher molecular 
. weight) than the' Cs-7SB the peak indicating it consists of decomposition products from 
the modified calix[4]arene molecule. It should be noted that trioctylamine (TOA) 
contained in the solvent would appear at 6.1 mL (min) but at 100 to 1 dilution (3.5 mgIL) 
it is not a significant peak by ELSD. 

Table 3 contains the distribution coefficients measured for irradiated and un irradiated 
solvent. (Note: This table also identifies the other conditions employed in the preparation 
of these samples identified in Appendix B). These distribution coefficients were measured 
at both SRTC and at ORNL.'Inspection of Table 3 indicates that the exposure of samples 
to doses to 8 Mrad did not have any significant impact on performance of the solvent in 
extraction, S(;rubbing and stripping relative to unirradiated solvent. The reader should 
compare data for irradiated and unirradiated samples at similar doses. These samples that 
were repeated with reduced cross contamination ate indicated by an •. 

Table 3.1. Dcs data for extraction 
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Dose Dc, Lab Measurement Equilibrium Separation Irradiation Measurement

(Mrad) method Temperature Method Point Point
0 15.4 SRTC ICP-MS 25 0C Centrifuge N/A 2nd Extraction

0.5 15.3 SRTC gamma scan Ambient Gravity 2nd E 2nd Extraction
1 14.5 SRTC gamma scan Ambient Gravity 2nd E 2nd Extraction
2 15.6 SRTC gamma scan Ambient Gravity 2nd E 2nd Extraction
4 15.6 SRTC gamma scan Ambient Gravity 2nd E 2nd Extraction

0.5 16.8 ORNL gamma scan 25 0C Centrifuge 2nd E 2nd Extraction
1 15.8 ORNL gamma scan 25 °C Centrifuge 2M E 2nd Extraction
2 17.4 ORNL gamma scan 25 TC Centrifuge 2ndE 2nd Extraction
4 16.2 ORNL gamma scan 25 0C Centrifuge 2n E 2nd Extraction

WSRC-TR-2000-00413 10 
November 20, 2000 
Rev. 0 

Dose Dc. Lab Measurement Equilibrium Separation Irradiation Measurement 
(Mrad) method Temperature Method Point Point 

0 15.4 SRTC ICP-MS 25°C Centrifuge N/A 2nd Extraction 
0.5 15.3 SRTC gamma scan Ambient Gravity 2nd E 2nd Extraction 

1 141.5 SRTC gamma scan Ambient Gravity 2nd E 2nd Extraction 
2 15.6 SRTC gamma scan Ambient Gravity 2nd E 2nd Extraction 
4 15.6 SRTC gamma scan Ambient . Gravity 2nd E 2nd Extraction 

0.5 16.8 ORNL gamma scan 25°C Centrifuge 2nd E 2nd Extraction 
1 15.8 ORNL· gamma scan 25°C Centrifuge 2nd E 2nd Extraction 
2 17.4 ORNL gamma scan 25°C Centrifuge 2ndE 2nd Extraction 
4 16.2 ORNL gamma scan 25°C Centrifuge 2nd E 2nd Extraction 
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Table 3.2. Dcs data for scrubbing
Dose Dc. Lab Measurement
(Mrad) method

0 1.6 SRTC ICP-MS
0 1.3 SRTC ICP-MS
0 1.5 ORNL Gamma Scan

1.5 1.7 SRTC ICP-MS
1.5 1.7 ORNL Gamma Scan

3 1.5 ORNL Gamma Scan
6 1.7 SRTC ICP-MS
6 1.6 SRTC ICP-MS
6 1.3 ORNL Gamma Scan
6 1.6 ORNL Gamma Scan

12 1.1 ORNL Gamma Scan
0.5 1.5 ORNL Gamma Scan

1 1.5 ORNL Gamma Scan
2 1.5 ORNL Gamma Scan
4 1.5 ORNL Gamma Scan

Table 3.3. Dc, data for I a Strip

Equilibrium Separation
Temperature Method

0 0.29 SRTC
0 0.20 SRTC
0 0.34 SRTC
0 0.29 ORNL
2 0.48 SRTC
2 0.31 ORNL
2 0.41 ORNL
4 0.28 ORNL

8 0.20 SRTC
8 0.35 SRTC
8 0.13 ORNL
8 0.29 ORNL

1.5 0.2 4 SRTC
1.5 0.19 ORNL

3 0.17 ORNL
6 0.24 SRTC
6 0.24 SRTC
6 0.19 ORNL
6 0.21 ORNL

12 0.18 ORNL
0.5 0.1 7 ORNL

1 0.17 ORNL
2 0.18 ORNL
4 0.19 ORNL

ICP-MS
ICP-MS
ICP-MS
Gamma Scan
ICP-MS
Gamma Scan
Gamma Scan
Gamma Scan

ICP-MS
ICP-MS
Gamma Scan
Gamma Scan
ICP-MS
Gamma Scan
Gamma Scan
ICP-MS
ICP-MS
Gamma Scan
Gamma Scan
Gamma Scan
Gamma Scan
Gamma Scan
Gamma Scan
Gamma Scan

25 °C
25 °C
25 "C
25 "C
25 °C
25 °C
25 °C
25 °C
25 °C
25 "C
25 °C
25 "C
25 oC
25 °C
25 "C

25 "C
25 "C
25 °C
25 "C
25 °C
25 °C
25 °C
25 °C

25 °C
25 "C
25 "C
25 "C
25 °C
25 "C.
25 °C
25 OC
25 °C
25 °C
25 °C
25 °C
25 °C
25 °C
25 "C
25 °C

Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge

Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge

Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge

Irradiation Measurement
Point Point
N/A Scrub*
'N/A Scrub
N/A Scrub*
Scrub Scrub*
Scrub Scrub*
Scrub Scrub
Scrub Scrub*
Scrub Scrub*
Scrub Scrub
Scrub Scrub*
Scrub Scrub
2nd E Scrub
2nd E Scrub

2 nd E Scrub
2 nd E Scrub

N/A
N/A
N/A
N/A
Strip
Strip
Strip
Strip

Strip
Strip
Strip
Strip
Scrub
Scrub
Scrub
Scrub
Scrub
Scrub
Scrub
Scrub
2"n E

2 nd E
2nd E
2n' E

I st Strip*
I st Strip*
1st Strip*
1st Strip*
1 st Strip*
13t Strip*
1Vt Strip*
1St Strip*

1st Strip*
I st Strip*
1st Strip
Ist Strip*
Ist Strip*
1, Strip*
It Strip
1 st Strip*
1st Strip*
Is, Strip
Is Strip*
1- Strip
Ijt Strip
It Strip
Is, Strip
It Strip

.' 
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Table 3.2. Dcs data for scrubbing 
Dose DCa Lab Measurement Equilibrium Separation Irradiation Measurement 

(Mrad) method Temperature Method Point Point 

0 1.6 SRTC ICP-MS 25°C Centrifuge N/A Scrub· 

0 1.3 SRTC ICP-MS 25°C Centrifuge 'N/A Scrub 

0 1.5 ORNL Gamma Scan 25°C Centrifuge N/A Scrub· 

1.5 L7 SRTC ICP-MS 25°C Centrifuge Scrub Scrub· 

1.5 L7 ORNL Gamma Scan 25°C Centrifug~ Scrub Scrub· 

3 1.5 ORNL Gamma Scan 25°C Centrifuge Scrub Scrub 

6 L7 SRTC ICP-MS 25°C Centrifuge Scrub Scrub· 

6 1.6 SRTC ICP-MS 25°C Centrifuge Scrub Scrub· 

6 I.:3 ORNL Gamma Scan 25°C Centrifuge Scrub Scrub 

6 1.6 ORNL Gamma Scan 25°C Centrifuge Scrub Scrub· 

12 l.l ORNL Gamma Scan 25°C Centrifuge Scrub Scrub 

0.5 1.5 ORNL Gamma Scan 25°C Centrifuge 2nd E Scrub 

I 1.5 ORNL Gamma Scan 25°C Centrifuge 2nd E Scrub 

2 1.:5 ORNL Gamma Scan 25°C Centrifuge 2nd E Scrub 

4 1.5 ORNL Gamma Scan 25°C Centrifuge 2nd E Scrub 

Table 3.3. Dcs data for 1st Strip 
0 0.29 SRTC ICP-MS 25°C Centrifuge N/A 1st Strip· 

0 0.20 SRTC ICp·MS 25°C Centrifuge N/A 1st Strip· 

0 0.34 SRTC ICP·MS 25°C Centrifuge N/A 1st Strip· 

0 0.29 ORNL Gamma Scan 25°C Centrifuge N/A 1st Strip· 

2 0.48 SRTC ICP·MS 25°C Centrifuge Strip Ist Strip· 

2 0.31 ORNL Gamma Scan 25°C Centrifuge Strip lSI Strip. 

2 0.41 ORNL Gamma Scan 25°C Centrifuge Strip 1st Strip· 

4 0.28 ORNL Gamma Scan 25°C Centrifuge Strip 1st Strip· 

8 0.20 SRTC ICp·MS 25°C Centrifuge Strip Ist Strip· 

8 0.35 SRTC lCp·MS 25°C Centrifuge Strip 1st Strip· 

8 0.13 ORNL Gamma Scan 25°C Centrifuge Strip 1st Strip 

8 0.29 ORNL Gamma Scan 25°C Centrifuge Strip 1'1 Strip. 

1.5 0.24 SRTC ICP-MS 25°C Centrifuge Scrub 1st Strip· 
I 

1.5 0.1'9 ORNL Gamma Scan 25°C Centrifuge Scrub 1st Strip· 

3 0.11 ORNL Gamma Scan 25°C Centrifuge Scrub I st Strip 

6 0.24 SRTC ICP-MS 25°C Centrifuge Scrub 1st Strip· 

6 0.24 SRTC ICP-MS 25°C Centrifuge Scrub 1st Strip· 

6 0.19 ORNL Gamma Scan 25 DC Centrifuge Scrub 1'1 Strip 

6 0.21 ORNL Gamma Scan 25°C Centrifuge Scrub 1st Strip· 

12 0.18 ORNL Gamma Scan 25°C Centrifuge Scrub lSI Strip 

0.5 0.1'7 ORNL' Gamma Scan 25°C Centrifuge 2nd E I SI Strip 

I 0.1'7 ORNL Gamma Scan 25°C Centrifuge 2nd E I SI Strip 

2 O.lli ORNL Gamma Scan 25°C Centrifuge 2nd E 1st Strip 

4 0.19 ORNL Gamma Scan 25°C Centrifuge 2nd E 1st Strip 
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Table 3.4. Dc, data for 2nd Strip

0 0.18 SRTC ICP-MS
0 0.25 SRTC ICP-MS
0 0.12 ORNL Gamma Scan
2 0.19 SRTC ICP-MS
2 0.13 ORNL Gamma Scan
4 0.10 ORNL Gamma Scan
8 0.23 SRTC ICP-MS
8 0.22 SRTC ICP-MS
8 0.08 ORNL Gamma Scan
8 0.12 ORNL Gamma Scan

1.5 0.18 SRTC ICP-MS
1.5 0.12 ORNL Gamma Scan

3' 0.11 ORNL Gamma Scan
6 0.25 SRTC ICP-MS
6 0.15 SRTC ICP-MS
6 0.12 ORNL Gamma Scan
6 0.12 ORNL Gamma Scan

12 0.11 ORNL Gamma Scan
0.5 0.10 ORNL Gamma Scan

1 0.10 ORNL Gamma Scan
2 0.10 ORNL Gamma Scan
4 0.11 ORNL Gamma Scan

Table 3.5. %cs data for 3rd Strip
0 0.14 SRTC ICP-MS
0 0.08 ORNL Gamma Scan
2 0.09 ORNL Gamma Scan
4 0.07 ORNL Gamma Scan
8 0.07 SRTC ICP-MS
8 0.07 ORNL Gamma Scan
8 0.09 ORNL Gamma Scan

1.5 0.08 ORNL Gamma Scan
3. 0.08 ORNL Gamma Scan
6 0.08 ORNL Gamma Scan
6 0.09 ORNL Gamma Scan

12 0.08 ORNL Gamma Scan
0.5 0.07 ORNL Gamma Scan

1 0.07 ORNL Gamma Scan
2 0.08 ORNL Gamma Scan
4 0.08 ORNL Gamma Scan

12

25 0C
25 °C
25 0C
25 0C
25 °C
25 0C
25 °C
25 °C
25 0C
25 °C
25 0C
25 0C
25 °C
25 °C
25 0C
25 0C
25 0C
25 °C
25 °C
25 0C
25 0C
25 0C

Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge

Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge
Centrifuge

N/A
N/A
N/A
Strip
Strip
Strip
Strip
Strip
Strip
Strip
Scrub
Scrub
Scrub
Scrub
Scrub
Scrub
Scrub
Scrub

2 nd E
2nd E

2 nd E

2 nd E

2nd Strip*
2nd Strip*
2nd Strip*
2nd Strip*
2nd Strip*
2nd Strip
2nd Strip*
2nd Strip*
2nd Strip
2nd Strip*
2nd Strip*
2nd Strip*
2nd Strip
2nd Strip*
2nd Strip*
2nd Strip
2nd Strip*
2nd Strip
2nd Strip
2nd Strip
2nd Strip
2nd Strip

25 0C
25 °C
25 0C
25 0C
25 °C
25 0C
25 0C
25 0C
25 0C
25 °C
25 0C
25 °C
25 oC
25 °C
25 °C
25 °C

N/A 3rd Strip*
N/A 3rd Strip*
Strip 3rd Strip*
Strip 3rd Strip
Strip 3rd Strip*
Strip 3rd Strip
Strip 3rd Strip*
Scrub 3rd Strip*
Scrub 3rd Strip
Scrub 3rd Strip
Scrub 3rd Strip*
Scrub 3rd Strip
2nd E . 3rd Strip
2nd E 3rd Strip

2nd E 3rd Strip
2nd E 3rd Strip
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Table 3.4. Dcs data for 2nd Strip 

0 0.18 SRTC ICP-MS 25°C Centrifuge N/A 2nd Strip· 

0 0.25 SRTC ICP-MS 25°C Centrifuge N/A 2nd Strip· 

0 0.12 ORNL Gamma Scan 25°C Centrifuge N/A 2nd Strip· 

2 0.19 SRTC ICP-MS 25°C Centrifuge Strip 2nd Strip· 

2 0.13 ORNL Gamma Scan 25°C Centrifuge Strip 2nd Strip· 

4 0.10 ORNL Gamma Scan 25°C Centrifuge Strip 2nd Strip 

8 0.23 SRTC ICP-MS 25°C Centrifuge Strip 2nd Strip· 

8 0.22 SRTC ICP-MS 25°C Centrifuge Strip 2nd Strip· 

8 0.08 ORNL Gamma Scan 25°C Centrifuge Strip 2nd Strip 

8 0.12 ORNL Gamma Scan 25°C Centrifuge . Strip 2nd Strip· 

1.5 0.18 SRTC ICP-MS 25°C Centrifuge Scrub 2nd Strip· 

1.5 0.12 ORNL Gamma Scan 25°C Centrifuge Scrub 2nd Strip· 

3 0.11 ORNL Gamma Scan 25°C Centrifuge Scrub 2nd Strip 

6 0.25 SRTC ICP-MS 25°C Centrifuge Scrub 2nd Strip· 

6 0.15 SRTC ICP-MS 25°C. Centrifuge Scrub 2nd Strip· 

6 0.12 ORNL Gamma Scan 25°C Centrifuge Scrub 2nd Strip 

6 0.12 ORNL Gamma Scan 25°C Centrifuge Scrub 2nd Strip· 

12 OJI ORNL Gamma Scan 25°C Centrifuge . Scrub 2nd Strip 
0.5 0.10 ORNL Gamma Scan 25°C Centrifuge 2nd E 2nd Strip 

I 0.10 ORNL G~maScan 25°C Centrifuge 2nd E 2nd Strip 

2 0.10 ORNL Gamma Scan 25°C Centrifuge 2nd E 2nd Strip 

4 O.H ORNL Gamma Scan 25°C Centrifuge 2nd E 2nd Strip 

Table 3.5. Dcs data for 3rd Strip 
0 0.I4 SRTC ICP-MS 25°C Centrifuge N/A 3rd Strip· 

0 0.08 ORNL Gamma Scan 25°C Centrifuge N/A 3rd Strip· 

2 0.09 ORNL Gamma Scan 25°C Centrifuge Strip 3rd Strip· 

4 0.07 ORNL Gamma Scan 25°C Centrifuge Strip 3rd Strip 

8 0.07 SRTC ICP-MS 25°C Centrifuge Strip 3rd Strip· 

8 0.07 ORNL Gamma Scan 25°C Centrifuge Strip 3rd Strip 

8 0.09 ORNL Gamma Scan 25°C Centrifuge Strip 3rd Strip· 
1.5 0.08 ORNL Gamma Scan 25°C Centrifuge Scrub 3rd Strip· 

3. 0.08 ORNL Gamma Scan 25°C Centrifuge Scrub 3rd Strip 

6 0.08 ORNL Gamma Scan 25°C Centrifuge Scrub 3rd Strip 

6 0.09 ORNL Gamma Scan 25°C Centrifuge Scrub 3rd Strip· 
12 0.08 ORNL Gamma Scan 25°C Centrifuge Scrub· 3rd Strip 

0.5 0.017 ORNL Gamma Scan 25°C Centrifuge 2ndE 3rd Strip 
I 0.07 ORNL Gamma Scan 25°C Centrifuge 2nd E 3rd Strip 
2 0.08 ORNL Gamma Scan 25°C Centrifuge 2nd E 3rd Strip 

4 0.08 ORNL Gamma Scan 25°C Centrifuge 2nd E 3rd Strip 
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CONCLUSIONS

Personnel irradiated a number of samples of calixarene-based solvent. Analysis of these
samples indicated that measurable loss of the calixarene occurred at very high doses (- 16
Mrad). No measurable loss of the Cs-7SB modifier occurred at equivalent doses. The
primary degradation product, 4-sec-butylphenol, observed during analysis of the samples
came from degradation of the modifier. Also, TOA proved more susceptible to damage
than the other components of the solvent. The total degradation of the solvent proved
relatively minor. The consistent solvent performance, as indicated by the measured Dc,
values, after exposure at high total doses serves as evidence of the relatively low degree of
degradation of the solvent components. Additional tests employing internal irradiation of
solvents with both simulants and. SRS tank waste will be completed by the end of March,
2001 to provide confirmation of the results presented herein.
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Table A.I
Gradient reverse-phase HPLC method
Method
Solvent system
ttot, = 10 min
t2 = 12 min
t3 = 27 min
t4 = 29 min
Column

Oven temperature
Flow-rate
Stop time
UV
injection volume
Retention time for 4-sec-butylphenol
Retention time for Cs-7SB
Retention time for calix
Linear calibration curve

4-sec-butylphenol
Cs-7SB

for Isopar L
Conditions
Isopropanol-water
70%/30%
95%/5%
95%/5%
70%/30%
Dychrom Chemcosorb 5 ODS-UH
3.2x250 mm, 5 Pm pore size
450C
0.25 mL
33 min
226 nm (modifier), 205 nm (calix)
10 giL
7.25 min
8.4 min
23.6 min

1.0 mg/L to 70 mg/L, correlation = 0.998
1000 mg/L to 2000 mg/L, correlation =
0.999
70 mg/L to 170 mg/L, correlation = 0.999calix
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Table A.l 
Gradient re!verse-phase HPlC method for Isopar l 
Method Conditions 
Solvent system Isopropanol-water 
to to t1 = 10 min 70%/30% 
t2 = 12 min 95%/5% 
~ = 27 min 95%/5% 
4 = 29 min 70%/30% 
Column Oychrom Chemcosorb 5 OOS-UH 

Oven temperature 
Flow-rate 
Stop time 
UV 
injection volume 
Retention time for 4-sec-butylphenol 
Retention time for Cs-7SB 
Retention time for calix 
Linear calibration curve 

3.2x250 mm, 5 Jlm pore size 
45°C 
0.25 ml 
33 min 
226 nm (modifier), 205 nm (calix) 
10 J.1l 
7.25 min 
8.4 min 
23.6 min 

. 15 

4-sec-butylphenol 
Cs-7SB 

1.0 mg/l to 70 mg/l, correlation = 0.998 
1000 mg/L to 2000 mg/l, correlation = 
0.999 . 

calix 70 mg/l to 170 mg/l,correlation = 0.999 
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Table A.2
Linearity of test compounds

Compound Conc. range Slope y-Intercept Correlation
(mg/L) coefficient

4-sec-butylphenol 1.0-70 55.6 35 0.9983
Cs-7SB 1000- 30 3591 0.9996

2,000
calix[4]arene 70-170 143 917 0.9999

TOA (GCMS) 5.0-40 42951 101464 0.9989

Table A.3
Resolution parameters for Isopar L

Compound tR k' R N T

4-sec-butylphenol 7.2 0.8 3287 1.00
Cs-7SB 8.3 1.1 1.8 1156 1.10
calix[4]arene 21.7 4.3 15.4 16384 1.00
tR=Retention time; k'=capacity factor; R=resolution; N=number of plates
T=peak symmetry
factor

Table A.4
GPC analyses
Method
Solvent system
t, to t, = 10 min
Column

Flow-rate
Stop time
UV (4-sec-butylphenol, 4-tert-octylphenol)
ELSD (BOBCalixC6, Cs-7SB, and Cs-6)

injection volume
Retention time for BOBCalixC6
Retention time for Cs-6
Retention time for Cs-7SB
Retention time for 4-tert-octylphenol
Retention time for 4-sec-butylphenol

Conditions
Chloroform

Shodex GPC K-801
8x300 mm, 1500 exclusion limit
I mL
10 min
280 nm
0.8 SLM @ 60 psi @ 25 °C
Evaporator Temp. = 85 °C
Nebulizer Temp. = 40 °C
Transfer line Temp. = 30 0C
Time constant = 1
20 piL
5.7 min(ELSD)
6.6 min(ELSD)
6.8 min(ELSD)
7.9 min(280 nm)
8.5 min(280 nm)
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ELSD (BOBCalixC6, Cs-7SB, andCs-6) 

injection volume 
Retention time for BOBCalixC6 
Retention time for Cs-6 
Retention time for Cs-7SB 
Retention time for 4-tert-octylphenol 
Retention time for 4-sec-butylphenol 

Conditions 
Chloroform 

Shodex GPC K-801 
8x300 mm, 1500 exclusion limit 
1 mL 
10 min 
280nm 
0.8 SLM @ 60 psi @ 25°C 
Evaporator Temp. = 85 °c 
Nebulizer Temp. = 40°C 
Transfer line Temp. = 30 °C 
Time constant = 1 
20 flL 
5.7 min(ELSD) 
6.6 min(ELSO) 
6.8 min(ELSD) 
7.9 min(280 nm) 
8.5 min(280 nm) 
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Table A.5. Standards for GPC column.
Compound MW, g/mole Volume, mL RT, min Conc., mglL

GPC with ELSD analyses
Polystyrene 2340 5.218 5.218 224
Polystyrene 1180 5.623 5.623 231
calix[4]arene-bis(t-octylbenzo-crown-6) 1149.53 5.703 5.703 224
Polystyrene 979 5.786 5.786 248
1-(2,2,3,3-tetrafluoropropoxy)-3-(4-sec-butylphenoxy)-2- 338.34 6.804 6.804 249
propanol
Calix[4]arene 424.5 7.218 7.218 199
Glycerol 92 8.649 8.649 -2000
Ethylene glycol 62 8.973 8.973 248
Polystyrene 484 3 peaks 3 peaks
Polystyrene 266 no signal
4-sec-butylphenol 150 no signal no signal 254
Catechol 110

GPC with PDA analyses
Polystyrene 2340 5.122 5.122 224
Polystyrene 1180 5.514 5.514 231
calix[4]arene-bis(t-octylbenzo-crown-6) 1149.53 5.602 5.602 224
Polystyrene 979 5.679 5.679 248
1 -(2,2,3,3-tetrafluoropropoxy)-3-(4-sec-butylphenoxy)-2- 338.34 6.708 6.708 249
propanol
Calix[4]arene 424.5 7.12 7.12 199
Trioctylamine 353.68 5.9 5.9
Polystyrene 266 7.092 7.092 189
Polystyrene 162 7.787 7.787 222
4-sec-butylphenol 150 8.582 8.582 254
catechol 110 9.978 9.978 -1000
Glycerol 92 8.524 8.524 -2000
Ethylene glycol 62 8.863 8.863 248
Polystyrene 484 3 peaks 3 peaks
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Table A.S. Standards for GPC column. 
Compound MW, glmole Volume, mL RT, min Cone., mglL 

GPC with ELSD analyses 
Polystyrene 2340 5.218 5.218 224 
Polystyrene 1180 5.623 5.623 231 
calix[4 ]arene-bis(t-odylbenzo-crown-6) 1149.53 5.703 5.703 224 
Polystyrene 979 5.786 5.786 248 
1-(2,2,3,3-tetrafluoropropoxy)-3-(4-sec-butylphenoxy)-2- 338.34 6.804 6.804 249 
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Polystyrene 2340 5.122 5.122 224 
Polystyrene 1180 5.514 5.514 231 
calix[4]arene-bis(t-octylbenzo-crown-6} 1149.53 5.602 5.602 224 
Polystyrene 979 5.679 5.679 248 
1-(2,2,3',3-tetrafluoropropoxy)-3-( 4-sec-butylphenoxy)-2- 338.34 6.708 6.708 249 
propanol 
Calix[4]arene 424.5 7.12 7.12 . 199 
Trioctylamine 353.68 5.9 5.9 
Polystyrene 266 7.092 7.092 189 
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catechol 110 9.978. 9.978 -1000 
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Figure A. 1 Molecular weight as a function of volume through column (or retention time)
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Appendix B.

Extraction - Scrub - Strip Protocol

Equipment

Glass vials (Kimble, part # 6091OL-1
Fixed volume pipetman pipetes (with tips)
Thermostated New Brunswick incubator shaker set for 25.0 C
Ambient temperature centrifuge

Chemicals
70% HNO3 (Fisher)

Prepared 1 M Nitric acid (from dilution of stock concentrated nitric acid) with DDI water.
Prepare scrub and strip solution by dilution from the 1 M Nitric acid solution

1. Using a fixed volume pipetter, dispense the required volume of each solvent and
aqueous phase into a 4 mL vial. These vials typically received 3 mL of solution.

2. The solutions were initially shaken by hand to achieve a distribution. Then the
solutions were shaken for 1 hour at 200 rpm on a temperature controlled shaker table.'
Immediately after removal from the shaker table, the samples were again shaken
vigorously by hand

3. The sample was then centrifuged for 1 minute at 8000 rpm

Phase Separation - simulant
1. Use a polyethylene disposable transfer pipette to remove approximately 80% of the

organic layer off the top to a clean vial.
2. Obtain a 500 microL sample of the aqueous phase for analysis by ICP-MS.

2. 3. From the organic transfer .,ial, obtain a 500 microL sample for analysis by
digestion/ICP-MS.

Calibration and Analysis

All analyses performed by SRTC analytical development section (ADS) (which performs
calibrations and blanks during sample analysis).
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Prepared 1 M Nitric acid (from dilution of stock concentrated nitric acid) with 001 water. 
Prepare scmb and strip solution by dilution from the 1 M Nitric acid solution 

I. Using a fixed volume pipetter, dispense the required volume of each solvent and 
aqueous phase into a 4 mL vial. These vials typically received 3 mL of solution. 

. 2. The solutions were initially shaken by hand to achieve a distribution. Then the 
solutions were shaken for I hour at 200 rpm on a temperature controlled shaker table .. 
Immediately after removal from the shake{ table, the samples were again shaken 
vigorously by hand 

3. The sample was then centrifuged for 1 minute at 8000 rpm 

Phase Separation - simulant 
1. Use a polyethylene disposable transfer pipette to remove approximately 80% of the 

organic layer off the top to a clean vial. 
2. Obtain a 500 microL sample ofthe aqueous phase for analysis by ICP-MS. 

2. 3. From the organic transfer vial, obtain a 500 microL sample for analysis by 
digestionlICP-MS. 

Calibration and Analysis 

All analyses performed by SRTC analytical development section (ADS) (which performs 
calibrations and blanks during sample analysis). 
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Property
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Density

pH

Sr DF (Strontium Decontamination Factor)

Alcohol content

Total Inorganic Carbon

Total Organic Carbon

Total Halides (F/Cl/Br)

Particle Size: Less than I microns

Particle Size: Greater than 35.5 microns

Unit

gm/L

gm/L

pH unit

N/A

PPM

PPM

PPM

PPM

% by Vol.

% by Vol.

Specificatlon

150-200

Report as Found

10, Minimum

150 Minimum

500, Maximum

100 Maximum

100 Maximum

100 Maximum

Less than 1%.

Less than 1%
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Inuiwt:

1 Only ARP Bases:

a 0.01M NaOH is used for dilution of the salt waste feed in the LWPT to 5.6 M sodium
(Ref 16). This dilution is necessary to increase the rate of alpha and strontium
sorption, allowing a reasonable cycle time (Ref 1).

* MST concentration used is 0.4 g of MST per liter of diluted feed in the LWPT (Ref
1).

* The filter cleaning cycle consists of seven steps: 0.02 M caustic (1), 0.02 M caustic
(2), 0.02 M caustic (3), oxalic acid (4), 0.02 M caustic (5), 0.02 M caustic (6), 0.02 M
caustic (7). Each wash step is 415 gallons (Ref 11).

e 0.5M oxalic acid used for filter cleaning (Ref 11)
* MST/sludge solids concentrated to approximately 5%/ot solids in the LWPT (Ref 1).
* Solids specific gravity = 1.8 (Ref 1)
* The amount of inhibited wash water required to wash the MST/sludge solids to a

sodium concentration of 0.5 M (Ref I) is determined to be -1.57 gallons of
washwater per gallon of salt solution. Using the following equation: Wash water
ln(Na(initial)I - ln[Na(final)]. This constant volume wash follows addition of 2000
gallons of inhibited wash water to raise the LWPT level to run the filter feed pump
and dilute the LWPT heel sodium concentration. After the pump has been started, the
LWPT will be pumped down to 1,600 gallons before the constant washing procedure
begins.

* Based on 24-hour sorption reaction time, Strontium Decontamination Factor 129.5
(Ref 2, 3, 16)

* Plutonium (Pu) Decontamination Factor = 12.9 (Ref 2, 3, 16)
* Uranium (U) Decontamination Factor = 1.2 (Ref 2, 3, 16)
e Neptunium (Np) Decontamination Factor = 3.7 (Ref 2, 3, 16)
* Americium (Am) Decontamination Factor = 1.7 (Ref 12)
e Curium (Cm) Decontamination Factor = 1.7 (Ref 12)
9 Mixing of Caustic and Oxalic Acid from the spent cleaning solutions results in the

following reaction: H2C20 4 + 2 NaOH -4 Na2C2O4 + 2H20. For the cleaning protocol
used in the mass balance calculations, the oxalic acid used consumes all the available
NaOF[ in the spent cleaning solution and the solids washing heel of the LWPT. This
results in a slightly acidic stream going forward to the Low Point Pump Pit Precipitate
Tank and DWPF.

* The Cross-flow filter area is 230 ft2 (Ref 6). The filter media are Mott 0.5 micron
sintered metal tubes.

o The 512-S Only ARP Vessel and equipment configuration is based on the Case 2
option with the Option D MST sludge solids disposal path from the Actinide
Removal Process Alternative Study and Selection document (Ref 7).

e The Henry's constants for methanol and isopropanol are 338 and 754 mmHglmole
fraction respectively (Ref 9).

511-S Ooly ARP Bases: 

X-CLC-S-OOI13 
Rev.D 

Page 5 of 15 

• O.OlM NaOH is used for dilution of the salt waste feed in the LWPT to 5.6 M sodium 
(Ref 16). This dilution is neceSsary to increase the rate of alpha and strontium 
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EXECUTIVE SUMMARY

The Savannah River National Laboratory was tasked with determining the benzene generation
rates in Saltstone prepared with tetraphenylborate (TPB) concentrations ranging from 30 mg/L to
3000 mg/L in the salt fraction and with test temperatures ranging from ambient to 95 OC.l
Defense Waste Processing Facility Engineering (DWPF-E) provided a rate of benzene evolution
from saltstone of 2.5 gig/L /h saltstone (0.9 gtg/kg saltstone/h) to use as a target rate of concern
(TRC).2

The generation of benzene, toluene, and xylenes from saltstone containing a simulant of Tank
48H salt solution has been measured as a function of time at several temperatures and
concentrations of TPB. The Tank 48H simulant contained potassium tetraphenylborate (KTPB),
the decomposition products (phenol, biphenyl, and benzene), and diphenylmercury in addition to
inorganic salts. The saltstone slurries were prepared from blends of the Tank 48H simulant and
DWPF recycle simulant.

The purpose of this interim report is to provide DWPF-E with a brief description of the
methodology and an indication of the trends of benzene evolution. The data presented are to be
used by DWPF-E for preliminary calculations with the knowledge that more data are being
collected and may alter the final results. A more complete description of the methods and
materials will be included in the final report. The benzene evolution rates approximately follow
an increasing trend with both increasing temperature and TPB concentration. The benzene
generation rates at 95 °C from 1000 mg/L and 3000 mg/L TPB simulant exceeded the recovery-
adjusted 0.9 g.g/kg saltstonelh TRC (2.5 g.g/L saltstone/h), while all other conditions resulted in
benzene generation rates below this TRC (except for the initial rate from tests at 75 'C and 3000
mg/L). The toluene evolution rates for at least one sample at each temperature exceeded the TRC
initially, but all dropped below the TRC within 2-5 days. The toluene emissions appear to be
mainly dependent on the fly ash and are independent of the TPB level, indicating that toluene is
not generated from TPB.
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1.0 INTRODUCTION AND BACKGROUND

The operating strategy for processing at Z-area Saltstone is projected to result in elevated
temperatures in the Saltstone vaults over a period of months. This strategy resulted in a review of
documentation for the production of benzene via the decomposition of potassium
tetraphenylborate (KTPB) solids at elevated temperatures for an extended period of time. Initial
review indicates that benzene and other flammable gases could accumulate in the vault vapor
space with this propose operating strategy. The current Z-Area (Saltstone) Safety Basis does not
postulate an explosion in the vaults, and therefore, the Safety Basis does not restrict vault
temperatures or tetraphenylborate (TPB) concentrations relative to a vault explosion.

An evaluation of prior Saltstone grout production confirmed that previous facility operation has
not resulted in elevated grout temperatures for extended periods of time (maximum temperature
observed 5 PC and peak temperatures lasted for days rather than months). This review, combined
with previous benzene measurements in the vault cells, provides the basis for the position that
there is no imminent hazard.

The SRNL was tasked' with determining the benzene generation rates in Saltstone grout prepared
with TPB concentrations ranging from 30 mg/L to 3000 mg/L in the salt fraction and test
temperatures ranging from ambient to 95 °C. The request included determination of the effect of
surface area to volume ratio on the benzene generation rate.

A literature review3 summarizing previous work on benzene generation and leach results
provided the following conclusions.

* Data from past studies of benzene generation from saltstone samples containing TPB and
TPB decomposition products should be used with caution due to the large uncertainty
associated with the data.

" The average benzene generation rates, measured over the total duration of a test, span
from <0.1 to 140 jig/hr per liter of saltstone in the reviewed studies. The peak rates, from
individual measurement periods during the tests, range from <0.1 to 390 jig/hr per liter of
saltstone. However, distinguishing what constitutes a statistically significant difference in
rate proves difficult due to the high uncertainty present in the data.

* Results of past studies suggest the evolution of benzene from saltstone samples may
show some temperature dependence with rates increasing with temperature. The change
in benzene generation rate as a function of temperature cannot be quantified from the
available data. The data also suggests that high peak rates may occur sooner when
saltstone samples have been cured at higher temperature.

A multi-stage approach is being used to meet these objectives. In the first stage, several potential
methodologies for the collection, recovery and analysis of benzene were evaluated. Stage II is
ongoing and entails demonstrating the methodology selected in Stage I with surrogate materials.
The data in Stage II is the information presented in this report. Testing of saltstone prepared with
actual Tank 48H waste as the source of TPB is underway as Stage III and will be addressed in a
separate interim report. Results of the surface area to volume (of saltstone) tests (generation vs.
retention) will be discussed in the combined final report. Stage IV studies will investigate other
volatile organics that may be emitted during curing and will be discussed in the combined final
report.

I

1.0 INTRODUCTION AND BACKGROUND 

WSRC-TR-200S-00 180 
Revision 0 

The operating strategy for processing at Z-area Salts tone is projected to result in elevated 
temperatures in the Saltstone vaults over a period of months. This strategy resulted in a review of 
documentation for the production of benzene via the decomposition of potassium 
tetraphenylborate (KTPB) solids at elevated temperatures for an extended period of time. Initial 
review indicates that benzene and other flammable gases could accumulate. in the vault vapor 
space with this propose operating strategy. The current Z-Area (Saltstone) Safety Basis does not 
postulate an e:xplosion in the vaults, and therefore, the Safety Basis does not restrict vault 
temperatures or tetraphenylborate (TPB) concentrations relative to a vault explosion. 

An evaluation of prior Saltstone grout production confirmed that previous facility operation has 
not resulted in elevated grout temperatures for extended periods of time (maximum temperature 
observed SloC and peak temperatures lasted for days rather than months). This review, combined 
with previous benzene measurements in the vault cells, provides the basis for the position that 
there is no imminent hazard. 

The SRNL was tasked l with determining the benzene generation rates in Saltstorie grout prepared 
with TPB concentrations ranging from 30 mg/L to 3000 mg/L in the salt fraction and test 
temperatures ranging from ambient to 95°C. The request included detemiination of the effect of 
surface area to volume ratio on the benzene generation rate. 

A literature review3 summarizing previous work on benzene generation and leach results 
provided the following conclusipns. 

• Data from past studies of benzene generation from saltstone samples containing TPB and 
TPB decomposition products should be used with caution due to the large uncertainty 
associated with the data. 

• The average benzene generation rates, measured over the total duration of a test, span 
from <0.1 to 140 ~g/hr per liter' of saltstone in the reviewed studies. The peak rates, from 
individual measurement periods during the tests, range from <0.1 to 390 ~gIhr per liter of 
saltstone. However, distinguishing what constitutes a statistically significant difference in 
rate proves difficult due to the high uncertainty present in the data. 

• Results of past studies suggest the evolution of benzene from saltstone samples may 
show some temperature dependence with rates increasing with temperature. The change 
in beIllzene generation rate as a function of temperatUre cannot be quantified from the 
available data. The data also suggests that high peak rates may occur sooner when' 
saltstone samples have been cured at higher temperature. 

A multi-stage approach is being used to meet these objectives. In the first stage, several potential 
methodologies for the collection, recovery and analysis of benzene were evaluated. Stage II is 
ongoing and entails demonstrating the methodology selected in Stage I with surrogate materials. 
The data in Stage II is the information presented in this report. Testing of saltstone prepared with 
actual Tank 48H waste as the source of TPB is underway as Stage III and will be addressed in a 
separate interim report. Results of the surface area to volume (of saltstone) tests (generation vs. 
retention) will be discussed in the combined final report. Stage IV studies will investigate other 
volatile organics that may be emitted during curing and will be discussed in the combined final 
report. 



WSRC-TR-2005-00180
Revision 0

2.0 APPROACH

The method to collect and analyze benzene selected from Stage I was to purge the head space of
vessels containing saltstone and capture the benzene on a carbon bed. The benzene is
subsequently desorbed and analyzed using a gas chromatograph (GC) with a flame ionization
detector (FID). This method was also found to be applicable for the collection of toluene and
xylene.

2.1 Salt Solution Simulants

The Defense Waste Processing Facility (DWPF) recycle simulant targeted the average sodium
and the maximum anion and mercury content of the Tank 23H and Tank 24H samples taken 100
inches from the tank bottoms as reported by Swingle.4 Table 2-1 provides the composition of the
DWPF recycle simulant based on the major components listed in Reference 4. The customer also
requested a 2 mg/L spike of palladium into the salt solution.5 The Tank 48H simulant6 is based
on samples of Tank 48H taken in 2003.7 Table 2-2 lists the potential sources of benzene from the
Tank 48H simulant. Table 2-3 shows the physical properties of the two salt solution simulants
and the calculated properties of the resulting blends used for this study. The different TBP
concentrations are achieved via the aggregation of the Tank 48H simulant with the DWPF recycle
simulant.

Table 2-1. Composition of DWPF Recycle Simulant. 8

Compound g/L Component M
NaNO2  21.734 Na 0.78
NaNO 3  5.219 N0 2  0.32
NaOH 17.399 N0 3  0.06

Na2CO 3  7.419 0H 0.44
Hg(NO3) 2xH 20 24.8 mg/L CCO3 " 0.07

Pd solution (15.27%)a 0.013 Hg 14.5 mg/L
Total 51.771

Wt % solids 5.2%

aPd solution is palladium nitrate in nitric acid.

Table 2-2. Potential Sources of Benzene in Tank 48H Simulant.

Component Compound g/L
Sodium Tetraphenylborate' (C6Hs) 4BNa 19.7

Diphenylmercury (C6H5)2Hg 0.018
Phenol C6H 50H 0.95

Biphenyl (C6H5)2  0.62
Benzene C61716  0.055

aAdded to simulant as sodium compound. Potassium
compound precipitates during the simulant make up.

2

2.0 APPROACH 

WSRC-TR -2005-00180 
Revision 0 

The method to collect and analyze benzene selected from Stage I was to purge the head space of 
vessels containing saltstone and capture the benzene on a carbon bed. The benzene is 
subsequently desorbed and analyzed using a gas chromatograph (GC) with a flame ionization· 
detector (FlD). This method was also found to be applicable for the collection of toluene and 
xylene. 

2.1 Salt Solution Simulants 

The Defense Waste Processing Facility (DWPF) recycle simulant targeted the average sodium 
and the maximum anion and mercury content of the Tank 23H and Tank 24H samples taken 100 
inches from the tank bottoms as reported by Swingle.4 Table 2-1 provides the composition of the 
DWPF recycle simulant based on the major components listed in Reference 4. The customer also 
requested a 2 mgIL spike of palladium into the salt solution.5 The Tank 48H simulant6 is based 
on samples of Tank 48H taken in 2003.7 Table 2-2 lists the potential sources of benzene from the 
Tank 48H simulant. Table 2-3· shows the physical properties of the two salt solution simulants 
and the calculated properties of the resulting blends used for this study. The different TBP 
concentrations are achieved via the aggregation of the Tank 48H simulant with the DWPF recycle 
simulant. 

Table 2-1. Composition of DWPF Recycle Simulant.8 

Compound giL Component M 
NaN02 21.734 Na 0.78 
NaN03 5.219 N02- 0.32 
NaOH 17.399 N03- 0.06 

Na2C03 7.419 OH- 0.44 
Hg(N03)2xH20 24.8 mgIL CO/- 0.07 

Pd solution (15.27%t 0.013 Hg 14.5 mgIL 
Total 51.771 

Wt % solids 5.2% 
apd solutIOn IS palladium mtrate m mtnc aCid. 

Table 2-2. Potential Sources of Benzene in Tank 48H Simulant. 

Component Compound gIL 
Sodium Tetraphenylboratea 

(C~5)~Na 19.7 
DiphenyImercury (C~5)2Hg 0.018 

Phenol C~50H 0.95 
BiQhen.21 (C~5)2 0.62 
Benzene C~6 0.055 

• Added to sunulant as Sodium compound. POtasSium 
compound precipitates during the simulant make up. 

2 



WSRC-TR-2005-00180
Revision 0

Table 2-3. Calculated Composition and Properties of Salt Solutions.

Material TPB Wt. % Solids Density Mercury
(mg/L) Undissolved Total (g/mL) (mg/L)

Tank 48H7 18,800 2.18 18.42 1.144 10.3
DWPF Recycle 0 <1 5.09 1.039 14.54 (Tank 24H)

simulant_(s)
30 NM 5.1 1.04 14.5T k4 + 1000 NM 5.9 1.04 14.3

DWPF Recycle 3000 NM 7.4 1.06 13.8

NM-not measured

2.2 Saltstone Mixes

Saltstone grout was prepared using the salt solutions described previously and premix materials
obtained from the Saltstone Processing Facility. Table 2-4 lists the premix composition and the
water to premix ratios. The water to premix ratio is defined as the ratio of the mass of evaporable
water from the waste (at -110 0C) to the combined mass of cement, slag, and fly ash. For the
purposes of processing, fixed concentrations (0.25 wt% of blended salt solution) of set retarder *
and antifoamt were added. The dosage• of set retarder and antifoam used are based on
recommendations made in previous testing.9 Table 2-5 lists the test matrix for variables tested.
This resulted in twelve TPB-temperature combinations investigated.

Table 2-4. Premix Formulations for Processing.

Premix Water/Premix
45% Class F Fly Ash (FA)

45% GGBFS' (Slag) 0.63
10% Cement

aGround granulated blast furnace slag

Table 2-5. Matrix of Blend TPB Concentrations and Test Temperatures.

TPB (mg/L) Curing Temperature (IC)

30 Ambient
1000 5
3000

95

To ensure that all of the TPB was incorporated into each batch, individual Tank 48H simulant
samples were prepared for each saltstone mix. For example, to prepare the salt solution for the
first replicate of the 3000 mg/L samples (one for each temperature), an 80 mL Tank 48H simulant
was prepared and aggregated with 498 ml, of DWPF recycle simulant. The Tank 48H simulant
was blended with the appropriate amount of recycle simulant in a blender to make a salt solution
with the desired TPB concentration. Premix was added and the mix was blended for one minute,
visually inspected, and blended for an additional two minutes. The resulting saltstone slurry was
poured into four vessels (- 200 mL saltstone per - 325 mL vessel, one vessel for each
temperature). Sketches of the "standard" vessel used for most of the tests and the high surface
area vessels are shown in Figure 2-1. The other two vessel configurations are for testing of high

W.R. Grace, Daratard 17
+ Dow-Coming, Q2-3183A
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surface area geometries that were initiated later. Results will be discussed in the final report.
Each vessel was placed into an oven at the desired temperature. The vessel was then connected to
a sampling tube. This process was repeated for each of the TPB concentrations. For each of the
following two weeks, additional replicates were added by repeating the sample preparation
method described above. Currently, triplicate samples are curing at each temperature to determine
the effect of curing temperature on the flammable gas evolution rate. Each of the TPB levels (30,
1000, and 3000 mg/L referred to in the graphs as L, M, and H, respectively (low, medium, high))
was tested at each temperature in triplicate (replicates a, b, c). Triplicate blanks simulant saltstone
which contains no TPB were also placed in the 95 °C oven. Two standard vessels that were
periodically charged with a known amount of benzene standard were also placed in the 95 'C
oven. The vessels were purged and the benzene recovered approximately once a week to help
determine the effectiveness of the sampling technique. Figure 2-2 shows the vessels in place in
the oven connected to the sampling tubes.

IStandard" Vessel
-6 cm ID x-10 cm tall

area - 27.3 cm 2

High Surface Area "Pancake" Vessel
-19.5 cm ID x -3 cm tall

area - 299 cm2

Figure 2-1. Geometry of test vessels.
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Figure 2-2. Filled vessels installed in oven.

2.3 Benzene Collection, Recovery and Analysis

2.3.1 Collection
The benzene collection method was based on National Institute for Occupational Safety and
Health (NIOSH) method 1501 for benzene sampling.'0 The curing saltstone samples are vented
through a two-stage carbon bed sampling tube$ fitted with an O-ring seal. The carbon bed
sampling tube consists of two activated carbon beds separated by an inert filter. The first bed is
intended to capture all of the benzene and the second bed is intended to confirm no breakthrough
from the first bed occurred. This configuration ensures that any benzene released prior to active
sampling will occur through the carbon bed. When the vessel is selected for sampling, bottled air,
purified by a hydrocarbon trap, is introduced at approximately 100 mL/min. This rate is within
the range of 10-200 mL/min recommended in Reference 10. Air is purged through the vessel for
7-10 minutes. This volume represents a minimum of five volume changes in the vessel
headspace. After the purge is complete, the carbon tube is exchanged with a new carbon tube. A
schematic of the collection method is shown in Figure 2-3. Recovery of benzene from the carbon
sampling tubes was tested by adding a known amount of benzene standard (benzene in carbon
disulfide [CS 2]) to the tube and then recovering and measuring the amount of benzene by the
standard analytical method. Figure 2-4 is the configuration for introducing purge air and
collecting benzene from saltstone samples curing in the 95 'C oven.

SKC Anasorb® CSC Catalog# 226-01
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intended to capture all of the benzene and the second bed is intended to confirm no breakthrough 
from the first bed occurred. This configuration ensures that any benzene released prior to active 
sampling will occur through the carbon bed. When the vessel is selected for sampling, bottled air, 
purified by a hydrocarbon trap, is introduced at approximately 100 mLlmin. This rate is within 
the t:ange of 10-200 mL/min recommended in Reference 10. Air is purged through the vessel for 
7-10 minutes. This volume represents a minimum of five volume changes in the vessel 
headspace. After the purge is complete, the carbon tube is exchanged with a new carbon tube. A 
schematic of the collection method is shown in Figure 2-3. Recovery of benzene from the carbon 
sampling tubes was tested by adding a known amount of benzene standard (benzene in carbon 

. disulfide [CS2)) to the tube and then recovering and measuring the amount of benzene by the 
standard analytical method. Figure 2-4 is the configuration for introducing purge air and 
collecting benzene from saltstone samples curing in the 95 °C oven. 

t SKC Anasorb® CSC Catalog# 226-01 
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Figure 2-3. Schematic of benzene recovery methodology.

Figure 2-4. Benzene collection configuration.

2.3.2 Recovery
The method for recovery of the benzene from the carbon beds also parallels the method described
in Reference 10. The collected sample tubes are opened and the two carbon beds are separated
into individual vials. One milliliter of carbon disulfide is added to each vial as the eluent. The vial
is capped, agitated and allowed to stand for at least 30 minutes before analysis. To determine
desorption efficiency, an aliquot of benzene standard in carbon disulfide is also injected on a new
carbon bed. The carbon bed is desorbed and the vial is processed as a sample. The desorption
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efficiency is checked several times each week. A schematic of the methodology for determining
desorption efficiency is shown in Figure 2-5.

R kx~t '% nzr, Ads 0ba4e.

eairbo-r tj

.toig-,

Figure 2-5. Schematic of the methodology used for determining desorption efficiency from
carbon tubes.

2.3.3 Analysis
The analysis of the organic compounds recovered from the activated carbon tube uses a gas
chromatograph equipped with a stainless steel capillary column and a flame ionization detector.
The organic compounds are separated in the gas chromatograph using a capillary column with a
polydimethylsiloxane stationary phase (Restek MXT®-I, 30 meters, 0.53 mm ID, 3.0 micron
film thickness). Primary identification is based on retention time. Confirmation analysis was
obtained (when needed) by gas chromatography-mass spectrometry (GCMS) using a different
column (DB-5MS, 30 meter, 0.25 mm ID, 0.25 micron film thickness) using both retention time
and the peak's mass spectrum. The GC is calibrated daily with standards consisting of benzene,
toluene, and m,p,o-xylenes in carbon disulfide using the external standard technique. Three
concentrations of benzene are used to develop the linear range of the GC. The detection limit of
the gas chromatograph was approximately 1 ng/sample, which is roughly equivalent to 0.01 •tg
benzene/kg saltstone/h.

7

WSRC-TR-2005-00180 
Revision 0 

efficiency is checked several times each week. A schematic of the methodology for determining 
desorption efficiency is shown in Figure 2-5. 

Figure 2-5. Schemati~ of the ~ethodology used for determining desorption efficiency from 
. carbon tubes. 

2.3.3 Analysis 
The analysis of the organic compounds recovered from the activated carbon tube uses a gas 
chromatograph equipped with a stainless steel capillary column and a flame ionization detector. 
The organic compounds are separated in the gas chromatograph using a capillary column with a 
polydimethylsiloxane stationary phase (Restek MXT®-l, 30 meters, 0.53 mm ID, 3.0 micron 
film thickness). Primary identification is based on retention time. Confirmation analysis was 
obtained (when needed) by gas chromatography-mass spectrometry (GeMS) using a different 
column (OB-5MS, 30 meter, 0.25 mm 10, 0.25 micron film thickness) using both retention time 
and the peak's mass spectrum. The GC is calibrated daily with standards consisting of benzene, 
toluene, and m,p,o-xylenes in carbon disulfide using the external standard technique. Three 
concentrations of benzene are used to develop the linear range of the GC. The detection limit of 
the gas chromatograph was approximately 1 ng/sample, which is roughly equivalent to 0.01 /lg 
benzenelkg saltstonelh. 

7 



WSRC-TR-2005-00180
Revision 0

3.0 RESULTS

The release rates of benzene, toluene, and xylenes from saltstone containing a simulant of Tank
48H salt solution were measured as a function of time at several temperatures. Experiments were
run at the four temperatures 95, 75, 55, and 25 'C. Each TPB level was tested at each temperature
in triplicate.

3.1 Method standards

The recovery of benzene injected into empty vessels was measured. Two vessels were used, one
vessel (S-S-a2) developed a plugged exit line due to the degradation of the check valve in the
quick connect, so only 2 or 3 data points were considered to be valid. The other vessel (S-S-al)
was tested nine times. The average benzene recovery was about 60% with a standard deviation of
about 20%. Based on this estimated recovery of 60%, the measured amounts of benzene
recovered from the sample tubes for the actual test vessels should be divided by 60% (0.6), or
multiplied by 1.67 to be more conservative. This recovery value should be considered preliminary
since testing of carbon tube and vessel standards will continue through the completion of the tests
to better quantify the recovery. A statistical analysis of the recovery also needs to be performed
so that the conservativeness of the recovery factor can be determined. For this preliminary report,
the 60% factor will be used, with the caveat that a lower recovery factor may be more
appropriate, but that this determination will be deferred to the final report when more recovery
data is available.

Recovery of benzene from the carbon sampling tubes was also tested as described in Section
2.3.2. The recovery of benzene from the sample tubes had a mean of 88% with a standard
deviation of 19%. These sample tube recovery tests will also be continued, providing additional
data on recovery for the final report.

3.2 Recovery and analysis

The sampling frequency for each vessel was adjusted so that measurable quantities of benzene
would be collected on the carbon sampling tubes. In some cases, the amounts collected were
much higher than anticipated, but not higher than the capacity of the sampling tube, as indicated
by the absence of benzene (or any analyte) on the second bed. The presence of benzene on the
second bed of the sampling tube indicates that the first section is saturated and can contain no
more benzene. When this occurs, the total amount collected on both front and back is combined.
Because there is benzene on the second bed, there is then the possibility that not all of the
benzene has been collected. However, some samples may have been so concentrated, the analysis
by GC resulted in saturating the detector such that the actual amount was higher than what was
measured. These few samples will be reanalyzed with a greater dilution factor prior to the final
report. (The samples referred to here are the ones with the highest benzene amounts, which were
for some of the 3000 mg/L samples at 95 'C.) A few initial samples had benzene on the second
bed due to water from the vessels being blown up through the sample line into the sampling tube.
These samples will be flagged in the final report.

Results are reported in units of jig flammable gas/kg saltstone/h, where the flammable gas is
either benzene (p) or toluene: Analysis of xylene concentration data has not yet been done, but
most values appear to be significantly lower than the benzene concentrations. To get the true
flammability of a particular offgas mixture, the composite lower flammable limit (CLFL) of the
mixture must be used, so the concentrations (generation rates) of all flammable species are
needed unless they are negligible.
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The customer has supplied a target rate of concern for flammable gas release of 2.5 gig/L saltstone
grout/h at which tentative calculations indicate that positive ventilation of the saltstone vaults
would be required.2 This release rate of 2.5 jtg/L saltstone/h is approximately equivalent to 1.5
gg/kg saltstone/h given an approximate density of saltstone grout of 1.7 kg/L (estimated from a
representative sample of saltstone). Since the density is estimated, the final values will be slightly
different as the final densities will most likely be slightly, different. The measured generation rates
should be divided by the recovery factor to give a more conservative rate, but for this preliminary
report, the TRC was instead decreased by the recovery factor, which accomplishes the same
purpose. In the final report, the measured rates will be adjusted for the recovery factor rather than
the TRC. Applying the 60% recovery factor to this rate gives a more conservative TRC of 0.9
jig/kg saltstone/h. (Technically, the evolution rates should be divided by 60% rather than
reducing the TRC, but the relative comparison will be the same. The rates will be adjusted
properly in the: final report.) Also, these rates are based on the as-cast mass of saltstone prior to
curing since the final cured mass cannot be measured until the tests are complete. The final
masses are expected to be less than the as-cast masses. Therefore, the generation rates may be
higher than reported here.

The data reported in the following graphs show the mean values of the benzene generation rate
over specific time intervals. The actual measurements made are the total amount of benzene
generated during the time interval that the sampling tube is installed on the vessel. Therefore, the
amount of benzene measured is the amount evolved integrated over the time interval. Because the
sample is integrated, the resulting rate (amount collected / collection time interval) is the average
rate over the time interval. Therefore, to properly display this information, this average rate
should be plotted as a horizontal line over the time interval of the sample. An example of plotting
like this is shown in Figure 3-1. Plotting as horizontal lines indicates that only the average
generation rate over the time interval is known; the actual rate could have fluctuated significantly
over the time interval, but only the average is known. Because it is very difficult to plot all of the
data in this way (horizontal line averages), each generation rate average (over a time interval) was
instead plotted as a single point at the average time of the interval. This way of plotting is
compared to the horizontal line average plot in Figure 3-1.
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Figure 3-1. Graphic representation of integrated (averaged) generation rate data.

The experimental data are best described with a series of graphs comparing the benzene (and
toluene) generation rates.

Note that all tentative conclusions given below are based on the assumption that sudden increases
in benzene generation rate will not occur in the future.

3.2.1 Benzene
Figures 4-2 through 4-7 are plots of all of the data taken for benzene to date. Each plot shows data
for the same temperature for the simulant tests; the blank vessel results at 95 'C are shown in
Figure 3-7. Figure 3-2 shows the rates for the 95 'C simulant tests. Figure 3-3 shows this same
data (30 and 1000 mg/L TPB only) plotted with a y-scale maximum of 1.6 jig/kg saltstone/h for
comparison to Figures 4-4 through 4-7, which have the same y-scale. All data sets, except 1000
and 3000 mg/L at both 75 and 95 'C, display an initially high benzene generation rate that
quickly drops off to somewhat of an asymptotic value. This initial release is presumed to be a
release of the small amount of free benzene contained in the simulant. Several headspace gas
samples that were taken from the blender during mixing of the 3000 mg/L saltstone and tested on
the GCMS showed that significant amounts of benzene were released during the mixing.
However, quantification of the amounts released was not possible.

The data in Figure 3-2 shows that at 1000 and 3000 mg/L TPB, the benzene generation rates all
exceed the TRC value of 0.9 jig/kg saltstone/h, with 3000 mg/L exceeding this value by more
than one order of magnitude. Figure 3-3 shows that the tests with 30 mg/L at 95 'C do not exceed
the TRC. Figures 4-4 through 4-7 show that the TRC was not exceeded at any concentration at
25, 55, and 75 'C except for the initial point for 3000 mg/L and 75 'C. However, the 75 'C (a)
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and (b) 3000 mg/L TPB replicates are showing a potential upward trend in the generation rate, so
no conclusions can be drawn about these at this time. The TRC was also not exceeded by the
blank at 95 'C. The blanks were found to contain highly variable amounts of toluene and also
some benzene and xylenes, which most likely came from either the fly ash or the slag.

Most of the initial rates for the 25 'C samples exceeded the initial rates for the 55 and 75 'C
samples, which was not expected. The initial rates are quite variable and the differences seen
appear to be due to a combination of measurement uncertainty and possibly the way in which
each saltstone preparation was handled from the start of mixing to pouring into the vessels. The
"?-H-a" samples all have significantly higher initial benzene rates; these three saltstone samples
were prepared in the same manner. These initial rates are greater than the approximate detection
limit of 0.01 gg benzene/kg saltstone/h, but some of the 25, 55, and 75 'C data at longer times is
on the order of this amount.

The benzene generation data for 75, 55, and 25 'C (except 75 'C and 3000 mg/L) are re-plotted in
Figure 3-8 through Figure 3-10 with a y-scale maximum of 0.2 jig/kg saltstone/h so that the
"steady-state" benzene rates can be compared. The mean values from each of the three replicates
are shown in Figures 4-11 through 4-18. Because the replicate values do not all have the same
time value (x-value), each data set was interpolated at regular intervals and the interpolated
values were averaged. Figures in the Appendix show plots of each data set and the average values
determined by interpolation.

All the mean data values except 1000 and 3000 mg/L at 95 'C, which were much higher, are
shown on Figure 3-11. The mean data values at the four temperatures are plotted in Figures 4-12
through 4-15 -along with the blank mean data values. These plots show that the 30 mg/L
concentration at the next higher temperature falls approximately in between the 1000 and 3000
mg/L rates. The blank rates at 95 'C are greater than or equal to all the rates at 25 "C, and 55 'C,
and greater than 75 "C and at 30 mg/L.
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Figures 4-16 through 4-18 compare the mean benzene generation rates at constant TPB
concentration. At all TPB levels, the 75 'C data always exceeds the lower temperature data,
whereas the 25 'C and 55 'C data are approximately equal. As shown in other graphs, the 95 °C
data always exceeds the 75 0C data at the same TPB concentration. The relative order of the
benzene generation rates can be summarized with the following ranking:

Highest: 95H
v 95M = TRC
v 75H
v 95L =- 75H
v 75M
v 75L = BLANK = 55H

Lowest: 55M 55L = 25H = 25M = 25L

3.2.2 Toluene
The evolution of toluene is shown in figures 3-19 through 3-28. For these, the evolution rate TRC
for benzene is used as the approximate TRC for toluene. The recovery of similar species (toluene
is very similar to benzene) should be about the same since the affinity of the carbon sample tubes
for toluene is supposed to be essentially the same as for benzene. There is no reason why
recovery of toluene from the standard vessels would be expected to be any different than the
recovery of benzene. The LFL of toluene is 1.2-1.4 vol% compared to 1.1 vol% for benzene, so
the equivalence assumption is conservative. (1.1 vol%.benzene = 0.858 g/L; 0.858 g/L of toluene
= 0.93 vol%, which is less than the LFL).

Figure 3-19 shows the toluene evolution rate from the 95 °C samples. For the first set of vessels
(a), the initial rate was significantly higher (6-16 - g tolueneikg saltstone/h) than for the (b) and
(c) replicates (<2 ° g toluene/kg saltstone/h). Similar behavior was seen for the 25 'C, 55 °C, and
75 'C vessels (Figures 4-20 through 4-22). Toluene appears to be generated from either the fly
ash or the slag, with fly ash likely the cause, because it contains some unburned carbonaceous
compounds from coal. The (a) replicates may have been made up from a different source of fly
ash, as there were several containers available. Unfortunately, the fly ash source was not
recorded. (There were other researchers using the same raw materials.) Solvent extraction of fly
ash and slag samples followed by GCMS analysis showed only small amounts of toluene.
However, the fly ash source that may have been used for the (a) replicates was completely used
up, so analysis was not possible. Another possible explanation of this difference is that the fly ash
could have segregated in the container, with the more volatile carbonaceous compounds
migrating to the top, where they would have been enriched in the (a) replicates relative to the
other replicates.

Figure 3-23 shows the 95 °C data plotted on the same scale as the 25 'C, 55 'C, and 75 'C and
blank data for comparison. It is apparent that the blank replicates (al) and (a2), Figure 3-24 had
the highest toluene emission rates, with rates exceeding the TRC even at 25 days. Blanks (al) and
(a2) were made with the same fly ash source as the (a) replicates, whereas the (a3) blank was
probably made with the other fly ash source. Blank (a3) was made at about the same time as the
(b) replicates.

Figures 4-25 through 4-28 show the toluene data plotted on a reduced scale (0-1 - g toluene/kg
saltstone/h). The evolution rates at greater than 20 days are highest for the 75 'C (a) replicates,
followed by the 95 'C (a) replicates, then the 25 °C (a) replicates. The 55 'C (a) replicates and all

12

WSRC-TR-2005-00180 
Revision 0 

Figures 4-16 through 4-18 compare the. mean benzene generation rates at constant TPB 
concentration. At all TPB levels, the 75°C data always exceeds the lower temperature data, 
whereas the 25 °C and 55°C data are approximately equal. As shown in other graphs, the 95°C 
data always exceeds the 75 °C data at the same TPB concentration. The relative order of the 
benzene generation rate~ can be summarized with the following ranking: 

Highest: 95H 
v 95M == TRC 
v 75H 
v 95L == 75H 
v 75M 

v 75L == BLANK == 55H 
Lowest: SSM == 55L == 25H == 25M == 25L 

3.2.2 Toluene 
The evolution of toluene is shown in figures 3-19 through 3-28. For these, the evolution rate TRC 
for benzene is used as the approximate TRC for toluene. The recovery of similar species (toluene 
is very similar to benzene) should be about the same since the affinity of the carbon sample tubes 
for toluene is supposed to be essentially the same as for benzene. There is no reason why 
recovery of toluene from the standard vessels would be expected to be any different than the 
recovery of benzene. The LFL of toluene is 1.2-1.4 vol% compared to 1.1 vol% for benzene, so 
the equivalenct! assumption is conservative. (1.1 vol% benzene = 0.858 giL; 0.858 giL of toluene 
= 0.93 vol%, which is less than the LFL). 

Figure 3-19 shows the toluene evolution rate from the 95°C samples. For the first set of vessels 
(a), the initial rate was significantly higher (6-16 • g toluene/kg saltstonelh) than for the (b) and 
(c) replicates «2 • g toluene/kg saltstone/h). Similar behavior was seen for the 25°C, 55 DC, and 
75°C vessels (Figures 4-20 through 4-22). Toluene appears to be generated from either the fly 
ash or the slag, with fly ash likely the cause, because it contains some unburned carbonaceous 
compounds from coal. The (a) replicates may have been made up from a different source of fly 
ash, as there were several containers available. Unfortunately, the fly ash source was not 
recorded. (The:re were other researchers using the same raw materials.) Solvent extraction of fly 
ash and slag samples followed by GCMS analysis showed only small amounts of toluene. 
However, the fly ash source that may have been used for the (a) replicates was completely used 
up, so analysis was not possible. Another possible explanation of this difference is that the fly ash 
could have segregated in the container, with the more volatile carbonaceous compounds 
migrating to the top, where they would have been enriched in the (a) replicates relative to the 
other replicates. 

Figure 3-23 shows the 95°C data plotted on the same scale as the 25 DC, 55°C, and 7S °C and 
blank data for comparison. It is apparent that the blank replicates (a1) and (a2), Figure 3-24 had 
the highest toluene emission rates, with rates exceeding the TRC even at 25 days. Blanks (al) and 
(a2) were made with the sa~e fly ash source as the (a) replicates, whereas the (a3) blank was 
probably made with the other fly ash source. Blank (a3) was made at about the same time as the 
(b) replicates. 

Figures 4-25 through 4-28 show the toluene data plotted on a reduced scale (0-1 • g toluene/kg 
saltstone/h). The evolution rates at greater than 20 days are highest for the 75°C (a) replicates, 
followed by the 95 °C (a) replicates, then the 25°C (a) replicates. The 55 °C (a) replicates and all 
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the (b) and (c) replicates have evolution rates of less than 0.1 o g toluene/kg saltstone/h, with the
25 'C and 55 'C samples having essentially no toluene emissions.

The results for toluene indicate that the source of fly ash may be the most significant factor
affecting the emission rate. In all cases, the initial higher rate quickly diminishes within about 5
days. However, for some of the samples, the toluene emission rate did not decrease as much after
the initial decline (95 'C and 75 'C, 1000 and 3000 mg/L (a) replicates). However, all were
below the emission TRC. Toluene does not appear to be generated from decomposition of the
TPB; if it were, there should be a TPB concentration dependence, and there was none.
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Figure 3-2. Benzene generation rates for simulants at 95 °C.
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4.0 SUMMARY & CONCLUSIONS (TO DATE)

The benzene evolution rates approximated a trend directly proportional to both temperature and
TPB concentration. The rates at 95 'C with 1000 and 3000 mg/L TPB exceeded the recovery-
adjusted 0.9 rtg/kg saltstone/h TRC, while all other conditions resulted in rates below this TRC
(except for the very initial rate at 75 'C and 3000 mg/L). The toluene emission rates for at least
one sample at each temperature exceeded the TRC initially, but all dropped below the TRC
within 2-5 days. An exception is two of the blanks that barely exceeded the TRC until about 25
days. The toluene emissions appear to be mainly dependent on the fly ash and are independent of
the TPB level, indicating that toluene is not generated from TPB.
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1. INTRODUCTION

A. Task Definition

The operating strategy for processing at Saltstone is projected to result in elevated temperatures in the
Saltstone vaults over a period of months. The review for this strategy resulted in a review of documentation
for the production of benzene via the decomposition of potassium tetraphenylborate (KTPB) solids at
elevated temperatures for an extended period of time. Initial results of this review indicate that benzene
could potentially accumulate in the vault vapor space under the strategy. The current Z-Area Safety Basis
does not postulate an explosion in the vaults, and therefore, the Safety Basis does not restrict vault
temperatures or TPB concentrations relative to a vault explosion.

An evaluation of prior Saltstone production confirmed that previous facility operation has not resulted in
elevated grout temperatures for extended periods of time (no temperature higher than 51 'C and these peaks
lasted for days rather than months). This review combined with previous sampling for benzene in vault
cells provides the basis for the position that there is no imminent hazard at the vaults.

The Savannah River National Laboratory. (SRNL) was requested to determine benzene generation rates in
Saltstone prepared with TPB concentrations ranging from 30 mg/L to 3000 mg/L in the salt fraction and test
temperatures ranging from ambient to 950C'. The request included determination of the effect of surface
area to volume ratio on the benzene generation rate.

A three stage approach will be used to meet these objectives. In the first stage, testing will be performed to
select one of several potential methodologies for the collection, recovery and analysis of benzene. The
second stage will entail demonstrating the methodology selected in Stage I in testing with surrogate
materials. Testing of saltstone prepared with actual Tank 48H waste as the source of TPB will take place in
Stage III.

Materials and Mixes
The salt solutions to be tested in Stage II will consist of Tank 48H simulant (as the source of TPB) blended
with a simulant of DWPF recycle material, inhibited water, or other salt solution specified by the customer
and documented in the Laboratory Notebook'. Table I is the properties for the materials to be blended. The
Tank 48H simulant2 is based on samples of Tank 48H taken in 20033. The DWPF recycle simulant will
target the average sodium and the maximum anion and mercury content of the Tank 23 and Tank 24
samples taken 100 inches from the tank bottom as reported by Swingle4 . Table 2 is the composition of the
DWPF Recycle simulant based on the major components in Reference 4. Any additional constituents will be
specified by the customer and documented in the Laboratory Notebook'. The salt solutions will target three
TPB concentrations, 30 mg/L, the estimated concentration of TPB currently in Tank 50H, 1000 mg/L, the
concentration limit of TPB in the Saltstone Processing Facility Documented Safety Analysis (SPF-DSA),
and 3000 mg/L, the expected maximum or bounding TPB concentration in batches made with Tank 48H
waste. Table 3 is the make up of each of the salt solutions.

Table 1. Compositioand Properties of Materials for Simulant Makeup.
Material TPB Wt. % Solids Density Mercury

(m_/L) Undissolved TotalT (g/ml) (mg/L)
Tank 48H' 18,800 2.18 18.42 1.144 10.3

DWPF Recycle 0 <1 5.09 1.039 14.54 (Tank 24)
simulant (s)

Inhibited Water (IW) 0 0 0.1 -1 0
t Total solids is used to determine the water:premix ratio used for Saltstone processing.
Table 2. Composition of DWPF Recycle Simulant.
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The operating strategy for processing at Saltstone is projected to result in elevated temperatures in the 
. Saltstone vaults over a period of months. The review for this strategy resulted in a review of documentation 
for the production of benzene via the decomposition of potassiumtetraphenylborate (KTPB) solids at 
elevated temperatures for an extended period of time. Initial results of this review indicate that benzene 
could potentially accumulate in the vault vapor space under the strategy. The current Z-Area Safety Basis 
does not postulate an explosion in the vaults, and therefore, the Safety Basis does not restrict vault 
temperatures or TPB concentrations relative to a vault explosion. 

An evaluation of prior Saltstone production confirmed that previous facility operation has not resulted in 
elevated grout temperatures for extended periods of time (no temperature higher than SI °C and these peaks 
lasted for days rather than months). This review combined with previous sampling for benzene in vault 
cells provides the basis for the position that there is no imminent hazard at the vaults. 

The Savannah River National Laboratory (SRNL) was requested to determine benzene generation rates in 
Saltstone prepared with TPB concentrations ranging from 30 mg/L to 3000 mg/L in the salt fraction and test 
temperatures ranging from ambient to 9soC1

. The request included determination of the effect of surface 
area to volume ratio on the benzene generation rate. 

A three stage approach will be used to meet these objectives. In the first stage, testing will be performed to 
select one of several potential methodologies for the collection, recovery and analysis of benzene. The 
second stage will entail demonstrating the methodology selected in Stage I in testing with surrogate 
materials. Testing of saltstone prepared with actual Tank 48H waste as the source of TPB will take place in 
Stage III. 

Materials alld Mixes 
The salt solutions to be tested in Stage II will consist of Tank 48H simulant (as the source ofTPB) blended 
with a simulant of DWPF recycle material, inhibited water, or other salt solution specified by the customer 
and documented in the Laboratory Notebook-. Table I is the properties for the materials to be blended. The 
Tank 48H simulanf is based on samples of Tank 48H taken in 20033

• The DWPF recycle simulant will 
target the average sodium and the maximum anion and mercury content of the Tank 23 and Tank 24 
samples taken 100 inches from the tank bottom as reported by Swingle4

• Table 2 is the composition of the 
DWPF Recycle sim'ulant based on the major components in Reference 4. Any additional constituents will be 
specified by the customer and documented in the Laboratory Notebook-. The salt solutions will target three 
TPB concentrations, 30 mg/L, the estimated concentration of TPB currently in Tank SOH, 1000 mg/L, the 
concentration limit of TPB in the Saltstone Processing Facility Documented Safety Analysis (SPF-DSA)~ 
and 3000 mg/L, the expected maximum or bounding TPB concentration in batches made with Tank 48H 
waste. Table 3 is the make up of each of the salt solutions. 

T bl I C a e omposltlon an dP ropemes 0 fM . I fi S· atena s or Imu ant Mk a eup. 
Material TPB Wt. % Solids Densi!Y_ Merc,!ry 

(mgIL) Undissolved TotalT _(g/mD JmgIL) 
Tank48W 18,800 2.18 18.42 1.144 10.3 

DWPF Recycle 
0 <1 S.09 1.039 14.S4 (Tank 24) 

simulant ffi 
Inhibited Water (IW) 0 0 0.1 -I 0 
Total sohds IS used to determme the water. premix ratio used for Saltstone processmg. 

Table 2. Composition ofDWPF Recycle Simulant. 

- WSRC-NB-2004-00l80 "Benzene Generation in Saltstone" 



Immobilization Technology Section
Savannah River National laboratory
Task Technical & QA Plan

Compound
NaNO2

NaNO3

NaOH
Na 2CO 3

Hg(N0 3)2xH 20
Total

Wt % solids

Document Number: WSRC-RP-2004-00749
Revision Number: 0

Page Number: 4
Date: 12/16/2004

g/L
21.734
5.219
17.399
7.419

24.8 mg/L
51.771
5.2%

Component M
Na 0.78

NO2 0.32
N0 3' 0.06
OH 0.44

CO3
2" 0.07

Hg 14.5 mg/L

Table 3. Calculated Composition and Properties of Salt Solutions.
Material TPB concentration (mg/L) Wt. % Solids Density (g/ml) Mercury (mg/L)

Tank48H+ 30 5.1 1.04 14.5

DWPF Recycle 1000 5.9 1.04 14.3
3000 7.4 1.06 13.8

Saltstone will be prepared using the salt solutions described previously and premix materials obtained from
the Saltstone Processing Facility. Table 4 is the premix composition and the water to premix ratio. The
water to premix ratio is the ratio of the mass of evaporable water from the waste (at -110 'C) to the
combined mass of the cement, slag, and fly ash. The values used are based on the recommendation made in
previous testing 5. Table 5 is the test matrix for the testing. Samples will be cured over a range of
temperatures to determine the effect of curing temperature on the benzene generation rate. Results from the
surrogate testing will be used to develop the matrix for the testing with radioactive materials in Stage III.

Table 4. Formulations for Processing.
Premix Water/Premix

45% Class F Fly Ash (FA)
45% GGBFS' (Slag) 0.63
10% Cement

aGround granulated blast furnace slag

Table 5. Matrix of Aggregates and Test Conditions.
TPB (mg/L) Curing Temperature (°C)

* Ambient* 30
eSalt *100 * 55

Solution * 75
* 3000___________ • 95

Stage 1. Develop Methodology for Sampling and Analysis of Benzene Evolved by the Decomposition of TPB
during Saltstone Curing.
The assumption that the average generation rate of benzene will be approximately I ptg/L salt/h was used to
estimate the size of the samples for testing. A semi-batch method of generating benzene will be evaluated.
This method will sample the same vessel numerous times throughout the experiment. This test method is
divided into static and intermittent types. The static type uses no active purge, but replaces all of the
headspace gas after each sample is taken. The intermittent type uses an air purge to collect the benzene in
the headspace on a sorbent material. Table 6 defines the means of generating, collecting, and recovering the
benzene that will be evaluated in this task. Standards will consist of Saltstone prepared with TPB-free salt
solution. A known quantity of benzene will be added to the vessel immediately prior to sealing the sample.
The purpose of the standard is to ensure that the benzene in the sample vessel is collected. Standards will be
sampled two times during the duration of Stage I. The number and frequency of standards used in Stage 11
and Stage III will be determined from the results of Stage I testing. A single blank will be used in each of
the sampling methods. The blank will consist of Saltstone prepared with TPB-free salt solution. All samples
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Saltstone will be prepared using the salt solutions described previously and premix materials obtained from 
the Saltstone Processing Facility. Table 4 is the premix composition and the water to premix ratio. The 
water to premix ratio is the ratio of the mass of evaporable water from the waste (at -110°C) to the 
combined mass of the cement, slag, and fly ash. The values used are based on the recommendation made in 
previous testing5

• Table 5 is the test matrix for the testing. Samples will be cured over a range of 
temperatures to determine the effect of curing temperature on the benzene generation rate. Results from the 
surrogate testing will be used to develop the matrix for the testing with radioactive materials in Stage III. 

Table 4 Formulations for Processmg. 
Premix Water/Premix 

45% Class F Fly Ash (FA) 
45% GGBFS' (Slag) 0.63 
10% Cement 

aGround granulated blast furnace slag 

• Salt 
Solution 
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.3000 

Stage 1. Develop Methodology for Sampling and Analysis of Benzene Evolved by the Decomposition ofTPB 
during Salts tone Curing. 
The assumption that the average generation rate of benzene will be approximately I IlgIL saltlh was used to 
estimate the size of the samples for testing. A semi-batch method of generating benzene wiII be evaluated. 
This method will sample the same vessel numerous times throughout the experiment. This test method is 
divided into static and intermittent types. The static type uses no active purge, but replaces all of the 
headspace gas after each sample is taken. The intermittent type uses an air purge to coIlect the benzene in 
the headspace on a sorbent material. Table 6 defines the means of generating, collecting, and recovering the 
benzene that will be evaluated in this task. Standards will consist of Saltstone prepared with TPB-free salt 
solution. A known quantity of benzene will be added to the vessel immediately prior to sealing the sample. 
The purpose of the standard is to ensure that the benzene in the sample vessel is collected. Standards will be 
sampled two times during the duration of Stage I. The number and frequency of standards used in Stage II 
and Stage III will be determined from the results of Stage I testing. A single blank will be used in each of 
the sampling methods. The blank will consist of Saltstone prepared with TPB-free salt solution. All samples 
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will be analyzed using a gas chromatograph (GC) fitted with both a photo ionization detector (PID) and a
flame ionization detector (FID). The PID is the preferred detector and will be used exclusively unless issues
with water vapor in the samples affect the accuracy of the analysis. After a method has been selected, a
second GC with the capabilities of supporting the selected methodology will be procured.

Table 6. Methods for Generatin Benzene.
Test Type Purg Sampling Benzene Recovery

Method e Method
Semi- Batch Static No Syringe N/A
Semi- Batch Static -No Charcoal Buttons Chemical Extraction
Semi- Batch Intermittent Yes Charcoal Tubes Chemical Extraction
Semi- Batch Intermittent Yes Charcoal Tubes Thermal Desorption

The results of the Stage I testing will be reviewed with the customer and a single method will be selected for
the Stage II testing. Customer concurrence will be documented in the Laboratory Notebook*.

Stage 11. Validate Methodology for Sampling and Analysis of Benzene Evolved by the Decomposition of
TPB during Curing of Saltstone Prepared with Simulants.
Using the material blends in Table 3 and Table 4, and the test matrix in Table 5, the methodology evaluated
in Stage I of the task will be validated. Samples prepared with salt solution from each of the specified TPB
concentrations will be cured at each of the temperatures listed. The initial frequency for collection of
samples for analysis is 1, 3, 7, and 14 days. Sampling frequency will be adjusted as necessary to reflect the
actual benzene generation rates obtained. For one of the test conditions, two samples geometries (surface
area to volume ratio) will be used to determine if sample geometry contributes to the benzene generation
rate. Sampling at elevated temperatures will be terminated after approximately 100 days with customer
concurrence. Sampling will continue on cooled samples for a time to be determined later and agreed upon
by the customer. The duration of the extended sampling will be documented in the Laboratory Notebook.

'Stage III. Determination of Benzene Evolved by the Decomposition of TPB during Saltstone Curing.
Salt solutions prepared as in Stage II (with actual Tank 48H waste used as the source of TPB) will be used
to prepare Saltstone samples. The samples will be cured at ambient, 95°C, and a mid-point temperature
determined from the Stage II testing. Initial sampling frequencies will be based upon the results of the Stage
II testing. Samples will be cured for not less than 100 days and sampled with sufficient frequency to identify
significant changes in benzene generation rate. Standards and blanks will be used based on the experience
gained in Stage II testing.

B. Customer/Requester

Waste Solidification Engineering funds the work in this task. The scope of the work is established in
Technical Task Request SP-TTR-2004-0005. The customer contact is J.E. Occhipinti.

This task consists of baseline R&D activities as determined by the Savannah River National Laboratory
(SRNL) Procedure LI1-7. 10, "Control of Technical Work," Revision 4.

C. Task Responsibilities

SRNLJITS: A.D. Cozzi and JR. Zamecnik are responsible for the direction and completion of this task. This
includes implementation of the SRNL Conduct of Research and Development 6 prior to initiating lab work,
adhering to this Task Technical and Quality Assurance Plan, and providing updates of progress to the
customer.

"WSRC-NB-2004-00180 "Benzene Generation in Saltstone"
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will be analyzed using a gas chromatograph (Gt) fitted with both a photo ionization detector (PID) and a 
flame ionization detector (FID). The PID is the preferred detector and will be used exclusively unless issues 
with water vapor in the samples affect the accuracy of the analysis. After a method has been selected, a 
second GC with the capabilities of supporting the selected methodology will be procured. 
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Semi- Batch Static No Syringe NIA 
Semi- Batch Static No Charcoal Buttons Chemical Extraction 
Semi- Batch Intermittent Yes Charcoal Tubes Chemical Extraction 
Semi- Batch Intermittent Yes Charcoal Tubes Thermal Desorption 

The results of the Stage I testing will be reviewed with the customer and a single method will be selected for 
the Stage II testing. Customer concurrence will be documented in the Laboratory Notebook'. 

Stage II. Validate Methodology for Sampling and Analysis of Benzene Evolved by the Decomposition of 
TPB during Curing of Saltstone Prepared with Simulants. 
Using the material blends in Table 3 and Table 4, and the test matrix in Table 5, the methodology evaluated 
in Stage I of the task will be validated. Samples prepared with salt solution from each of the specified TPB 
concentrations will be cured at each of the temperatures listed. The initial frequency for collection of 
samples for analysis is 1,3, 7, and 14 days. Sampling frequency will be adjusted as necessary to reflect the 
actual benz·ene generation rates obtained. For one of the test conditions, two samples geometries (surface 
area to volume ratio) will be used to determine if sample geometry contributes to the, benzene generation 
rate. Sampling at elevated temperatures will be terminated after approximately 100 days with customer 
concurrence. Sampling will continue on cooled samples for a time to be determined later and agreed upon 
by the customer. The duration of the extended sampling will be documented in the Laboratory Notebook. 

'Stage Ill. Determination of Benzene Evolved by the Decomposition ofTPB during Saltstone Curing. 
Salt solutions prepared as in Stage II (with actual Tank 48H waste used as the source of TPB) will be used 
to prepare Saltstone samples. The samples will be cured at ambient, 95°C, and a mid-point temperature 
determined from the Stage II testing. Initial sampling frequencies will be based upon the results of the Stage 
II testing. Samples will be cured for not less than 100 days and sampled with sufficient frequency to identify 
significant changes in benzene generation rate. Standards and blanks will be used based on the experience 
gained in Stage II testing. 

B. CustomerlRequester 

Waste Solidification Engineering funds the work in this task. The scope of the work is established in 
Technical Task Request SP-TTR-2004-0005. The customer contact is J.E. Occhipinti. 

This task consists of baseline R&D activities as determined by the Savannah River National Laboratory 
(SRNL) Procedure L1-7.I0, "Control of Technical Work," Revision 4. 

C. Task Responsibilities 

SRNUITS: A.D. Cozzi and lR. Zamecnik are responsible for the direction and completion of this task. This 
includes implementation of the SRNL Conduct of Research and Development6 prior to initiating lab work, 
adhering to this Task Technical and Quality Assurance Plan, and providing updates of progress to the 
customer . 
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SRNL/ITS/WPT: R.E. Eibling and M.S. Hay are responsible for providing guidance for the development of
experiments, providing guidance for sample and analytical control, and participating in interpretation of
analytical results.

SPE: J.E. Occhipinti (or designee) is responsible for providing Waste Solidification Engineering (WSE)

concurrence and facilitating interface, as necessary, with Planning, Integration and Technology.

SRNL/ITS: M.F. Williams and J.G. Wheeler (or designees) are responsible for sample preparation.

SRNL/SCO: C.M. Conley and W.D. Keel (or designees) are responsible for activities in and relating to the
SRNL shielded cells.

SRNL/OA: J.P. Vaughan is responsible for reviewing and approving this Task Technical and Quality
Assurance Plan and providing guidance and oversight for this work.

ITS OA Coordinator: T.K. Snyder is responsible for reviewing task plans related to this task, assisting in the
preparation of records, coordinating surveillances associated with this task, and interfacing with SRNL/QA
during overview activities and corrective actions.

D. Task Deliverables

1. Technical Task and Quality Assurance Plan (this document) outlining the objective of the tasks and the
associated activities.

2. Interim results and updates as requested by WSE.
3. Technical report detailing results of the activities associated with these tasks.

II. TASK ACCEPTANCE-CRITERIA

Acceptance testing is not an element of this task. Per the TTR, issuance and customer approval of the
technical report will complete this task.

III. TASK ACTIVITIES

I. Prepare Task Technical and Quality Assurance Plan: Develop task plan, complete conduct of R&D.

2. Prepare Simulant: Simulants will be prepared to represent the waste streams to contain the requisite
concentrations of TPB.

3. Prepare Saltstone: Saltstone will be prepared using Z-Area premix materials with a water to premix (w/c)
ratio of 0.635.

4. Stage I: Develop Test Methodology: A series of scoping tests will be performed to determine the best
available methodology for measurement of benzene generated by the decomposition of TPB in saltstone
curing under various conditions.

5. Stage II: Validate Methodology with Simulants: Saltstone samples prepared from simulated wastes will be
cured at various temperatures to ensure that the test/analytical methodologies are valid and to provide testing
parameters for experiments with radioactive wastes.

6. Shielded Cells Preparation: Two ovens will be modified for curing samples at the two high temperatures
(95*C and the' temperature selected from Stage II). Shielded Cells technicians identified by SCO
management to support this task will become familiar with the process in mock-up.
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concentrations of TPB. 

3. Prepare Saltstone: S~ltstone will be prepared using Z-Area premix materials with a water to premix (w/c) 
ratio of 0.635

. 

4. Stage I: Develop Test Methodology: A series of scoping tests will be performed to determine the best 
, available ml~thodology for measurement of benzene generated by the decomposition of TPB in salts tone 
curing under various conditions. 

5. Stage II: Validate Methodology with Simulants: Saltstone samples prepared from simulated wastes will be 
cured at various temperatures to ensure that the test/analytical methodologies are valid and to provide testing 
parameters for experiments with radioactive wastes. 

6. ' Shielded Cells Preparation: Two ovens will be modified for curing samples at the two high temperatures 
(95°C and the' temperature selected from Stage II). Shielded Cells technicians identified by SCQ 
management to support this task will become familiar with the process in mock-Up, 
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7. Stage III: Determine Benzene Generation Rates: Saltstone samples prepared from actual and simulated
wastes will be cured at two temperatures. The curing Saltstone will be sampled to calculate benzene
generation rates.

8. Document Results: The results of the Task will be documented in a technically reviewed report, issued with

WSE concurrence.

IV. TASK SCHEDULE

A detailed schedule of task activities and associated durations is located in the ITS Support Schedule of
Activities. The schedule is updated weekly. Activities will be performed in parallel when applicable.

V. RESEARCH FACILITY PLANNING

1. Products and By-Products. Approved waste streams will dispose of all job control waste. By-
products generated at the Aiken County Technical Laboratory will be disposed of in accordance with
SRNL Manual LI procedure 5.05 "ACTL Residue Management."

2. Disposition of Test Equipment. All of the equipment used in this study will be available for future
use.

3. Exposure of Personnel. Some of the samples are radioactive and will be handled remotely in the
Shielded Cells. Samples that have to be removed from the Shielded Cells for analyses will be prepared
so that only a small portion of the radioactivity is removed from the cell. These radioactive samples are
contact handled by Shielded Cells technicians and ITS technicians (in radioactive hoods and
radiobenches). These samples will be controlled and comply with standing radiological work plans. If
a sample is expected to exceed standing radiological work plan limits, a job specific radiological work
plan will be written.

VI. PROGRAMMATIC RISK REVIEW

Risk Impact Mitigation
Benzene generation and collection Cannot generate or measure benzene. Evaluate several methods for
method is unacceptable. generation and collection of benzene.

Simulant results are not correlated to Results from actual waste will be Initiate testing with actual waste as
results with actual waste, necessary for DSA revision, early as practical.
Benzene measurements of standards Reported results will be less precise. Evaluate several approaches to
are not precise. optimize precision.
Benzene not detectable in Stage I Cannot easily rank methodologies Extend Stage I until benzene is
testing. being evaluated, detectable.
Gas chromatograph (GC) delivery Cannot initiate experiments. Prepare for experiments. Make GC
delayed Schedule slips with delay. entry to service last activity for

._ _ _initiation of experiments
Gas chromatograph fails. Inability to analyze samples. Second GC will be procured after

Stage I testing. SRNL-Analytical
Development Section maintains a
GC/mass spectrometer that may be
used.

Loss of key personnel. Activities are delayed and schedule Cross train current team members
is slipped, and increase team numbers.
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method is unacceJ!.table. generation and collection of benzene. 
Simulant results are not correlated to Results from actual waste will be Initiate testing with actual waste as 
results with actual waste. necessary for DSA revision. early as practical. 
Benzene measurements of standards Reported results will be less precise. Evaluate severnl approaches to 
are not precise. optimize precision. 
Benzene not detectable in Stage I Cannot easily rank methodologies Extend Stage I until benzene is 
testing. being evaluated. detectable. 
Gas chromatograph (GC) delivery Cannot initiate experiments. Prepare for experiments. Make GC 
delayed Schedule slips with delay. entry to service last activity for 

, initiation of experiments 
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Stage I testing. SRNL-Analytical 
Development Section maintains a 
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is slipped. and increase team numbers. 
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Risk Impact Mitigation
Benzene collection methods have not High temperature data not reliable or Use high temperature rated materials
been demonstrated at elevated available, where available. Qualify materials
temperatures. not rated for temperature when

possible.
Power interruptions during testing. Samples could cool significantly Simulant testing - Outage would be

altering the amount of cure time at limited to 60 h.
temperature. SCO testing - Outage limited to <. 10

h.

Operations interruptions in SCO Samples unavailable for analysis. Remove samples as generated. Use
delay sampling. (Crane outage, stop samplers with storage ratings > 7
work, other non-task related outage). days. Have coolant (dry ice)

available for temporary refrigeration
I of samples.

VII. R&D HAZARDS SCREENING CHECKLIST

The hazards of this work were identified using the hazards screening checklist of the SRNL Conduct of
Research and Development Manual6 . Figure 3, the "R&D Hazards Screening Checklist," is on file with the
Task Lead.

VIII. REFERENCES

I. T.E. Chandler, "Determine Benzene Generation Rates from Saltstone at Elevated Temperatures," Task
Technical Request SSF-TTR-2004-0005, (2004).

2. Lambert, D.P. "Tank 48H Simulant Validation", SRNL-LWP-2004-00009, (2004).
3. D.P. Lambert, T.B. Peters, M.E. Stallings, and S.D. Fink, "Analysis of Tank 48H Samples HTF-E-03-

73 (June 03, 2003) and HTF-E-03-127 (September 17, 2003)," WSRC-TR-2003-00720, Revision 0
(2003).

4. R.F. Swingle, "Results of Analyses of Tank 23H and 24H Saltstone WAC Samples HTK-521 - HTK-
528," WSRC-TR-2003-00112, (2003).

5. A.D. Cozzi, "Formulation Development for Processing Tank 48H in Saltstone," WSRC-TR-2004-
00477, Revision 0 (2004).

6. "SRNL Conduct of Research and Development," WSRC-IM-97-00024, Rev. 3, (2004).
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Risk Impact Miti2ation 
Benzene collection methods have not High temperature data not reliable or Use high temperature rated materials 
been demonstrated at elevated available. where available. Qualify materials 
temperatures. not rated for temperature when 

possible. 
Power interruptions during testing. Samples could cool significantly Simulant testing - Outage would be 
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delay sampJing. (Crane outage, stop samplers with storage ratings > 7 
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VII. R&D HAZARDS SCREENING CHECKLIST 

The hazards of this work were identified using the hazards screening checklist of the SRNL Conduct of 
Research and Development Manual6• Figure 3, the "R&D Hazards Screening Checklist," is on file with the 
Task Lead. 

VIII. REFERENCES 

I. T.E. Chandler, "Determine Benzene Generation Rates from Saltstone at Elevated Temperatures," Task 
Technical Request SSF-TTR-2004-000S, (2004). 

2. Lambert, D.P. "Tank 48H Simulant Validation", SRNL-LWP-2004-00009, (2004). 
3. D.P. Lambert, T.B. Peters, M.E. Stallings, and S.D. Fink, "Analysis of Tank 48H Samples HTF-E-03-

73 (June 03, 2003) and HTF-E-03-127 (September 17, 2003)," WSRC-TR-2003-00720, Revision 0 
(2003). 

4. R.F. Swingle, "Results of Analyses of Tank 23H and 24H Saltstone WAC Samples HTK-S21 - HTK-
528," WSRC-TR-2003-00112, (2003). 

5. A.D. Cozzi, "Formulation Development for Processing Tank 48H in SaItstone," WSRC-TR-2004-
00477, Revision 0 (2004). 

6. "SRNL Conduct of Research and Development," WSRC-IM-97-00024, Rev. 3, (2004). 
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IX. QA Plan Checklist

The following QA Procedures apply for this task (indicate Yes, No or "AR" - as required). Current revision
of the procedure will be used. The QA controls are the procedures identified on the checklist. If the
procedures on the matrix are changed, applicable procedures will be followed.
Yes No AR

1-0 ORGANIZATION

X IQ, QAP 1-1, Organization
X L I, 1.02, SRNL Organization

X I Q, QAP 1-2, Stop Work

2-0 QUALITY ASSURANCE PROGRAM

X I Q, QAP 2-1, Quality Assurance Program
X LI, 8.02, SRNL QA Program Clarifications, Attachment 8.2-1
X _IQ, QAP 2-2, Personnel Training & Qualification
X LI, 1.32, Read & Sign
X I Q, QAP 2-3, Control of Research & Development Activities
X L1, 8.02, SRNL QA Program Clarifications, Attachment 8.2-3
X LI, 7.10, Control of Technical Work
X L 1, 7.16, Laboratory Notebooks & Logbooks

X I Q, 2-4 Auditor/Lead Auditor Qualification & Certification - does not apply to
Immobilization Technology Section Tasks

X I Q, 2-5 Qualification & Certification of Independent Inspection Personnel - does not
apply to Immobilization Technology Section Tasks

X I Q, QAP 2-7, QA Program Requirements for Analytical Measurement Systems

3.0 DESIGN CONTROL

X IQ, QAP 3-1, Design Control
X L 1, 7.10, Control of Technical Work

4-0 PROCUREMENT DOCUMENT CONTROL

X IQ, QAP 4-1, Procurement Document Control
X E7, 3.10, Determination of Quality Requirements for Procured Items
X 7B, Procurement Management Manual (For Reference Only)
X 3E, Procurement Specification Manual (For Reference Only)

5-0 INSTRUCTIONS, PROCEDURES & DRAWINGS.

X IQ, QAP 5-1, Instructions, Procedures & Drawings
X E7, 2.30, Drawings

X L 1, 1.01, SRNL Procedure Administration

6-0 DOCUMENT CONTROL

X IQ, QAP 6-1, Document Control
X I B, MRP 3.32, Document Control

(\ 
I 
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X 7B, Procurement Management Manual (For Reference Only) 
X 3E, Procurement Specification Manual (For Reference Only) 
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X I Q, QAP 5-1, Instructions, Procedures & Drawings 
X E7, 2.30, Drawings 

X L I, 1.0 I, SRNL Procedure Administration 

6-0 DOCUMENT CONTROL 

X IQ, QAP 6-1, Document Control 
X IB, MRP 3.32, Document Control 
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Yes No AR

7-0 CONTROL OF PURCHASED ITEMS & SERVICES

X I Q, QAP 7-2, Control of Purchased Items & Services
X 7B, Procurement Management Manual (for reference)
X 3E, WSRC Procurement Specification Manual (for reference)

X IQ, QAP 7-3, Commercial Grade Item Dedication
X E7, 3.46, Replacement Item Evaluation/Commercial Grade Item Dedication

8-0 IDENTIFICATION & CONTROL OF ITEMS

X IQ, QAP 8-1, Identification & Control of Items
X L1, 8.02, SRNL QA Program Clarifications, Attachment 8.8-1

X 9-0 CONTROL OF PROCESSES - does not apply to Immobilization Technology
Section Tasks

10-0 INSPECTION & VERIFICATION

X 1 Q, QAP 10-1, Inspection & Verification
X L 1, 8.10, Inspection

11-1 TEST CONTROL

X IQ, QAP 11-1, Test Control

12-1 CONTROL OF MEASURING & TEST EQUIPMENT

X IQ, QAP 12-1, Control of Measuring & Test Equipment
X IQ, QAP 12-2, Control of Installed Process Instrumentation
X 1Q, QAP 12-3 Control & Calibration of Radiation Monitoring Equipment - does not

apply to Immobilization Technology Section Tasks

13-0 PACKAGING, HANDLING, SHIPPING & STORAGE

X IQ, QAP 13-1, Packaging, Handling, Shipping & Storage
X LI, 8.02, SRNL QA Program Clarifications, Attachment 8.13-1

14-0 INSPECTION, TEST & OPERATING STATUS

X I Q, QAP 14-1, Inspection, Test & Operating Status

X LI, 8.02, SRNL QA Program Clarifications, Attachment 8.14-1

15-0 CONTROL OF NONCONFORMING ITEMS/ACTIVITIES

X IQ, QAP 15-1, Control of Nonconforming Items
X L 1, 8.02, SRNL QA Program Clarifications, Attachment 8.15-1
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Yes No AR 

7-0 CONTROL OF PURCHASED ITEMS & SERVICES 

X IQ, QAP 7-2, Control of Purchased Items & Services 
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X IQ, QAP 12-2, Control ofInstalIed Process Instrumentation 
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Yes No AR
X IB, MRP 4.23, Site Tracking Analysis and Reporting (STAR)

16-0 CORRECTIVE ACTION SYSTEM

X IQ, QAP 16-3, Corrective Action Program
X 1.01, MP 5.35, Corrective Action Program
X IB, MRP 4.23, Site Tracking Analysis and Reporting (STAR)

17-0 QA RECORDS MANAGEMENT

X IQ, QAP 17-1, QA Records Management
X L 1, 8.02, SRNL QA Program Clarifications, Attachment 8.17-1
X L I, 7.16, Laboratory Notebooks & Logbooks

18-0 AUDITS

X 1Q, QAP 18-2, Quality Assurance Surveillance
X Li, 8.18.1, SRNL Surveillances

X 1Q, QAP 18-3, Quality Assurance External Audits
X IQ, QAP 18-4, Management Assessments
X 12Q, Assessment Manual
X IQ, QAP 18-6, Quality Assurance Internal Audits

X IQ, QAP 18-7, Quality Assurance Supplier Surveillance

19-0 QUALITY IMPROVEMENT

X 1Q, QAP 19-2, Quality Improvement
X L1, 8.02, SRNL QA Program Clarifications, Attachment 8.19-2

20-0 SOFTWARE QUALITY ASSURANCE

X IQ, QAP 20-1, Software Quality Assurance
X L1, 8.20, Software Management & Quality Assurance

X 21-1 ENVIRONMENTAL QUALITY ASSURANCE - does not apply to
Immobilization Technologyc/ Section Tasks

In addition to procedures noted above, if RW-0333P requirements are invoked,

the following procedures apply. These procedures may also apply at the

discretion of the Task Leader to non-RW-0333P tasks.

X L 1, 8.21, Supplemental QA Requirements for DOE/RW-0333P

Sample Control:

X LI, 7.15, Obtaining Analytical Support

Scientific Investigation:
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Yes No AR 
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IYes INo AR I
X Li, 7.16, Laborator Notebooks & Logbooks

X. Identify any exceptions or additions to the procedures listed in the QA Matrix:

DOE RW-0333P requirements do not apply to the work in this study.

WSRC-IM-2002-000 11, "Technical Report Design Check Guidelines," will be used to help
ensure the quality and consistency of the technical review process for technical reports produced
by SRNL Waste Treatment Technology.

XI. Complete this part only if Section 20 procedures (software) are invoked. Identify who will
act in each of the following capacities. If Section 20 is N/A, mark these N/A.

Owner: N/A
Designer: N/A
Maintainer: N/A
Tester: N/A

XII. Document Approval:

Identify documents requiring management, customer or CO F approval
Document Management Customer CQF

Yes No Yes No Yes No

Task Technical & QA Plan X X X
Final Report (customer may review draft) X X X

XIII. Anticipated Records:

The following records are anticipated from this task. Indicate Yes, No or AR (as required):

Yes No AR Description

X Task Technical & QA Plan
X Technical Notebooks
X Task Technical Reports

X _ Data Qualification Reports
X Supporting Documentation

XIV. ATTACHMENTS:

N/A
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X. Identify any exceptions or additions to the procedures listed in the QA Matrix: 

DOE RW-0333P requirements do not apply to the work in this study. 

WSRC-IM-2002-00011, "Technical Report Design Check Guidelines," will be used to help 
ensure the quality and consistency of the technical review process for technical reports produced 
by SR1'rL Waste Treatment Technology. 
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Owner: N/A 
Designl~r: N/A 
Maintainer: NI A 
Tester: N/A 

XII. Document Approval: 

Identify documents reQuirin2 mana2ement, customer or CQF I!I!Proval 
Document Mana2ement Customer 
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Task Technical & QA Plan X X 
Final Report (customer may review draft) X X 

XIII. Anticipated Records: 

CQF 
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X 
X 

The folllowing records are anticipated from this task. Indicate Yes, No or AR (as required): 

Yes No AR Description 

X Task Technical & QA Plan 
X Technical Notebooks 
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XIV. ATTACHMENTS: 
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':~ i~grm .Eginenng(SPE) reque'&d~research to help evaluate the Saltstone process' as 'ad

~disposition path for the contents namn 4.ojec.i4
~ f atso~ rpa~dwthTnk8 material aggregated with otherý

Tank 5011 Inflows to determine the suitabilit ofSlsoea isposition path for Ithe, contentsý of;:
Tank 48H,>.tyfflstnaa

The Tank4448H waste was, aggregated wihinhibited wate WanasiiltOfthrcyes'em'from the 'Defense WasteýPfo4 cessing waiith (DWF) (!,W-and a simutargte of therece4 sea
Facility~ ~ :DWF). ~ g d'h~ trapie~nyl l~ioate.'.

(TPB) onsetriiVnsý )5500 mgfL, the aggregate detrinerfoim assumiptions-at the 4maximumn
reasoniable limits, 2) 1500) mg/L, the aggregate containinig the minimiiurn propor-tioni ofTarnk 4811 material
that is~ programmatically ac~ceptable, and 3) ~3500 nig/L, the averageK of the two' endpoints. Saltstone
prepareldwith'Taink 48H1 waste aggregated with 1W and a simulant of the recyc~le stream from the
DWPF, I ~a produiced. in, the Savannah ~River National~ Laboratory' (SRL),t shielded cells'.
Proessable4 Saltstone slurry formulations can be prepared with Tan~k 48R mteia[ and both DWPF
recyce~imulant and inhjibited watr withi cocnrain of 150 50Yn 50m/ PB. Toxic
Chxaraterzation Leaching Procedure (TCLP) extractions wereperformed on the six aggregates. Trhe
extracts were analyzed for benzene, nitrotienzene and mercury. All of the sampe 1,asscd TCLP.

Saltstone ~was also prepared with a Trank 48H1 simulalit and DWPF recycle simulant. Testing of the
fresh Saltstone slun-y and ured Saltstone prepared~with sjimulants indicate that neither the fresh nor cured
Saltstoneis ,hazardous for ignitability. I444 I44II

After transeirn (SPk'4 material to 'raunk 50H1 andi prior to processing through the SialtstoneProducion acility SP) Tank 50H1 should be sampled to verifypr'ocesbility.
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1.0 INTRODWCTION AND BACKGROUND,'

Tank 48t1 contains approximnately 250,000 gallons of sal wseJewaste contai~ns approxiniatety
19,000 kg ofogncmeil riaiyaýo~su tetraphenyl borate.(KTl).,T~he tetrapheny1l¼~
borate, along with approxdimaely, 150 kg monosodiumi titanate (MST), wasýadded to4 Tank 48HtK1#;Ž
during the demonstratonand startup of the In-Tank Precipitation Facility (ITP). After the shtitdowrv,
of the fTP process, n6 process existed for, the destruction of the organic material ini Tank 4811. Tank -<:

48H1 is slated to serve as the feed tank tor the-Savannah~ River Site (SRS) Actinide,Rcmoval Proce~ss .X&Y;'-
Pror to~this; use, the curreni>ak8 Wa Ste' must be treated or rmovd

Two options being; considere'd for disposition-of the content s of Tank 4811 include':'

:1. Aggregation of the material w~ith DWPF recycle stream and disposal in the Saltstone

Processing4 Facility.,Q 4, 44,~~~~'

2.I-iuThermal4-Decomposition using'heat in -combination with pHl reduction and- catalyst ~~'-*~
addition. - -

Salt Program Engineering (SPE) requested research to help ~evaluate the Saltstone process (option #1l
above) as a disposition path for the conten~ts of Tank 4811. The main objective of the.resac a-t
evaluate the44processing (gel timne, set time anxd bleed water) and cured (leach) prprte o atton
prepared 'with Tank 48H iiiterial aggregatcd witI recycle from 4 the DWPF or other tiinkýcontents to
determine the suitability of SaIistoini as a disposition path for ~the conitents of Tank 4811. TablI~-' 1
is the designation of the processing termiinology used is this' study.

Table 1-1. Processý Terminlg used In Study., -~. 44

Term J Designation: ~
The time at which the Saltstone ýsliurry doesa'not flow due~t t&avity, 'i.e'. readily

Gel Time jpour fromn the casting cup. For, this study.' acceptable gel timie is:30 min < getlime'i
< j 120 min.:>.4

4444
.4,'44~,

The elapsed time from casting the Saltstone slurr~y~ until the mitr rece rigidit
Set ~me'as indicated by the Set 4Time Detemination t (penetrometer penetration,4< 2.5 mm).

44 - Preferrd-set 4time is less thanf three days. Hfowever, set times up" to six days are,
___________a~cceptable2~ 4

~Bleed-' The a~utogenous emergence of. water44frorn Saltstofie slurry caused by, he settlem ntJ
Water, of solid "materials. For this st~udy, acceptable, bleed water is 1%-afteir 72 h.

-, 4ie : .. •,+:,:•.,+: ... + :, •+ ++,-•+. <.+.:++ + . :+ 44 44., .4 4 - .4:.44, 4.:. ,,4444:-,., , 4.44.44.:,..•+.,•., +,: :. +•<.+:+,,•,

The Savannah River National Labor'atory (SRNL) was requested to 1) 4confirm~ that4 Sal Istone
-prepared with actual, Tank,.48H material can be processedY into. Saltstone and pa~ss the Toxic4

CharctitcLaching 'Procedure (TCLP.)'to beconsider4'e non-hazardous and,2) confirm,, that,

.... r d w tl a an 4 f 4 44.... ..4". ... " +4 ...........7+ . ....... ,: '":= " " ++,+ 'Z + + +':""•+ +• ""

Sa4soe.mxspeae~it ak4Hsmln~r o considered ignitablet.,'4~-4 .. 444444

...... , .44< ..4 "t 4 4 4. 4.

4ST C4,).4. 12-0 "Sadr -riooyRltnt~weeadCnrt grg

I" 4 Mami4 70- 4n,-d 44* 4Slsn 444 abAayis R 1 20)

44.4 4 . 44 ."4 4... . ... .. ..... . .." > +4

Ciiri•g Saltston- liwse.- -.EPA tn .,. . 4 t4 '

Deteirmining Igm'tabihity. Re1vision 1 (2002) anld 1030 rIgnittbility ofSoids- Revision 0 (1996) - 4

.4.4 4!•: :444- .44. . . .-
::::::::: :::: j44: 444. , ".4. :: ::::? ; •::,<i .4i.'', . ; .'.....

;-+ , -. ,.'. :• +.:.'+, , .. . "..., .=.: .: . 44..44-..:' .4 44 4 4 4.4{ '-:,:, -... 444 ..:: 4.. - .. 4.44• •
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2.0 APPROAC'H

The Tank 4811 wa 'ste w~as aggregated with inhibited water (LW) and a sirmulant of the recycle stream
from the DWPF. Thei DWPF reicycle simulan't targeted the average, of th Tanik' 23 antd Tank 24.
samples taken 1l00 inches from the tank bottom as reported by Swiijle2. 4Table 2-1 is the
composition of th... DWPF Re le ..ilant. The concentration of TP in, Tank> 48H. is 1.8.800

Tand properties of interest for the materials prior to aggregation.
For the tests4 to, determine ~ignitability, a sirnulant of the Tank 4811 material wasprepared to
represent the materi'alin Refer~ence 3 4

Table 2-1. Composition of WPIF Recycle Simulant.

Comiponent g 4

NaNO2 21,734
t4aN.QL 5"! 1
NaOll 17.399_*44
Na2CO3 7.4 19 4

Total 51.771 4

Solids

Table 2-2 Con:centration and Properties of Materials Used for Aggregation.:

TPB Merur Cs activity 3 Alpha 3  wt % Solds DnstMaterialrar (dpm/mL) Total eSt
!il) i::=1i (dpm/mL) Undissolvedi t (g.L)

Tank 4811? 18,800 10.3 IE+09 (1.72) 2.811+05 2.18 184 1.444
DWI'F Recycl 0 14.5~ 2t0 0 ~ <1 5.

uimulant _________ ___ ___

Inhibited Water 0 0, 0 0 -.

_____ _________ _______ 0~ i~ii 0.+211ii

fTotal solids is usecl to determine the waterpremix ratio used for Saltstoiue processing.,
tValue from Tank 24.

The aggregates t,%rgeted three TPB concentrations: 5500 ng/I.. the 4aggregate determined from
assumptions at the m~aximum, reasonable limits, 1500 mg/Li, the aggregate containing the minimuim
proportion of Tank .48H1 material that is promnunaically acceptable, and 350(ingI the average of the
two enidpoints. This resulted in sixL aggregates for testing (i.e., three TPB levels with two simulants).
These agrgtes span the range of potential Saltstone compositions. Table 2-3 is the~ calculated makce u~p
of each of the aggrcptes. . . 4

Table 2-3. Calculated Compositions and Properties of Aggregates.4 4

4 4

44 4

44 4 44

4>

4' 444

4 44

44

44 4> 4.44 4

44 44 4

44444 4

44

4 .4

444.444~

4 ~. 4

4444 44
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444444.4

.4444444444 4474~ 4

444444444~ 44.4

TPB~ Solids Density Mercury "Alpha.

Tank 4 5500 8.0, 1.4 13.3 3E+08 (0.50)4 8.2E+04
48J1/DWPF ~3500' 4 612 1.03 13.7k 2E+08 (0.32) 5.2E+04
Recycle (s) '~~1500, 44.444 1.01 14.424 8Et07 (0.14), 2.213+04

5500~ 6.0- 1.04 3.0 3E+08 (0.50) '~8.2E+04

Tank 48?1IIW 3500 4.144 1.03 *1.9 211+8 (0.32) 5.211+0-4
________ 1500 1.8~ 1.01? 0.8 8E+07 (0.14)~ 2.2E"04'
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Together, the dry materials used to make the Saltstone slurry are called premix. The ratio of the premix.
materials was fixed for this study, Table2-4 is the premix•com•osition used throughout this study.

Table 2-4. Premhix Composit"io used in this Study.

Premix l!yWeight
45% Class F Fly Ash (FA)
45% GGBFS' (Slag)

'Ground granulated bl fu:.ace slag.

2.1 Sample Preparation

Toppreparea the aggregate, a portion of the Tank 48H material was transferred from a well-mixed bottleo..f
the mraterial from Reference 3 into a bottle andi weighed. Using, the measured mass of the Tank:48H
material transferred and the data in Table 2-2, the amount of 1W or DWPF recycle simul t required to
achieve the desired "TPB concentration in the aggregatewas calculated.:The data inTable 2-3 then was

,~, ,~,used to calculate the amount of premix to achieve the desired water topremix ratio.

To: prepare the Saltstone slurry, the'aggregated liquids were added to a one liter blender carafe. At this.
0point, set retarder or antifoam was 'added to die aggregate, if appropriate. 1fhe calculated: amount ofpremix was then added to the carafe. The materials werefor onemirnute. Te ontets were

inspected to ensure that the premix had dispersed. Any remaining premix that had not been dispersed was,
K ~",reintrloduced to the 04u1" with aspatula. The slurry was then agitated for an additional two minutes.

For each mix, five 120-inL cups were mjarked at 50 milliliters. Two cups were designated' for gel time
S.one, cup was designated for set time, and. the remaining two cups were reserved for bleed water
determination. The Saltstone slurry was ~then cast into the five cups and capped. For each of the six unique

Saggregates, Saltsftme slurry was cast into two Teflon I vessels 'suitable for elevated temperature and
pressure engraved with permanen tidentifications. ,The vessels were filled to mnirniize head space.; One'
sample of each aggregate cast in Teflon (six vesseli total) was 'set aside to cure: at ambient. temperature
and'the remaining samples were cuied f•r 28 da:ys at 90 'C for TCLP extactions. After cu-n• was-.
complete, the heated samples, 'Were cooled to ambient, and placed with the unheated samples until'..
sampling. The TCILP samples were collected randomly being handled one sample at a time to minimize
exposure to atmosphere.

2.2 Gel Time Determination

Theire is not:a formailly documented range of gel',times to designate Saltstone slurry as-"aqceptable"."'..
However, the range,30 min <gel time < 120 min is regairded as a c~onservative time, frame where the'
formation of a g4 stru in the slurry would bie unlikely to cause difficulties pu ing slury to"
Sal-stone Vaults and.would not s ti increase the probability of the slurry settling. This range of
gel timswas-applicable totheS pi FY0faliymodifications and may not adequately meet thed:.:
current needs oif theSP-F.L, 'two samples designated for gel time determination were-,mintained .
undisturbod until a ~ftloability test was perfortmed.',After an appropriate waiting, period, the contents of
one of the ýcups was poiured into an empty cup andAthe flowability of the slurry was observed. Follo wing.a.
second waitinig perioid, thcontents of the second cup were poured into :an empty-cup and the flowanbilit

of h lrywsosre.This process was repeated until the sluriy.di not readily flow. and'was
deemed .e..e. Th...gel timewas -then recordd as the elapsed time betwe the casting of the sample and.orthatasignified the co'test.of of the aggregates,eitsw .svratenecoss"oa dsiedp r ao chiei n a of th"te..eg tei .wa

o atoeptable ge time. T'hc set retarder used.in these

, "~" '.""' 
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Table 2-4. Premb Compositiori.~s~4'i~thisSt~dY •.. ' . 
. .•.. 0" . 

Premix by Weight ',.' 
45% ClasS F Fly Astl(FAf .. " . 
45% GGBFS· (Slag) .. 
10% Cement ..... . ..... 

aGround g:ranulated bl~t rum~ce~lag. 
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u. ... , ....... ti_·rn:.=g~~th;:. . 
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the EPA method and provides explantioins.:for.the variance. To compensate for the deviation. inmetraction
.fluid to sample ratio in 7.2.11 of the EPA• method, the analyses results are normalized to ane,:'xaction
fluid'to sample ratio of 15.

Table 2-6. Varliance frbuiEPA Method for TCLPExitiractIon.

Section. Action , Variance , Explanatn on
_____ oNon-Volatiles _________________..,"

725 Sample size Recommendedd -i g smples. Limited material available..
> .100g. . U Reference ý6precedence.
e Extraction fluid volume *Used fixed volume ~-l5x *Used, pre-measured extract

20x mass of sample. sample mass. for efficiencyihnslhielded
cell. Redupcd ratio

.72.1 -- introduced onsservatism.
*Rotate, 30±2 rpmi for 1 8±2~ T, not controled Test perfore in summer.

h @;,3+2.0 C. .exceeded 25 *C.I " Air temperature of shielded
Cells not re~gulated.'

During shakeout tests filters
Sett~dslid anddected plugged, exýposed extract to

7:2.2 Flterextactenvironment. Decantextract.
provides more conservative
result;

Extracts stored at ambient To maintain 4 *C in shielded
7.2.4 Soreextrcts~ 4 0c.temperature in cells, cells is Costly. Samplers'

refrigerated'in ADS sample refrigerated in ADS sample

____Volatiles___________ ____ _______

Useappove ~Used glas vials with. Approved ZEE vessels for
.... . ..eadsp.ce Eoxtractor (ZHE) Teflfion,, h ssfiled to top. 25gsaples;.

___vessel.________ ________

Sa.3.3.imple size Recommended U, g< sed 1' Limited material available.
25g,. r. Reference 6 precedence.

To maFIintain 4 'Cin shielded

Extratsstoed ~Cellsis costly. Samplers
Stoe etrctswit mniml headipace at ambient rergeae in ADS samp. e

Stomxtrictswit minmalre~ceiving -Although samples
9i~ld hsaea4 C. elpnlf ape are sealed witlihmimmal head,

,4reffigerat Ied'in ADS sample spacevare isnon-
conservative as benzene is a

_____ ________________ ________________volatile compound.

2.3.1 Voltilde, Or;anc Compound (VOC) Extraction
After t ,he sampleis prepared in Section Ithdcured for 28 days, sample-s were collected for exitraction.,:
Duzplicate samples. of approximately one gram each were retrieved from each vessel. The use of one gram:
of samplefor extraction was cxplored previousl. Sies collectedr n ged from 0.773. to L01 asO .
The same "wereplaced in 1nL glass vials with Teflon gaskets. To minimize exp-osur6e'.o:fhe

ý, i eSalso to the environmnt, minimal effort was made_ precily collect one gramn of mateal.• Amninmumo .grams was ncessI toensure that th extraction fluid to sample rati•o•wa•s6nom:•'i fs ou, and-eappe.'• :a: ""
thn20. Extractiont fluidf IWas used to fill te vial toforin a menscs, anyape. h vas: were,

'ElacinFluils pH 4. ,93 buffer made fti I 6acetic aciA1 and sodium ,hydroxide.':'-. ::. • i'ction: luid "s&,I

6

/' 
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,t to 30,rpm and rotated for 1,8 h. After, the vials were reiov Ied-from the rotator,
de to s ettle the solids. The extracti wa s de canted into a'saniple v'ial-a'nd 'overfilled
and limit volatility, of volatile cmoun~ds'.The vialshen were remo~ed: from the:
uitted to the ,SRý4L-Analytical, Development Sectkion(ADS),for volatile organic
ene. The samples were anrilyz~by,.purgc and trap Gas CIroinatography I Mass
*The mthod detection limitfOthiisstudyws0 5 mg/L for. VOA. lo-,
of benzene during the iinalysis a matrix spikiiig'experiiment was performied. A
was added to one of the samples aiidanalyzed- Itwas determined that 83% of the

This recovery rate is used to corirect'results for benz7ene los~ses during, analysis

1'anic Compound (SO) n Metals Extractioni2  :~

red in Section 2.1 had cured for 28 days~, samples were collected for extracPtion.
litional gramns of sampl1e was collected to determine the appropriate extraction
suits determine that Extraction, Fl~uid,2tbhe use Id for the SVQC and metals ITCLP
proximately one gram each were retrieved from each v'essetl The' use of onie gram
was explored previously 6 .Saple cle teranged:from 0.967 t.o1054

ed in 25 mL glass vials wit Teflono gasketls. A miniumiwiof 0.75 g Irams was
the extraction fluid to sample ratio w'as no more than 20. The vials were placed in ,<

nand rotated for 18 h. After the vialswere reoved from the rotator, the samples :

the solids. The extrctwa eatdit w sample vials.. The vials then were
Ided cells and~ submitted to ~the' SRNL-ADS for semi-volatile organic anal Iysis
te and cold vapor atornic abopto (C-A Tfmrur.'e SVOC sampies
:hylene .chloride, and the extra~ct was analy~zed by'GC/MS..Gas Chroma~tography/
lysis was emnployedf to idexntify o9 rganic comp4ounds in thý sarniplesThe method 2
study Awas M 5mgfL for'-nitrobenzene.1'The mecryi reduced ~tothelmna
ohition in a closed systenm. The mrcr vapor passthrough a-cell positionecd in
)mic absorption spectroplhotometer. Absorbance(peak height) i esrda

ýcetrtin.The method detection limiitfor tis studywa 0 IInig/L for miercuiry.

rmiiaation of Fresh Saltstone Slurry

'the Tank 48H1 material and the. potential to form benzeneini th~e Saltstone slurry is
Saltstone slurry.....hecbaeteis ic f itability. solid waste exhibits the

ility if then waste is a liquid and hasa flash point of less thani 60 *C (140 '¶F) as
isky-martenS CIOSed:.CUP testeAl Usinga Tank 48HL siniuant naggregate was
J1e sinulan't'target TBcnetaino55OmL.Awplt rmxrto

xir th Sltsoneslrry Furrepicte amles wer~e submitted to SRNL-ADSfo
iples were tested using ~a flash pcint'tester sin-ilar to the Pensky-Martens tester.
1'Cc160'F) was used as the stanidard maiterial.

rmination of Cured *altstone ~

[PB present, in the Tank 48H "rhaterial to create benzene during curing of di
.g ilhe cured Saltstorii fo~rthe chariacteristic, of ignitabilty 'A solid waste exhibits
.nitalbility if the waste, isnOot aA iqtidiid mi is capable of causn ýfiieand,' when-
iUsly and 'pristently' thit'i 66c11s'aA 6zard Usinga Tank,418H simiulant7 , an A,

tronl
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aggregate was made with DWPF recycle simulant to target a TPB concentration of 5500 mgfL. The

Saltstone sample was prepared using a water to premix ratio of 0.63. Two replicate samples were cast and
tested for ignitabilityuiising the EPA method 1030 'Ignitability of Solids". A propane torch was used to
produce ant<ope• flirnei f ý- 1050 •C. The flame was directed at one end of the:sample for two mhintites. to
determineif the s~amiple wai ignitable.,,

•,1'

i ' i-.! • •!•i~ a.,, .. .... ....

a'. a a':~ i! :;•i.• : •.:!::•:, i• i.!!,;•; : :: i .::
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~$aaaV
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~'W~f.:,recYCle simulant to target a TPBconcentra~ion of 5500. m~. The 
. i~g'li:water to premlxratio of·0.63. Two~plicatesamp)eswC#e'cas~and 

.. J:!.J:'./\ method 1030 "lgnitability of Solids;" Apropane torch waS·usetfto 
tP$.9/s~ .. The: flame was directed at one end of the Srtmp!e . for tWotl1jntit~, to 
,'isWtta:~l~i' ' . . . , ".'. .•... :. • ., .. 
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3.3.3 Se-t Time-
Set Time was not measured for this aggregate.

3.4 3500 mg/L TPB with Inhibited Water
Basedeon'. the pievious test, the water to premix:rtio was reducedand the set retarder
wa inc reased=. Th:•e :•Sats~tone sluarry was prepare d with a water to preixi irati•oof.0.6.0. A 0. 19 wt %

addition'wof set retiaderi was made to the aggregate prior tb mim'xing. The slurry exhibited noticeable
frothing bt wasthinenough to: pour. During casting, it was: noted that significant qu'antities of fine
bubbles were entained in the slury The first gel time pour was after I I minutes..The slurry was
thick but pourabl •.Gel time wasdeclared on the second gel time pour after 16 minutes.

3A.4. Bleed Wat~er'
After 24hours thetwo, bleed water cups were inspected and no bleed water was detected.

3.4.2 Set Time
SetTixne was not mea~sured for this aggregate'.

3. Based mg/IL PB wihRecycle Slinulant
B don the results of the previous test, the water to premix ratio was increased and the set retarder
was increased. Th~e Slsocslurry was prepared with a wae opremix ratio of 0.63. .A 0.27 Wt %
additionjilf se retarder was made 'to the aggregate prior to mixing. Again, the slurry: exhibited

Knoticeable frothing buit was thin enough to pour. The ~first gel time pour was after 1 2 minutes. The
Sshinry was thick but pourable. Gel time was declared on the second gel time pour after 21 minutes.

After!•2•hours tetwo bleed water cups were inspected and no bleed water was detected.

3.5.2 Set Time
Set Time was not measured for this aggregate.

3.6 3500 nig(L T7B with Inhibited Waster (Seconed Itera~tion)

Based, on"he, results, of the two previous tests, the need for antifoam was clear. Antifoam prepared
for' WSRC, 11T B52 was showni to 'act as both 'a defoanner and antifoam' in material similar' to the
contbits Pf Tank 48H'•. , iThe -••B52, was too, viscous to add precisely' using manipulatorsi. A
edct.n•d o Daratard, 17' and•-B52 of: 2:1. was 'used. The water to' premix.ra.... tio

incresd the . .et.reta.der wa.s decreased and antifoa.. was introduced. The Saltstone slurry was
prprdwt ,wtropei ratio of 0.66. The admixture'addition consisted of 0.20 wt % ~of set
retardead-0. wt % of B52..The slurry exhibited minor frothing. During casting, it Was noted
that the -finepbubbiesent i 'preyious tests had coalesced into larger, less numerous bubbles. The
b•ibbleswcr stii'ezained in the slurry. The first gel time pourfwas after 5 minutes. The slurry was
fluid ad poured easily. Te second gel time pour was after, 15 minutes. The slurry was thick but
PotirobGel2 e ~timev was declared on the fourth. ge timhe po ur after 30 minutes.

3.6.1,Bleed Water
ýAfter 24 hours the! two bleed water. cup' weeiseted andý no bleed waterw w as detected.;

10
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.~I1~;~~'"";U for this aggregate. 

Inhibited Water "-:.,' 

previous test, the water to prernjxtjlt#?;~~~;fbqu(;~9;i,lndthe set retarder 
'T'L • .c"' .... '.~~."'._ slurry was prepared with a w~te~;\f~.;Prerni}(:r~tid·()fp;60. A 0.19 wt % 

made to the aggregate poor t()tnikiflg,:Th~'~I\lrrY,eX~ibited noticeable 
... :+l~~'ll~;-.;tllfJ'·'&'f·;LIJ·tO. pO\J,r. During casting, it wasl1ot~dtpat'sign'ificantquantities of fine 

'. slurrY; The first· gel time pour·wa~.~ft<{rlJirrH1\ute!;. The slurry was 
wasde~l~red on the secondgel~i'P~p()ur~fterl~:tWJu:.~es. 
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3.6.2 SetTime .

Set Time was determined to betwlo days. . <

.3.7 .5500,tmgnL TP~B with Inhibited Wa~ter

Based on the results of the previous test, ~the water to premlixfratio and the admhixturies ('set retarder +

anitifoam) were leift uchatnged. The Saltstone', slurry~ wasp prep~ared with a wvater to premixxra~tio of

ý0.65. The admixture'dito cusstd 0.2 1: wt ~% of set~retarcler and 0.10 wt % .of B5ý2' The

slry xibited 'eater rothingthan the35 00 mig/L TPB aggregates, but was thin en~'ht or~

Again., it' was noted~ during casting that significant quantities'of large bubbles were entrained in the

slurry. The first g itpo'ur was after 7 minutes. The slurr'y was thick but pouirable. Gel time was >&

declared on the seodgltm pour a~fter~ 15 mninute~s.

3`74 Bleed Water ,

After 24 hours the two~ ble~ed water cups were inspected and no bleed water was detected.~

3.7.2 Set Time .

Set Time was not mneasured for this aggregate..

3.8 5500 mgfL TPB with Recycle Simulant ;,,

Based on the results, of the previous. test, the water to premix ~ratio was maintained and~ the

admixtures were increased. 5Thc'Saltstone slurry was prepared with a wate 'r to premix ratio of 0.64.

The admixture additiionconsisteid'of 0.31 tw% of set retarder and 0. 15 wt % of B52.The quan~tity of

'the ifoam noted during castingwas reduc'ed frmtepeiu et h is e time pour wa after

K10 minutes. The slurry~ poured' easily.i The seconid gel timepour was after 20 minutes During ~the

sec K~~ond after,4 the poeta fo le-wtrwsdtce.Tetst was halted after the forhgltm

pou ater40minte whn t ws etemiedthat bleedwaterwoul~d bepresent.

3.8.1 Bleed Water

After 48 hours the two bleed water cups were inspcte and 9 vol %4 bleed water was measured.I

I ~ ~ Set Time was not measured for this aggregate.I .~ 4'G ~

3.9'5500 gLI T.iPB with Inhibited Wae (Seond ~ , Itertion

Based on the results of the two previou~s tests, the water to premix .ratio was~ maitainedand~ the.

admixtures were decreased. The'Saltstone slurry was preparcd'with a water to premix ratio of 0.65.

The admixture additioxn consistedi of 0. 26 wt % of aet retarder and' 0.13 wt % of B52. The slurry

exhibited minor froth~ing. It was noted that the' amount oif'bubbles was simillar to the previous test."'~

Buibbles were still ~entrainied in t~he slurry during casting. The, first gel time- "pour was, after 10

"'.. minutes. The nt..n1 wa fli n.pue"est .Te eodgt"imuorwsai 0mnutes.
slury~ ~ seon ge 'ubepor

._The slurry was thick but pourable. Gel time was, declared on, the third gel timneFpour ater30)" ~~ ~
_'minutes. '

3.9.1Bleed Water ,,'2 >.•2 -..

Aft er 24 hours the two'bleed water cups~ were 'ispeicted'and no' leed water was Idetected.'<I
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392 Set Time
Set Time was not measured for this aggregate.
Table 3-1 is a summary of the processing properties of the: aggregates tested. The "with
adjustments" term was, necessary as there was not sufficient Tank 48 material available to perform

B.the necessary testiterations to definitively determine a formulation for each of the six aggregates.
Therefore, by bounding the processing requirements, it was determined that there exists an

Bacceptable f6mulation that could be achieved "with adjustments-

Table 3-1. Summarnsy ofProcessing Properties of Saltstone Slurries.

Daratard 17 lIT B52 Gel Set BleedVWaterl ditrVe e leAggregate -er . Admixture Antifoamn Time Time Water Processable
(Wt /4j (Wt %) (min) (d), (Vol %)_____

1 O 0.68. 0.00 None 10 ý wit
, Recycle .,..adjustments.

with
15001W I .66. 0.12 None 35 . , 7 adjustmentsN

35001 M, 0.60 0.19 No6ewi6h
None> 0 . adjustments

.3500 with
,ccle • .: 0.63 0.27 None 21 .0 adjustmentS

3500 IW-2K 0.66 0.2 0.1 30 ~ 2 0: YES,
550IV 0,65~ 0.21 0.1~4 15 -- 0 with.

_________ ________adjustments,

5500. 0.64 0.1 01 >40 -- with.
K Recycc e~.6 03015Adjustments,
5500 IW-2, . 0.65' 0.26, 0. 125 30 -- 0Piobableý.
Set time as not measured but based • on gel time and bleed !wat-r results, ' set is expected to be

acc~eptable.~ ,

3..10 Additional Antifoam. Tests with 3500 mg/L TPB with Inhibited Water

After the initial test results were, analyzed, two additional tests were perfformed., Aggregate made
wih3500 mg/L IFBP and 1W was selected to represent the most likely TBP. concentration. Based

onprevious tests Thie water to premix ratio was targeted as 0.65;* The admixture addition co'nsisted of
0.2,wt% set. itardeand V0.15 wt %.antifoam. ~ .oioly variable, between the: two tests.was the

th-fiist test, B52 was usd and in the second test, T• pas the antifoam. In both tests,
the slurre exhi4bibted minor frothing. Dining casting, the larger, less numerous bubbles no ted in the
earlier 3S01) mg/L TPB were prsn.The bubbles '' ere still entrained in the slurry. The slurries
'were fluid and poured easily. Gel timne was declared after 25 minutes.

3.16.1 BleedWaterB
Afte 24 hours the bleed ater cups Were inspected and no bleed water was detected in either test.

3.10.2 Set Time
The set time was ,tested after one day..Neither of the iixes were setThe set time was tested again
after 3 day.•A•• ain, neither of the mixeswere set, although the 'Mix' made with-B52 had finned
c6nsiderably The final test was performned at 'Six days. The mix preared -with B52 was declared set.

~The mix prepared with TBP as the antifoamn had no~t yet set.

12

K B

"lTne;'WlllS,.riot measured for this aglP"eg~te, '. 
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ý3.11 ToxiPC hlaracteristic Leaching Procedure,.TCLPyex~tracin weeefon1 nd icatdý on si It ae anit:
, d o mpl 6ured t ambient tempe

90 OC ('or each uiquc~e aggregate. .

3.11.1 Vola die Organic. Coinpo u d (VOC),Exraction
TCLP. extractions were performned and extracts were analyzed as described iriSections,2.~5 and 2.5. 1'.
One of the recplicated 4f the ,15,00O mg/L TPB, aggregate made with 1W anid. curied at 90 *C wa~s,
compromised during handling~ and. was not removed from t she de e f&aayi.A
statistical :-analysis' of, th' eiee eulspromdb R Stati tical Con sulting;'Sectiori
(SR.NL-SCS) detf~rmined that the TiPB, concentration was the only sta~tisially Significant~ vanable
affecting, the benizeuie conc'entration. in the TCLP extracts. The5 cuinig tfemperatuiie1 (90 IC 'vs.

. ... de ; 5.
ambient) and. aggreg atin material (DWPF recycle vs. 1W) were< statistically e~quivalent. Table 3-2 is
the results of the benzenie .analysis. The measured benzene is corrected for ;the 83% recovery
described, inSection 2.5.1.:The corrected value is then normalizued fjr~ the variations inthe amnple,mast wa mass. of one gramn. Figure 3.-1 is the plot of hebezee
as a func~tion of the TPB ,concentrationin 'the' aggregate; The berizene linit forRIR aardous'
designation fromn'rable 2-5 is 0.5 mg/L is also displayed for reference. All of the samples as
TCLP ,for benzene.

Table 3-.2. Benzene Concentrations In TCLP Extracts..

TPB Cure Sample Measured Corrected Normalized
Aggregate* Temperature5 replicate< Mass Benzene Bezn Bnee(mg/L) s->, ezn ezn

1500 i ,> .1W 27' 1 I> 0.954 0.06 0.07• '5 0.08
1500 1W .. 27. 2' .0.949 0.06, 0.07 0.07...
1500 1W ~ 95 2 0.988 0.06 0.07 0.07,
1500. RC 27, .. 1 1.000 s0.02 U2, 0.02-
15A00 > Qi RC ~ 27,,< '~~2> 1.006- )OA.40,01
150027 ,' RC, 1 4,-.<'+ IV >1051 <O0.06 0.07A ,:),.
1500- 5 RC' 95<, i 2 1.011 <,0.06 007 0.07
3500 .1W, 2'7 1< 0.821 0.12 ''0.14, 0.18__
3500 <1W 27 -2 0.991 0.15 0.18 ~ 0.18
3500, 1W 95. 1 L•<0.911 j 0.09 0.11 . 0. 12-
3500" 1W .95 2 " 1.007 0.10... + .'0.12. 0.42K.
3500. 7 RC 27 1- 0.895 0.1 0,. 0. 12, 0.•31•

50k RC >'27 2: - 0.931' -,:0.1,2 ~ 0.l4-' 0. 16
3500: 'R: + C 95 1'.0.934 ,.0.4 O p" 0.11-, 0.18"
3S00, t'R•. ft 95. , 0.910, ,0.12 0.14. 0.16
5500< 1 27 1 0 .804 70.14 '. 0.147 0.21,55001: '1W _ .27, •<' '. 27 1.020 0,1 0.13- 0.13

-55001, :sW ~ 9' '- 1.000' 50.08: 0.10. 0. 101
5500+ 1W '095'< 572~ 0.~934 j0,.17 0;'20"* ' 0;22,'
5500, RC' ~ 27, 1' 090<7.0 0.112% 01.12,1
5500 -RC ~ 27, 2" 0.773, 0.12 0',1 0.19
5500 'RCL 15 V 0.856 0. I 046ý 0.18.
5500o7 ----C- 95. 2i 0,791' 0.12 0 ý14: ~ 0%.j8'

.5 5~.~

'5.

.5

5,5< 5.
V

-5' *555

5.,

Z•A.-• u,,rr Kcyl +im uiant; L - Inhibted Watr "5'..5 .-.5«
.5"". 5 < ' -:45..<:.j:•S%-'S5 '< 4'<''!• ..... "5. '5", +. i5....,->

.... :,;.. ...... " ::, :,• -'-,... .5 55 5 4 " *.. .. .. . . .. ":5 ",'y.: " ... .

'5<:+ "+:+::':+ +:% + "'+ .. .5< "/ 5 ... :<s ' ! .. " :
t : . ', , " . 5'" ".::: : +:+#, i++ ',::'.:.,::: ' "< 5< '.

• , .:<. V :~ .5,+55<I.<:, .t,5'5:i5<:• 555,' 4 .•'< <..5"• -,."4. :+ -s v.5'''-,. .
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Figure 3-1. Beezene measured in the TCLP extracts for the TPn aggreigaes&

3.11.2 SemI-Volatile Organic Compound (SVOC) Analysis
TCLP extractions were performed and extracts were analyzed as described in Sections 2.5 and 2.5.2.
The analysis for nitrobenzene for all 'of thei samples was below the detection limits of the anialycal
method, 0.5 mg/L. The, RCRA limit for nitrobenzenie in TCLP extracts from.Table 2-5 is 2.0 rng/L.
Therefore all of the samples passed t2sTCLP for nitrobenzene.

3.11.3 Metals Analysis*
TCLP extractions ere.Tperformed and extracts were analyzed as -described in Sections 2.5 and5.2.,
The analysis for mercury (CV-AA) wa performed, only on: samples.hat had the potential .to. be
hazardous <for mercury (eie., Agg g•e.t tht were prepared, th DWPF:recycle simulant.). Results
for all o f the samples analyzed were below the detection. limits. of, the analyticalI method, 0. 11, gin
The RCRA limit for mercury in TCLP 'extracts from Table 2-5 is: 0.2" mg/L. Therefore all' of, the:

smlspassed the TCLP for mercury.4

3.12 Ignltabilily bete rmination of Fresh Saltstone Slurry

Four relicate samples submitted:to SRNLýADS forflash point testing-wcre analyzed using a closed. cup.
.,as.• poin't tester. The Saltstone slurryn adewith the 5500 mgL. ag te of Tank 48H simulant and.
DWPF'recycle simulant was prepared and t adescribed in Section"2.6 and sampled to make the-four0
replicates. A dodtuiane standard (flash4 point. 7 '~C/160 'F) was analyzed prior to the first replicate and
after thr, e pi• cate. Each replicate was Iested a single time. The. analysis of the Saltstone slurry bega :n

." . .. :: ::.14 .

.... 14
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I. INTRODUCTION

The Saltstone Production Facility (SPF) will receive the Decontaminated Salt Solution (DSS) stream from
the Modular CSSX Unit (MCU) and the Salt Waste Processing Facility (SWPF). These streams are expected
to contain entrained solvent. Recent information on the solvent droplet size in the DSS stream indicates that
the drops will be smaller than assumed in the MCU decanter design basis. Therefore, the amount of
expected carryover has increased. The higher solvent concentration in the MCU exit stream may cause
flammability concerns in the SPF. The release rates of the volatile solvent components, Ispoar L and
Trioctylamine (TOA), are to be studied in saltstone in order to assess possible flammability issues in the
saltstone vault.

NFPA 69 requires the flammable material concentration to be below 25% LFL in the vapor space of the
vault if no safety interlocks are installed. If all of the Isopar L is released instantaneously into the vault
vapor space when placing saltstone slurry, the allowable isopar L concentration in the DSS is 4 ppm. If the
release rate is not instantaneous, but slower due to TOA and grout interactions, the acceptable limit of
entrained solvent could be significantly higher than 4 ppm. As the maximum expected Isopar L
concentration in the DSS sent to SPF under normal process conditions was determined through small scale
testing at the Savannah River National Laboratory (SRNL) to be 88 ppm,' determining the Isobar L release
rate from saltstone is imperative.

SRNL was asked to determine the bounding Isopar L release rates from curing grout at various temperatures
expected in the saltstone vault.2 The release rates will be determined from saltstone prepared with a
simulated DSS solution containing Isopar L concentrations ranging from 20 ppm to 200 ppm and the
expected ratio of TOA to Isopar L to be used in the saltstone process. The rates are to be determined at 95
°C, 75 *C, and 25 *C.

A. Task Definition

Simulated DSS will be prepared as an "average salt solution" as described in WSRC-RP-2000-00361, Rev.
0 with minimal component omission. CsC! will not be added to the DSS as per the customer request. 2 The
soluble metals and organic components may be removed from the recipe with customer concurrence. It may
be useful to exclude Hg due to its small concentration and volatility. Excluding the organic components
will theoretically increase the vapor pressure of the Isopar L and hence lead to a more conservative estimate.
However, the organics may help with the mixing of the Isopar L/TOA solution with the simulated DSS and
saltstone. Trimethylamine (TMA) could be excluded due to its small concentration, volatility, and low
Threshold limit Value (TLV). Additionally, the TOA interaction with saltstone would be representative of
the TMA interaction as it behaves in a chemically similar manner to TMA but has a lower volatility.

Saltstone will be prepared using the simulated DSS and premix materials obtained from the SPF. The
premix composition and water to premix ratio to be used will be based on recommendations made in
previous testing and are listed in Table 1. The water to premix ratio is the ratio of the mass of evaporable
water from the waste (at -110 °C) to the combined mass of the cement, slag, and fly ash. The initial
concentrations of Isopar L of 20 ppm, 50 ppm, 100 ppm, and 200 ppm will be tested. The 100 ppm
concentration corresponds to the maximum expected amount in the DSS from MCU.' An initial scoping
test at the 20 ppm amd 50 ppm concentration will be used to determine the lowest Isopar L concentration to
be studied. Three temperatures, 95 °C, 75 °C, and 25 °C will be investigated to cover the temperature
variability in saltstone processing and curing.
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Table 1. Formulations for Processi g.3

Premix
45% Class F Fly Ash (FA)
45% GGBFS' (Slag)
10% Cement

'Ground granulated blast furnace slag

Water/Premix

0.60

Table 2. Test Conditions.
isoparL Curing Temperature (*C)

Salt 20 or 50 * 25

Solution 00 * 95
9 200 0 95

Part 1: Develop Methodology for Sampling and Analysis for Isopar L and TOA During Salistone Curing.

The method developed for studying the benzene evolved during saltstone curing is expected to be used.5

The benzene method6 is to capture the offgas from a saltstone sample using a charcoal tube while the sample
cures. The charcoal tube with the captured component will be stripped of the component with CS 2 and
analyzed by GC-MS. A minor amount of work is expected in order to adapt and quantify this method for
Isopar L and TOA. If TOA is not captured well enough a secondary collection tube with a different
absorbent (i.e. a sulphuric acid treated carbon) may be added. Both Isopar L and TOA are less volatile than
benzene. Thus, they are expected to offgas at a lesser rate than benzene. If the release rate is too slow
another method with a lower detection limit will be determined.

The evaporation rate for Isopar/TOA will be determined prior to making saltstone samples. Evaporation
rate testa; with Isopar L, Isopar LUTOA, and Isopar IJTOA in salt simulant will be performed. The
evaporation rate will be determined by weight loss and/or long path cell IR spectroscopy. With this
information, a decision on the proper analytical method with a suitable lower limit of detection can be made.

Part If: Validate Methodology for Sampling and Analyss for Isopar during Curing of Saltstone with
Simulantv and determine Isopar I/TOA concentratiom

Saltstone samples will be prepared with the materials given in Table 1, Isopar L and TOA, and the simulated
DSS solution. The methodology developed in Part I for sampling and analysis will be validated for the
saltstone samples. The saltstone produced will be cast into 2 inch diameter, 4 inch high vessels which have
a large filling port and smaller input and output ports. The vessels are the similar to those used in the
benzene study and can be purged with air continuously or closed for batch headspace sampling.

Saltstone samples will be cured at the three temperatures listed in Table.2 and the Isopar L and TOA offgas
concentrations, as functions of time and temperature will be determined. The Isopar L and TOA from the
headspace of the vessel will be collected and sampled at various intervals. The initial frequency for
collection of samples for analysis is 1, 3, 7, and 14 days. Sample frequency will be adjusted as necessary to
reflect the Isopar L generation rates found. Samples will be taken for at least 60 days at temperature.
Sampling can continue on cooled samples for a time to be agreed upon by the customer.

B. Customer/Requester
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The method developed for studying the benzene evolved during saltstone curing is expected to be used.5 

The benzene method6 is to capture the offgas from a saltstone sample using a charcoal tube while the sample 
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Waste Solidification Engineering funds the work in this task. The scope of the work is established in
Technical Task Request SSF-TTR-2005-0004 Rev.0. The customer contact is M.A. Norato.

This task consists of baseline R&D activities as determined by the Savannah River National Laboratory
(SRNL) Procedure L 1-7. 10, "Control of Technical Work," Revision 4.

C. Task Responsibilities

SRNL/ITS/ATS: A.D. Cozzi and M.G. Bronikowski are responsible for the direction and completion of this
task. This includes implementation of the SRNL Conduct of Research and Development' prior to initiating
lab work, adhering to this Task Technical and Quality Assurance Plan, and providing updates of progress to
the customer.

SRNIJITS/WPT: R.E. Eibling, F.F. Fondeur, and M.S. Hay are responsible for providing guidance for the
development of experiments, providing guidance for sample and analytical control, and participating in
interpretation of analytical results.

WSE: J.E. Occhipinti (or designee) is responsible for providing Waste Solidification Engineering (WSE)
concurrence and facilitating interface, as necessary, with Planning, Integration and Technology.

SRNIJITS/ATS: M.F. Williams, J.G. Wheeler, and S.J. Emory (or designees) are responsible technician
designation and for sample preparation.

SRNL/LQA: J.P. Vaughan is responsible for reviewing and approving this Task Technical and Quality
Assurance Plan and providing guidance and oversight for this work.

ITS QA Coordinator. T.K. Snyder is responsible for reviewing task plans related to this task, assisting in the
preparation of records, coordinating surveillances associated with this task, and interfacing with SRNLIQA
during overview activities and corrective actions.

D. Task Deliverables

1. Technical Task and Quality Assurance Plan (this document) outlining the objective of the tasks and the
associated activities.

2. Interim results and updates as requested by WSE.
3. Technical report detailing results of the activities associated with these tasks.

11. TASK ACCEPTANCE CRITERIA

Acceptance testing is not an element of this task. Per the TIR, issuance and customer approval of the
technical report will complete this task.

III. TASK ACTIVITIES

I . Prepare Task Technical and Quality Assurance Plan: Develop task plan, complete conduct of R&D.

2. Prepare DSS Simulant: Simulants will be prepared to represent the DSS streams to contain the requisite
concentrations of Isopar L and TOA.

3. Prepare Saltstone: Saltstone will be prepared using Z-Area premix materials with a water to premix (w/c)
ratio of 0.603.
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4. Part 1: Develop Test Methodology: A series of scoping tests will be performed to determine if the benzene
methodology can be used for measurement of Isopar L and TOA given off in saltstone curing under various
conditions. The scoping tests will include an evaporation rate test of Isopar L and TOA.

5. Part 1I: Validate Methodology with Simulants and Determine Isopar L Concentrations: Saltstone samples
prepared from simulated wastes will be cured at various temperatures to ensure that the test/analytical
methodologies are valid with the saltstone present and to determine the concentration of the Isopar L and
TOA given off while curing.

6. Document Results: The results of the task will be documented in a technically reviewed report and issued
with WSE concurrence.

IV. TASK SCHEDULE

A detailed schedule of task activities and associated durations is located in the ITS Support Schedule of
Activities. The schedule is updated weekly. Activities will be performed in parallel when applicable.

V. RESEARCH FACILITY PLANNING

1. Products and By-Products. Approved waste streams will dispose of all job control waste. By-
products generated at:
* the Aiken County Technical Laboratory will be disposed of in accordance with SRNL Manual L I

procedure 5.05 "ACTL Residue Management."
* By-products generated at the SRNL will be disposed of in accordance with SRNL Manual LI, 6.0

waste disposition procedures.

2. Disposition of Test Equipment. All of the equipment procured for and used in this study will be
available for future use.

VI. PROGRAMMATIC RISK REVIEW

IRisk Impact Mitigation
Isopar L and TOA generation and Cannot generate or measure Isopar L Evaluate several methods for
collection method is unacceptable. and TOA. generation and collection of Isopar

L.
Isopar L and TOA measurements of Reported results will be less precise. Evaluate several approaches to
standards are not precise. optimize precision.
Isopar L and TOA not detectable in Cannot estimate long term Extend Part II until Isopar L and
Part II testing at lower temperatures. concentration of Isopar L or TOA or TOA is detectable.

its possible buildup. 1) Raise lower temperature.
2) Estimate time by Arrhenius plot.

Isopar L and TOA not detectable in Cannot generate or measure Isopar L Find a method with a lower limit of
Part II testing. and TOA. detection or increae concentration

of Isopar L in saltstone.

IR spectrometer fails. Cannot initiate experiments. Two IR spectrometers are present for
use.
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waste disposition procedures. 

2. Disposition of Test Equipment. All of the equipment procured for and used in this study will be 
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use. 
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Risk Impact Mitigation
Gas chromatograph fails. Inability to analyze samples. Second GC will be procured after

Stage I testing. SRNL-Analytical
Development Section maintains a
GC/mass spectrometer that may be
used.

Oven fails Samples could cool significantly Possible use of ovens at ACTL for
altering the amount of cure time at short time duration while oven is
temperature. being fixed.

Loss of key personnel. Activities are delayed and schedule Cross train current team members
will slip. and increase team numbers.

Isopar L and TOA collection High temperature data not reliable or Use high temperature rated materials
methods have not been demonstrated available, where available. Teflon will be used
at elevated temperatures. and solvent interaction is noted for

connectors. Qualify materials not
rated for temperature when possible.

Power interruptions during testing. Samples could cool significantly Simulant testing - Outage would be
altering the amount of cure time at limited to 60 h.
temperature.

Operations interruptions delay Samples unavailable for analysis. Remove samples as generated. Use
sampling or shipping of samples to samplers with. storage ratings > 7
ACTL. days. Have coolant (dry ice)

available for temporary refrigeration
of samples.

VII. R&D HAZARDS SCREENING CHECKLIST

The hazards of this work were identified using the hazards screening checklist of the SRNL Conduct of
Research and Development Manual.4 Figure 3, the "R&D Hazards Screening Checklist," is on file with the
Task Lead.

VIII. REFERENCES

I. "Examination of Organic Carry over from 2-cm Contactors to Support the Modular CSSX Unit" C.A.
Nash et al., WSRC-TR-2005-0018, Rev. 0, (2005).

2. "Determine Isopar L Release Rates from Saltstone," SSF-TTR-2005-0004, Rev. 0, (2005).
3. "Formulation Development for Processing Tank 48H in Saltstone," A.D. Cozzi, WSRC-TR-2004-

00477, Revision 0 (2004).
4. "SRNL Conduct of Research and Development," WSRC-IM-97-00024, Rev. 3, (2004).
5. "Measurements of Flammable Gas Generation from Saltstone Containing Simulated Tank 48H Waste

(Interim Report)" WSRC-TR-2005-00180, Revision 0, A.D. Cozzi, et al., April 2005.
6. "NIOSH Method 1501 issue 3, Aromatic Hydrocarbons", NIOSH Manual of Analytical Methods

(NIMAM), 4th edition Mar. 15, 2003.
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IX. QA Plan Checklist

The following QA Procedures apply for this task (indicate Yes, No or "AR" - as required). Current revision
of the procedure will be used. The QA controls are the procedures identified on the checklist. If the
procedures on the matrix are changed, applicable procedures will be followed.
Yes No AR

1-0 ORGANIZATION

X IQ, QAP 1-1, Organization
X LI, 1.02, SRNL Organization

X IQ, QAP 1-2, Stop Work

2-0 QUALITY ASSURANCE PROGRAM

X IQ, QAP 2-1, Quality Assurance Program
'X L 1, 8.02, SRNL QA Program Clarifications, Attachment 8.2-1
X 1Q, QAP 2-2, Personnel Training & Qualification
X LI, 1.32, Read & Sign
X IQ, QAP 2-3, Control of Research & Development Activities
X LI, 8.02, SRNL QA Program Clarifications, Attachment 8.2-3
X Li, 7.10, Control of Technical Work
X LI, 7.16, Laboratory Notebooks & Logbooks

X IQ, 2-4 Auditor/Lead Auditor Qualification & Certification - does not apply to
Immobilization Technology Section Tasks

X IQ, 2-5 Qualification & Certification of Independent Inspection Personnel - does not
apply to Immobilization Technology Section Tasks

X IQ, QAP 2-7, QA Program Requirements for Analytical Measurement Systems

3.0 DESIGN CONTROL

X IQ, QAP 3-1, Design Control
X Ll 7.10, Control of Technical Work

4-0 PROCUREMENT DOCUMENT CONTROL

X IQ, QAP 4-1, Procurement Document Control
X E7, 3.10, Determination of Quality Requirements for Procured Items
X 7B, Procurement Management Manual (For Reference Only)
X 3E, Procurement Specification Manual (For Reference Only)

5-0 INSTRUCTIONS, PROCEDURES & DRAWINGS

X IQ, QAP 5-1, Instructions, Procedures & Drawings
X E7, 2.30, Drawings

X LI, 1.01, SRNL Procedure Administration

6-0 DOCUMENT CONTROL

X IQI QAP 6-1, Document Control
X I B, MRP 3.32, Document Control
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Yes No AR

7-0 CONTROL OF PURCHASED ITEMS & SERVICES

X IQ, QAP 7-2, Control of Purchased Items & Services
X 7B, Procurement Management Manual (for reference)
X 3E, WSRC Procurement Specification Manual (for reference)

X IQ, QAP 7-3, Commercial Grade Item Dedication
X E7, 3.46, Replacement Item Evaluation/Commercial Grade Item Dedication

8-0 IDENTIFICATION & CONTROL OF ITEMS

X IQ, QAP 8-1, Identification & Control of Items
X LI, 8.02, SRNL QA Program Clarifications, Attachment 8.8-1

X' 9-0 CONTROL OF PROCESSES - does not apply to Immobilization Technology
Section Tasks

10-0 INSPECTION & VERIFICATION

X IQ, QAP 10-1, Inspection & Verification
X LI, 8.10, Inspection

11-1 TEST CONTROL

X 1Q, QAP 11-1, Test Control

12-1 CONTROL OF MEASURING & TEST EQUIPMENT

X IQ, QAP 12-1, Control of Measuring & Test Equipment
X IQ, QAP. 12-2, Control of Installed Process Instrumentation
X 1Q, QAP 12-3 Control & Calibration of Radiation Monitoring Equipment - does not

apply to Immobilization Technology Section Tasks

13-0 PACKAGING, HANDLING, SHIPPING & STORAGE

X IQ, QAP 13-1, Packaging, Handling, Shipping & Storage
X L1, 8.02, SRNL QA Program Clarifications, Attachment 8.13-1

14-0 INSPECTION, TEST & OPERATING STATUS

X IQ, QAP 14-1, Inspection, Test & Operating Status
X Li, 8.02, SRNL QA Program Clarificationsi Attachment 8.14-1

15-0 CONTROL OF NONCONFORMING ITEMS/ACTIVITIES

X IQ, QAP 15-1, Control of Nonconforming Items
X LI, 8.02, SRNL QA Program Clarifications, Attachment 8.15-I

" 
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Yes No AR
X IB, MRP 4.23, Site Tracking Analysis and Reporting (STAR)

16-0 CORRECTIVE ACTION SYSTEM

X IQ, QAP 16-3, Corrective Action Program
X 1.01, MP 5.35, Corrective Action Program
X I B, MRP 4.23, Site Tracking Analysis and Reporting (STAR)

17-0 QA RECORDS MANAGEMENT

x IQ, QAP 17-1, QA Records Management
X L I, 8.02, SRNL QA Program Clarifications, Attachment 8.17-1
X LI, 7.16, Laboratory Notebooks & Logbooks

18-0 AUDITS

X IQ, QAP 18-2, Quality Assurance Surveillance
X Li, 8.18.1, SRNL Surveillances

X IQ, QAP 18-3, Quality Assurance External Audits
X IQ, QAP 18-4, Management Assessments
X 12Q, Assessment Manual
X IQ, QAP 18-6, Quality Assurance Internal Audits

X IQ, QAP 18-7, Quality Assurance Supplier Surveillance

19-0 QUALITY IMPROVEMENT

X IQ, QAP 19-2, Quality Improvement
X LI, 8.02, SRNL QA Program Clarifications, Attachment 8.19-2

20-0 SOFTWARE QUALITY ASSURANCE

X IQ, QAP 20-1, Software Quality Assurance
X L I, 8.20-, Software Management & Quality Assurance

X 21-1 ENVIRONMENTAL QUALITY ASSURANCE - does not apply to
Immobilization Technology Section Tasks

In addition to procedures noted above, If RW-0333P requirements are invoked,
the following procedures apply. These procedures may also apply at the
discretion of the Task Leader to non-RW-0333P tasks.

X LI, 8.21, Supplemental QA Requirements for DOE/RW-0333P

Sample Control:

X L 1, 7.15, Obtaining Analytical Support

Scientific Investigation:

, 
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IYes INo IAR I1
X LI1 7.16, Laborator Notebooks & Logbooks

X. Identify any exceptions or additions to the procedures listed In the QA Matrix:

DOE RW-0333P requirements do not apply to the work in this study.

WSRC-IM-2002-0001 1, "Technical Report Design Check Guidelines," will be used to help
ensure the quality and consistency of the technical review process for technical reports produced
by SRNL Waste Treatment Technology.

XI. Complete this part only if Section 20 procedures (software) are invoked. Identify who will
act in each of the following capacities. If Section 20 is N/A, mark these N/A.

Owner: N/A
Designer: N/A
Maintainer: N/A
Tester: N/A

XII. Document Approval:

Identify documents requiring managem nt, customer or C F approval
Document Management Customer CQF

Yes No Yes No Yes No

Task Technical & QA Plan X X X
Final Report (customer may review draft) X X X

XIII. Antlicipated Records:

The following records are anticipated-from this task. Indicate Yes, No or AR (as required):

Yes No AR Description

X Task Technical & QA Plan
X Technical Notebooks
X Task Technical Reports

X Data Qualification Reports
I X Supporting Documentation

XIV. AT•ACHMENTS:

N/A
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Summary

Tank 48 currently does not comply with the general Tank Farm safety requirements for organic content
due to the presence of tetraphenylborate (TPB), and has been isolated from routine Tank Farm service
since the shutdown of In-Tank Precipitation (ITP) process in late 1998. To restore Tank 48 to Tank
Farm service, the TPB inventory must be removed or reduced to a level that meets the Tank Farm
Documented Safety Analysis 2 (DSA) requirements. The Aggregation strategy consists of combining
Tank 48 material with Defense Waste Processing Facility (DWPF) recycle mfaterial in both Tank 48 and
Tank 50, with its final disposal in the Saltstone Facility as low level waste (LLW) in a grout waste form.
The aggregated material in Tank 50 will meet the Saltstone Facility Waste Acceptance Criteria (WAC)
prior to its transferring to the Saltstone Facility, including the maximum limits of 0.2 Ci/gal for Cesium-
137 (Cs-137), 9.60E-04 Ci/gal6'7 foralpha concentration, and revised TPB concentration limit at the
time of the aggregation processing. In addition, the free hydroxide concentration of the aggregated
material will be maintained greater than 1.0 molar to minimize decomposition of TPB. into benzene.
This option also requires modification to the Saltstone Waste Acceptance Criteria to permit higher

--- concentrations of tetraphenylborate (up to 3,000 mg/L from the current 30 mg/L).

Two cases were developed based on the current fill level of Tank 48. During the Tank 48 processing
history the liquid reached a level of nearly 150 inches. This processing left residual film potentially
containing TPB solids behind on the tank internal walls and components'. To ensure that no significant
residual TPB remains on the walls or tank internal structures, the tank level will be raised above 150
inches. In Case 1, the level in Tank 48 is raised above 150 inches a single time. In Case 2, the level is
raised above 150 inches on two separate occasions (Batch 1 and Batch 4). While Case 2 requires more
total batches to complete the TPB removal from Tank 50, it takes only 28 batches to reach the endpoint
in Tank 48 versus the 31 batches needed in Case 1. Fluid totals for the two Aggregation cases are
presented in Table 1.

Table 1 Material Volumes Used for Aggregation Flowsheet Cases

Streams (Kgal) Case 1 (single rinse) Case 2 (double rinse)
DWPF Recycle 3,405 4,099

NaOH (50 wt%) 162 195
ETP/HEU t  619 796

Total Addition Volumes 4,186 5,090

The HEU and ETP project will transfer streams to Tank 50 and then Saltstone co-incident with the Aggregation process, but

are independent of the Tank 48 Aggregation project.

Tank 48 Disposition Project CBU-PIT-2004-00012
Flowsheet for Aggregation Strategy Rev. 0
0.2 Ci/gal Cesium Max Feed 2/3/2005
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DOCUMENT AVAILABILITY

Reports produced after January 1, 1996, are generally available free via the U.S. Department of
Energy (DOE) Information Bridge:

Web site: http://www.osti.gov/bridge
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EXECUTIVE SUMMARY

The present work was undertaken to optimize the solvent used in the Caustic Side Solvent Extraction
(CSSX) process and to measure key chemical and physical properties related to its performance. The
CSSX process was selected by the USDOE in FY 2001 as the preferred technology for removal of cesiumr
from the alkaline high-level salt waste stored in tanks at the Savannah River Site. This decision had been
made with the understanding that the component concentrations of the baseline solvent employed till then
would have to be adjusted to avoid supersaturation with respect to the extractant. Taking into
consideration bounding requirements, an optimization of the solvent composition was performed,
resulting in the following recommended component concentrations in Isopar® L diluent: 0.007 M
calix[4]arene-bis(tert-octylbenzo-crown-6) (BOBCalixC6) extractant, 0.75 M 1-(2,2,3,3-
tetrafluoropropoxy)-3-(4-sec-butylphenoxy)-2-propanol (Cs-7SB) phase modifier, and 0.003 M tri-n-
octylamine (TOA) stripping aid. Criteria for this selection included BOBCalixC6 solubility, batch cesium
distribution ratios (DcJ), calculated flowsheet robustness, third-phase formation, dispersion numbers, and
density. Although some minor compromises within acceptable limits were made in flowsheet robustness
and solvent density, significant benefits from solvent optimization were gained in lower risk of third-
phase formation (operation to as low as 11 °C at high cesium and potassium loading versus 20 'C using
the previous solvent) and lower solvent cost. The solubility of BOBCalixC6 in Isopar® L containing
0.5-1.0 M Cs-7SB at 15-35 'C was examined by monitoring the concentration of BOBCalixC6 as it
precipitated from supersaturated- solutions over a period of approximately 9 months. Its solubility at 0.75
M Cs-7SB was found to be 7.7 mM at 25 'C. Extract/scrub/strip (ESS) tests showed that the optimized
solvent performs acceptably; the extraction strength from baseline waste simulant is lower by 20%, but
this is compensated partially by 5-14% improved stripping. When the optimized solvent was washed
with an aqueous solution of 10 mM sodium hydroxide following an ESS test, identical Dc, values were
obtained on a second ESS test with fresh aqueous phases. The temperature dependence of Dc, values in
ESS testing was found to be similar to that of the former baseline solvent, and parameters are reported for
the estimation of Dc, values for ESS contacts in the range 15-35 'C. Measurements of the partition ratios
of BOBCalixC6, Cs-7SB, and TOA between the optimized solvent and aqueous process solutions indicate
that the losses of these solvent components by partitioning to the aqueous process solutions will be
negligible to minor. Respective fractional replacements of the three components due solely to
partitioning losses over the course of one year are estimated to be 4%, 27%, and 9% respectively. The
partitioning behavior of selected organic anions examined in studies of the previous baseline solvent were
repeated with the optimized solvent with no change in behavior found. For example, dibutylphosphate,
present in the waste in trace amounts, will partition weakly into the solvent on extraction, and the fraction
that is extracted will remain in the solvent to be washed out efficiently by the NaOH wash stage.
Similarly, trace metal distribution was not significantly changed. Trace Ag, Cr, Cu, Hg, Mn, Mo, Pb, Pd,
Rh, Ru, Sn, and Zn were not extracted; traces of Al, Ca, Sr, and Fe were detected in the optimized solvent
after extraction but are scrubbed out. The bulk metals Na and K are also extracted as expected, and these
are also scrubbed out. Technetium in the form of pertechnetate anion is extracted very weakly from the
simulant (DTC = 0.038 or 1% extracted) and, like dibutylphosphate, remains in the solvent in the acidic
scrub and strip stages, subsequently to be washed out in the NaOH wash stage. On storage at or below 0
°C, both the previous and optimized solvents exhibit phase splitting in which the more dense of two
phases is concentrated in BOBCalixC6 and Cs-7SB. On warming to room temperature and remixing, the
solvents are restored to their original composition and ESS performance. A 43-day test of the solvent
stability to elevated temperatures, 35 and 60 °C, showed no evidence of degraded ESS performance. The
physical properties density, viscosity, and dispersion number for the solvent against full simulant, scrub,
and strip solutions at 15-35 °C were measured, and found to be adequate for contactor operation.
Dispersion numbers (NmI) under all conditions met the criterion Nc• > 4 x 104; the solvent density and
viscosity at 25 °C were respectively 0.8516 ± 0.0001 and 3.51± 0.1 cP. Overall, optimization and testing
of the CSSX solvent has reduced the technical risk of the CSSX process by resolving previously
identified issues and raising no new issues.
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ABSTRACT

This work was undertaken to optimize the solvent used in the Caustic Side Solvent
Extraction (CSSX) process and to measure key chemical and physical properties related
to its performance in the removal of cesium from the alkaline high-level salt waste stored
in tanks at the Savannah River Site. The need to adjust the solvent composition arose
from the prior discovery that the previous baseline solvent was supersaturated with
respect to the calixarene extractant. The following solvent-component concentrations in
Isopar® L diluent are recommended: 0.007 M calix[4]arene-bis(tert-octylbenzo-crown-6)
(BOBCalixC6) extractant, 0.75 M 1-(2,2,3,3-tetrafluoropropoxy)-3-(4-sec-
butylphenoxy)-2-propanol (Cs-7SB) phase modifier, and. 0.003 M tri-n-octylamine
(TOA) stripping aid. Criteria for this selection included BOBCalixC6 solubility, batch
cesium distribution ratios (Dc,), calculated flowsheet robustness, third-phase formation,
coalescence rate (dispersion numbers), and solvent density. Although minor
compromises within acceptable limits were made in flowsheet robustness and solvent
density, significant benefits were gained in lower risk of third-phase formation and lower
solvent cost. Data are also reported for the optimized solvent regarding the temperature
dependence of Dc, in extraction, scrubbing, and stripping (ESS); ESS performance on
recycle; partitioning of BOBCalixC6, Cs-7SB, and TOA to aqueous process solutions;
partitioning of organic anions; distribution of metals; solvent phase separation at low
temperatures; solvent stability to elevated temperatures; and solvent density and
viscosity. Overall, the technical risk of the CSSX process has been reduced by resolving
previously identified issues and raising no new issues.

1. INTRODUCTION

The Caustic-Side Solvent-Extraction (CSSX) process [1,2] for cesium removal from alkaline high-

level waste has. been developed for application at the United States Department of Energy (USDOE)

Savannah River Site (SRS) [3]. In 2001 the USDOE selected the CSSX process flowsheet as the

preferred technology for this application [4,5] following an evaluation of alternative technologies [6-10].

This selection was largely founded on extensive testing and demonstration data that successfully

addressed four high technology risks, including chemical stability [11], radiation stability [11-15], proof-

of-concept demonstration with waste simulant [15], and demonstration with actual SRS high-level waste

[16]. All criteria were met or even exceeded. The contactor tests using simulated- and actual-waste feeds

met their goals for decontamination factor (DF > 40,000) and concentration factor (CF >_ 15) [15,16]. The

stability of solvent to chemical, thermal, and radiation stresses was shown to be high, indicating a solvent

lifetime significantly greater than one year [11-15]. Extensive data characterizing the distribution

behavior of major and minor system components in extraction, scrubbing, and stripping (ESS) were

collected, and effective means for solvent cleanup were described [11]. As work for technology selection

drew to a close in April 2001, issues for continued research and development (R&D) were identified

[7,11], ultimately leading to renewed effort through the end of FY 2002 [18]. The most important issue

regarding chemical and physical properties was the probable supersaturation of the solvent. Namely, the

solubility of the calixarene in the solvent comprising the modifier and tri-n-octylamine in Isopar® L
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appeared to be lower than the 10 mM used in the baseline solvent. Since the calixarene solubility

increased with increasing concentration of modifier, the issue of supersaturation was apparently

resolvable with little risk by an adjustment of the concentrations of the solvent components. Hence,

technology selection proceeded with the understanding that such an adjustment would be necessary early

in the subsequent R&D phase.

Following the selection of the CSSX technology, systematic measurements were performed in late .FY

.2001 and early FY 2002 toward selection of the new optimized concentrations of the three solvent

components. In addition to BOBCalixC6 solubility, the dependence of cesium ESS behavior, flowsheet

robustness, coalescence, third-phase formation, and solvent density also were factored into the

optimization. The conclusions of this initial phase of the work reported herein form the basis of the

selection of the optimum solvent composition described in Chapter 2. In the course of the solvent-

optimization effortand subsequent experiments, the flowsheet and its requirements were assumed to be

unchanged. Hence, the compositions of the aqueous waste simulant, scrub solution, and strip solution

remained the same. The reader is referred to a prior report for a complete description of the baseline

simulant [11]; its composition may be found in Chapter 7 of the present report.

The changed solvent composition necessitated further characterization of the properties of the

optimized solvent., as reflected in program plans [18]. Since rather minor changes were expected in the

behavior of the optimized solvent as compared with the previous baseline solvent, a less ambitious testing

regimen was undertaken. Chapter 3 describes the cesium distribution behavior in batch ESS tests, its

temperature dependence, and a confirmation of the recyclability of the solvent. Chapter 4 re-examines

the question of partitioning of the solvent components between the solvent and aqueous process solutions,

affording .an opportunity to reduce the uncertainties in evaluating loss rates of the solvent components.

Chapter 5 focuses on how. other system constituents, including both organic and inorganic species,

distribute under process conditions. Chapter 6 confirms the chemical and thermal stability of the solvent

under process conditions. Finally, Chapter 7 provides data on solvent density and viscosity, as well as its

dispersion numbers in contact with process solutions. Overall, the experiments conducted on the

optimized solvent were intended to reduce the risk that the changed composition would lead to an

unacceptable change in process performance. In reporting results toward reducing this risk, this

document not only establishes the properties of the optimized solvent, but it also serves as a companion to

the previous inclusive report on the previous baseline solvent [11].
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2. CAUSTIC-SIDE SOLVENT EXTRACTION SOLVENT-COMPOSITION RECOMMENDATION

2.1. BASIS FOR TASK AND SUMMARY RECOMMENDATION

The purpose of this chapter is to provide the experimental information that forms the basis for a

recommended change in the baseline composition of the caustic-side solvent extraction (CSSX) solvent.

In the year and a half prior to technology selection in May 2001, the baseline CSSX solvent composition

was 0.010 M calix[4]arene-bis(tert-octylbenzo-crown-6), known as BOBCalixC6; 0.5 M 1-(2,2,3,3-

tetrafluoropropoxy)-3-(4-sec-butylphenoxy)-2-propanol, known as Cs-7SB modifier; and 0.001 M tri-n-

octylamine (TOA) in the diluent Isopar® L [3]. Data for the solubility of BOBCalixC6 acquired and

reported for the Salt Processing Program (SPP) alternative technology down-select decision showed the

above composition is supersaturated with respect to BOBCalixC6 [11]. Although samples of the baseline

solvent have been observed for approximately one year without any solids formation, the CSSX technical

team recommended a solvent-composition optimization task be undertaken to address the BOBCalixC6

solubility and other issues [19] such as third-phase formation, as a function of the plant operating

temperature.

To accomplish the task of recommending a new baseline solvent composition, the CSSX technical

team, the Tanks Focus Area (TFA), and SPP management team,- in cooperation with the U.S. Department

of Energy-Savannah River, developed an experimental program designed to provide the required

information. Part of this effort included the development of the solvent-composition selection criteria

[20].

The recommendation for the new solvent composition is a consensus opinion of the CSSX technical

team. Based on the results to follow in this chapter, the recommended composition is as follows:

0.007 M BOBCalixC6 extractant,

0.75 M Cs-7SB modifier,

0.003 M TOA stripping aid (sometimes referred to as a suppressor), and

Isopar® L diluent.

Table 1 contains a summary of the bounding and goal-selection criteria and the value of the experimental

property for the respective criterion for the recommended solvent composition.
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Table 1. Summary of selection criteria and associated properties

Criterion Bounding condition Goal condition Value of property

BOBCaIixC6 solubility Thermodynamically Thermodynamically 07.55 mM @ 25 °C
stable stable

Dc, values Extraction Dcs > 8 Extraction Dcs > 17.8 Extraction Dc = 14.1
Scrub Dc, > 0.6 Scrub Dc, > 1.6 Scrub Dc, = 1.3
Strip Dcs < 0.16 Strip Dc, < 0.15 Strip Dc = 0.10

Flowsheet robustness 1.0 3.0 >8.0

Third-phase formation 15 s T r 35 'C 15 r T s 35 °C <10 °C
at [K+] = 0.05 M at [K÷] = 0.05 M at [K'] = 0.05 M

Dispersion number >4.0 x 10-4 >4.0 X 104 >5.0 x 10-4

against simulant, scrub,
and strip solutions

Dispersion number >4.0 x 104 >4.0 x 104 >4.5 x 10-4

against NaOH wash at 0.3 M NaOH
solution

Solvent density r0.90 g/mL at 25 'C 50M86 g/mL at 25 °C 0.85 g/mL at 25.6 °C

It should be noted that the criteria dealing with the change in the cesium distribution ratio Dcs values

as a function of solvent composition (i.e., solvent robustness) and the cost of solvent components did not

enter into the decision process. These two criteria were intended to be used if the other criteria identified

multiple acceptable compositions.

The results presented in the chapter were first documented in a report [21] of limited availability for

use by the CSSX technical team in planning and initiating tasks in FY 2002. This document was later

converted to an Oak Ridge National Laboratory (ORNL) report whose format is prescribed by the

USDOE Office of Scientific and Technical Information (OSTI) [22]. In that the results are, for practical

purposes, inseparable from the other results presented herein, the information is again reported in the

form of the present chapter. In addition to minor editing, the only technical change of significance made

in duplicating this material is the inclusion of the BOBCalixC6 solubility data collected at longer times.
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2.2 EXPERIMENTAL APPROACHES

2.2.1 Solvent Test Samples

A total of 13 test samples of 'solvent were prepared for this study. The compositions of these samples
are given in Table 2. A sample of the baseline solvent was included for reference purposes. Single lots of

modifier (Lot No. PVB B000894-48P) and BOBCalixC6 (Lot No. IBC 000714HMKC-0004) were used

to prepare all of the test samples. Solvents containing 3 and 10 mM TOA were prepared by adding a

measured amount of 0.2 M TOA in Isopar® L to the solvents originally prepared with 1 mM TOA. All

solvents were washed twice with 0.1 M NaOH, twice with 0.05 M HNO3, three times with deionized

water, and allowed to stand overnight before-being decanted into clean containers. Scrub (0.05 M HNO 3)

and strip (0.001 M HNO3) solutions were prepared by diluting commercially available stock solutions

with deionized water. Sodium hydroxide solutions were prepared by diluting a commercially available

standard solution. Savannah River Site (SRS) waste supernatant simulant was formulated according to

the SRS procedure [23]. The nominal cesium concentration in all simulant batches used in the testing was

0.00014 M. Aliquots of the solvent were transferred to the Nuclear Sciences and Technology Division

(NSTD) at Oak Ridge National Laboratory (ORNL) for measurements of dispersion number, viscosity,

density, surface tension, and interfacial tension. Other measurements, plus the initial solvent preparation,

were carried out in the ORNL Chemical Sciences Division (CSD).

Table 2. Test sample compositions

Solvent identification Test no. [BOBCalixC6] [Cs-7SB] [TOA](mM) (M) (mM)

Previous baseline 10 0.50 1

B001107-3-1 1 10 0.65 1

B001107-3-2 2 8 0.65 1

B001107-3-3 3 10 0.75 1

B001107-3-4 4 8 0.75 1

B001107-3-5 5 6 0.75 1

B001107-3-6 6 8 0.85 I

B001107-3-7 7 6 0.85 1

B001107-3-8 8 8 1.00 1

B001107-3-9 9 6 1.00 1

B001107-3-2A 10. 8 0.65 3

B001107-3-2B 11 8 0.65 10

BOO 1107-3-4C 12 8 0.75 3

B001107-3-4D 13 8 0.75 10
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2.2.2 Experimental Procedures

2.2.2.1 BOBCalixC6 solubility studies

A series of solvents were prepared from five different pristine nonwashed solutions of Cs-7SB

modifier in Isopar® L (0.5, 0.65, 0.75, 0.85, and 1.0 M) containing 1 mM TOA as follows. Three and

one-half grams of BOBCalixC6 (Lot 000714 HMKC-0004) was dissolved in 50 mL of modifier solution

in Isopar® L by applying sonication and heating to about 50 'C, cooling to room temperature, and then

seeding with about 2 mg of recrystallized BOBCalixC6. BOBCalixC6 was used as received from IBC

Advanced Technologies, Inc. The modifier solutions in Isopar® L were washed following the standard

washing protocol. The samples were then shaken and divided into six samples of equal volume. Samples

in duplicate were placed in a water bath at 15 0C, an air box at 25 *C, and an incubator at 35 'C.

Agitation was effected by shaking in the water bath and wheel rotation in the air box and incubator. The

initial concentration of BOBCalixC6 in each sample was 59 mM. After a given time interval, the samples

were allowed to settle for 30 to 60 min, whereupon an aliquot of the supematant solution was withdrawn,

filtered through No. 40 filter paper, diluted with chloroform, and submitted for high-performance liquid

chromatography (HPLC) analysis. Samples archived from the solubility study initiated approximately 1

year ago [11] were also analyzed. A new calibration curve was prepared with fresh calixarene solutions

for each analysis series.

2.2.2.2 Extraction; scrub and strip protocol

Extraction, scrub, and strip (ESS) tests were performed on all of the samples listed in Table 2. The

experiments were conducted following the protocol defined in Ref. 11 using organic:aqueous (O:A)

volume ratios of 1:3 on extraction and 5:1 on scrubs and strips. An extra scrub step was added to the

previous protocol [11] to more realistically approximate the flowsheet. It should be noted that the solvent

weakly extracts sodium and potassium, and the second scrub step more completely removes these metals

from the solvent prior to stripping. With only one scrub, the first strip step is expected to exhibit slightly

higher values of D 5c, because the incomplete scrubbing of sodium and potassium results in these metal

nitrates reporting to the aqueous phase of the first strip step, thereby increasing the aqueous-phase nitrate

concentration. The data validating the modified ESS protocol are given in Table 3. The data confirm that

addition of the second scrub improves stripping performance as expected. The Dc, values are slightly

dependent on the O:A ratios employed, with better performance occurring when the strip O:A ratio is

lower. All stripping Dc, values converge to the same value upon successive stripping. In the solvent-

optimization tests, an increase in modifier concentration is expected to increase sodium and potassium

extraction [11]. However, the consequent negative impact on stripping is expected to be essentially

eliminated by the second scrub and thus appropriately rendered an insignificant factor in solvent

selection.
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2.2.2.3 Third-phase determination

Third-phase formation experiments involved the 10 solvents containing 1 mM of TOA and three

different simulants: baseline simulant ([Cs'] = 0.14 mM, [K"] =0.02 M), high-potassium simulant

([Cs'] = 0.14 mM, [K÷] = 0.05 M); and high-potassium, high-cesium simulant ([Cs'] = 0.44 mM,

[K÷] = 0.05 M). These conditions encompass those that could be potentially encountered with real wastes

[3]. After two repeated contacts with the simulants (O:A = 1:3) at 25 °C, the solvent samples were cooled

in a water bath and shaken periodically. The presence or absence of a third phase was determined by

independent visual examination by two researchers.

Table 3. Validation data for the modified ESS protocol

Value of Dc, by O:A ratiosa

Step .1:3 (E) 1:5(E) 1:3 (E) 1:5 (E)

5:1 (SS) 3:1 (SS) 5:1 (SS) 3:1 (SS)

Extraction 17.6 17.1 16.6 17.3

Scrub no. 1 1.55 1.57 1.56 .1.57

Scrub no. 2 NA NA 1.56 1.57

Strip no. 1 0.137 0.130 0.120 0.116

Strip no. 2 0.080 0.075 0.078 0.071

Strip no. 3 0.064 0.064 0.062 0.062

Strip no. 4 0.052 0.054 0.052 0.054
aThe letter "E" denotes O:A ratio for extraction; "SS" denotes O:A ratio for scrub and strip. NA

denotes "not applicable," as the second scrub was intentionally omitted in the corresponding
sequence.

2.2.2.4 Dispersion-number measurement

Dispersion numbers were determined under extraction, scrubbing, and stripping conditions in the

presence of cesium. Prior to use, all new or previously used glassware and plastic vessels were washed

by rinsing with tap water three times, rinsing with deionized water three times, rinsing with ethanol two

times, and rinsing with acetone two times. The equipment was allowed to air dry or was dried with a

stream of dry nitrogen or argon before use. In all tests, phase volumes proportional to the flow rates of

the solvent, scrub, and strip solutions in the CSSX baseline flowsheet were placed into a 100-mL

graduated Pyrex® cylinder. The position of the interface was recorded. The cylinder was capped with a

ground-glass stopper, the solutions were agitated at ambient laboratory temperature for 20 s. Agitation

was suspended for 10 s and then resumed for an additional 20 s. At the end of the second agitation, a

stopwatch was started and the time required for the interface to return to its original position was
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recorded. In these tests, the "original" position was assumed to be that within 1-2 mm of the interface

prior to the agitation and when all indications of dispersed phases at the interface had disappeared. The

total height of the dispersion within the cylinder was measured. Each determination was repeated three

times. Dimensionless dispersion numbers were calculated according to the expression [24]:'

NDi =t- 7 (1)
tb ~

where tb is the break time in seconds, z is the dispersion band height in centimeters, and g, is the

gravitational force of 981 cmns 2.

2.2.2.5 Density

The solvent densities were measured using procedures based on ASTM D891 [25] and ASTM

D1429, [25] using new 50-mL class A borosilicate glass 'volumetric flasks with ground-glass stoppers.

Calibration of the volumetric flasks for density measurements was performed based on ASTM E542 [27].

A Mettler AE260 analytical balance (S/N J19097) capable of measuring to 0.1 mg was used to weigh the

flasks. National Institute of Standards and Technology (NIST)-based test weights were used to check the

balance calibration. A thermometer accurate to 0.1 °C (LaPine 398-12-53) was used to measure the

temperature of the liquid in the flasks. The flasks were cleaned and dried before each use as described

above, using tap water, deionized water, ethanol, and acetone, followed by drying with argon gas. Each

flask was filled using a 10-mL transfer pipette to just below the line and then adjusted to the line with a

small transfer pipette. The actual volume of each flask was calculated from the weight of the water

contained.

2.2.2.6 Viscosity

The viscosities of each of the nine candidate solvents and the previous baseline solvent were

measured at 20, 25, 30, 35, and 40 'C using procedures adapted from ASTM D2196 [28] and the

Brookfield viscometer operating instructions [29]. The determinations were made using a Brookfield

rotational viscometer model LVTDV-II, serial number D15869, with a UL adapter. The water jacket on

the UL adapter was heated and cooled by a VWR model 13270-615 circulation bath, with 190-Ws

cooling, and operated at a coolant recirculation rate of -2 L/min. It contained a 50/50 mixture of ethylene

glycol and water, which was circulated by the water bath circulation pump. The thermometer used, the

LaPine 398-12-53, was immersed in the water bath for the temperature measurement. (There is no room

in the UL adapter for a thermometer.) The spindle speed was set to give a torque percent reading in the

middle or upper portion of the scale. The UL adapter (a large-diameter spindle in a cylindrical container

just slightly larger in diameter than the spindle) is used for measuring low-viscosity liquids (liquids with

viscosities between 1 and 20 cP). The U'L adapter with spindle holds 16 mL of sample for measurement.
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Each test was begun by adding the test solvent to the UL adapter, installing it on the viscometer,

starting the spindle rotation at 60 rpm, and then setting the temperature bath to 20 'C. After the

temperature had stabilized for several minutes, the viscosity of the sample was measured. The

temperature bath was then adjusted to the next temperature and the system temperature allowed to

stabilize before the next reading was taken.

2.2.2.7 Surface tension and interfacial tension

The surface tension of each of the nine candidate solvents, the previous baseline solvent, simulant,

strip solution, and scrub solution were measured at -25 'C using a CSC Du Nouy tensiometer (serial no.

013457) with a 6-cm-circumference ring. The experimental procedures were adapted from ASTM D971

[30] and ASTM D1331 [31]. The tensiometer was calibrated against known weights and its zero point
adjusted according to the' procedure of the manufacturer. Interfacial tension was determined by

measuring the force necessary to detach a planar ring of platinum wire from the surface of the liquid of

higher surface tension, that is, upward from the aqueous-organic interface. To calculate the interfacial

tension, the force so measured was corrected by an empirically determined factor that depends upon the

force applied, the densities of both organic and aqueous layers, .and the dimensions of the ring.

Measurements are made under rigidly standardized nonequilibrium conditions in which the measurement

is completed within 60 s after formation of the interface. The surface tension of deionized water was

measured to determine that the apparatus was functioning correctly. A value of 71-73 dyn/cm must be

obtained; the literature value at 25 °C is 72.0 dyn/cm [32].

A Teflon' sample container having a minimum diameter of 45 mm was, used. The container was

cleaned as described above (with tap water, deionized water, ethanol, and acetone) between each

solvent/aqueous determination. The ring was then flamed in a blue gas flame, using spinning to obtain

rapid, uniform heating. The ring should barely glow orange and should be heated for no more than 5 s.

Interfacial tension measurements were made by carefully placing a layer of the organic on the surface
of the aqueous layer (the aqueous layer was placed in the container first and the ring submerged in this

layer) until a depth of at least 10 mm was reached using a pipette. This procedure was used to ensure that

minimum mixing occurred and that the organic did not touch the surface of the submerged ring. The

organic-aqueous interface was allowed to age for 30 ± 1 s after the last of the organic had been layered

onto the water. The platform was lowered and the value at rupture recorded. The measurement was

timed so that, as nearly as possible, 30 s were required to draw the ring through the interface. The entire

operation, from the time of pouring the organic onto the aqueous until the interface ruptured, was

completed in about 60 ± 10 s. Each solvent was tested in duplicate, with the cup and the ring cleaned

between the two readings.

The interfacial tension of the sample was calculated by means of the following equation:

Interfacial tension, dyn/cm = Pintcrface x F (2)
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where Pj,,f,,o is the scale reading when the film ruptures (in dynes per centimeter) and F is the factor

converting the scale reading (in dynes per centimeter) to interfacial tension, as obtained from Eq. (3). The

value of the diameter ratio, Rir, for the ring, as specified by the manufacturer, is 53.6. The value of F is

obtained as follows:

F 0.7250 + [0.01452Pin,,rf.aC 2 (paq - Porg) + 0.04534 - l.679/(rng/rwit)] 12  (3)

where C is the circumference of the ring (5.992 cm), p, is the density of the aqueous layer at 25 °C, in

grams per milliliter; Porg is the density of the organic layer for interfacial testing at 25 'C" in grams per

milliliter; rnng is the radius of the ring, in centimeters; and rm, is the radius of the wire of the ring, in

centimeters.

2.3 EXPERIMENTAL RESULTS

2.3.1 BOBCalixC6 Solubility

The data on the BOBCalixC6 are a combination of information acquired from the experiments

conducted in the latter portion of FY 2001 (see Experimental Section) and from the previous experiments

[11]. This summary of the experimental results is necessary because of the long periods of time required

for the BOBCalixC6 to achieve the solubility equilibrium condition. Table 4 summarizes the data

obtained from the most recent solubility study.

The time-trend analysis of the data shows that after eight weeks, solubility equilibrium has not been

achieved. Nevertheless, the data imply the supersaturation of the baseline solvent. After 36 weeks, the

change in the calixarene content is fairly minor, as can be seen in Figs. 1-3, where the temperatures were

chosen to represent respectively the minimum, medium, and maximum temperatures encountered in the
process. (Note that the results after 36 weeks were not available when the composition of the optimized

solvent was chosen [21]).
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The experiment carried out at 35 'C indicates that the solubility of calixarene in a solvent containing

the chosen concentration of modifier for the optimized solvent (0.75 M) varied minimally -in 6 months,

and the concentration of soluble calixarene is still greater than 7 mM. For the two other temperatures,,the

gap between the measurements performed in October 2001 and in April 2002 is larger, but BOBCalixC6

is still at a concentration greater than 7 mM in both cases for a concentration of modifier of 0.75 M.
A conservative estimate of the lower bound of the BOBCalixC6 solubility at 25 'C was obtained by

reanalysis of samples from the solubility study that was initiated approximately 1 year ago [ 11]. These

samples had been stored at the original experimental temperatures with intermittent agitation. Selected

results are summarized in Fig. 4. As indicated in the legend, data are shown for both as-received and

recrystallized BOBCalixC6 and for equilibrium approached from the direction of both dissolution (solid

BOBCalixC6 present at start) and precipitation (starting with supersaturated BOBCalixC6 upon

sonication and then seeding). In each case, no TOA or water is present in the solvent; that is, solid

BOBCalixC6 is suspended in Cs-7SB at the indicated concentration in Isopar® L only. A tabulation of

the data after I year, including systems containing TOA and water, is given in Table 5. Except for the

single data point at 0.25 M Cs-7SB, which shows a deviation of ±26%, the average analytical deviation

among duplicate samples is ±3.5%. The data show that TOA. and water have little or no effect on

BOBCalixC6 solubility.
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The experiment carried out at 35 °C indicates that the solubility of calixarene in a solvent containing 

the chosen concentration of modifier for the optimized solvent (0.75 M) varied minimally.in 6 months, 

and the concentration of soluble calixarene is still greater than 7 mM. For the two other temperatures,'the 

gap between the measurements performed in October 2001 and in April 2002 is larger, but BOBCalixC6 

is still at a concentration greater than 7 mM in both cases for a concentration of modifier of 0.75 M. ,. . 
A conservative estimate of the lower bound of the BOBCalixC6 solubility at 25°C was obtained by 

reanalysis of samples from the solubility study that was initiated approximately 1 year ago [111. These 

samples had been stored at the original experimental temperatures with intermittent agitation. Selected 

results are summarized in Fig. 4. As indicated in the legend, data are shown for both as-received and 

recrystallized BOBCalixC6 and for equilibrium approached from the direction of both dissolution (solid 

BOBCalixC6 present at start) and precipitation (starting with supersaturated BOBCalixC6 upon 

sonication and then seeding). In each case, no TOA or water is present in the solvent; that is, solid 

BOBCalixC6 is suspended in Cs-7SB at the indicated concentration in Isoparll!> L only. A tabulation of 

the data after 1 year, including systems containing TOA and water, is given in Table 5. Except for the 

single data point at 0.25 M Cs-7SB, which shows a deviation of ±26%, the average analytical deviation 

among duplicate samples is ±3.5%. The data show that TOA and water have little or no effect on 

BOBCalixC6 solubility. 
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Table 4. BOBCalixC6 solubility data from FY 2001 study'

[BOBCalixC6] (mM)
[Cs-7SB] 15 °C 25 °C 35 °C

(M)
Initial 4 wks 8 wks 36 wks 4 wks 8 wks 36 wks 4 wks 8 wks 36 wks

0.50 59 17.5 8.80 6.70 11.7 10.7 6.59 9.50 7.94 6.04

0.65 59 22.9 11.5 8.54 17.3 14.0 7.72 12.9 9.72 7.98

0.75 59 35.0 15.2 10.4 19.7 13.1 7.69 15.4 11.2 10.1

0.85 59 45.6 18.3 12.9 35.7 15.9 10.5 20.5 14.7 11.3

1.0 59 49.5 25.7 18.1 54.1 23.1 11.6 44.7 19.0 12.9
'Each value is the average of an analysis of each of duplicate solubility samples.

U

CU

60.

0.014

0.012

0.010

0.008

0.006

0.004

0.002

0

0

010

S ........... .......... .------ ........ .....

).2 0.3 0.4 0.5 0.6
[Cs-7SB], (M)

0.7 0.8

0

A

Recrystallized BOBCalixC6, dissolution, equilibrated for 52 days

Recrystallized BOBCalixC6, dissolution, equilibrated for 410 days

As-received BOBCalixC6, precipitation, equilibrated for 38 days

As-received BOBCalixC6, precipitation, equilibrated for 395 days

Fig. 4. Comparison of BOBCalixC6 solubility data. The circles correspond to
solubility tests performed by dissolution with recrystallized calixarene; the triangles
correspond to solubility tests performed by precipitation with calixarene used as-
received.

15

~ ,........, 
'-C 
U 
~ ... -,CO= 

U 
~ o 
B 

.0.014 

0.012 

0.010 

0.008 

0.006 

0.004 

0.002 

o 

~.:: 1 i 6 

::=r:~E:I::-[--E= 
" , , . ' " 

~""·"""I· ............ ·t ............ ·t"""··""·-f-"""·"··+""~"-
_···········!·············t···········,·············l· ........... -1-" .. _ .... -

~··-··1·-····· l ......... + ......... l·· .. ·--t---
I j i, i j 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 
[Cs-7SB], (M) 

o Recrystallized BOBCalixC6, dissolution, equilibrated for 52 days 

• Recrystallized BOBCalixC6, dissolution, equilibrated for 410 days 

t::.. As-received BOBCalixC6, precipitation, equilibrated for 38 days 

A As-received BOBCalixC6, precipitation, equilibrated for 395 days 

Fig. 4. Comparison of BOBCalixC6 solubility data. The circles correspond to 
solubility tests performed by dissolution with recrystallized calixarene; the triangles 
correspond to solubility tests performed by precipitation with calixarene used as­
received. 

15 



Conservatively, the lower bound of the BOBCalixC6 thermodynamic solubility corresponds to the

recrystallized BOBCalixC6 that had been dissolving over the course of 13 months. At 0.75 M Cs-7SB,

the lower bound at 25 'C is 7.55 mM. Although the solubility of BOBCalixC6 generally increases with

increasing Cs-7SB concentration, a gap exists between the data for the recrystallized BOBCalixC6 that is

dissolving and the as-received BOBCalixC6 that is precipitating.

Table 5. BOBCalixC6 solubility data from FY 2000 study'

Sample [Cs-7SB] [TOA] Solvent Dissolution [BOBCalixC6] [BOBCalixC6] [BOBCalixC6]

no. (M) (mM) washed? method purification (mM) average (mM)

Recrystallized

5-A 0.25

5-B 0.25

6-A 0.50

6-B 0.50

7-A 0.75

7-B 0.75

8-A 0.50

8-B 0.50

9-A 0.50

9-B 0.50

0

0

0

0

0

0

1

1

No

No

No

No

No

No

No

No

Dissolve

Dissolve Recrystallized

Dissolve Recrystallized

Dissolve' Recrystallized

Dissolve

Dissolve

Dissolve

Dissolve

1
1

Yes Dissolve

Yes Dissolve

10-A

10-B

11-A

11-B

12-A

12-B

0.50

0.50

0.50

0.50

0.75

0.75

1
1

0

0

0

0

0
0

No

No

No

No

No

No

Precipitate

Precipitate

Precipitate

Precipitate

Precipitate

Precipitate

Recrystallized

Recrystallized

Recrystallized

Recrystallized

Recrystallized

Recrystallized

Recrystallized

Recrystallized

As Received

As Received

As Received

As Received

As Received

As Received

2.62

1.55

4.31

4.76

6.98

8.12

4.38

4.48

4.26

4.64

6.18

6.68

7.26

7.05

11.1

10.8

5.11

4.45

2.08

4.54

7.55

4.43

6.43

7.15

10.95

13-A 0.50

13-B 0.50

Yes Precipitate

Yes Precipitate

'HPLC analysis of samples held at 25 'C for approximately 13 months.
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recrystallized BOBCalixC6 that had been dissolving over the course of 13 moqths. At 0.75 M Cs-7SB, 

the lower bound at 25°C is 7.55 mM. Although the solubility of BOBCalixC6 generally increases with 

increasing Cs-7SB concentration, a gap exists betwe~n the data for the recrystallized BOBCalixC6 that is 

dissolving and the as-received BOBCalixC6 that is precipitating. 
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Sample [Cs~7SB] [TOA] Solvent Dissolution [BOBCalixC6] [BOBCalixC6] [BOBCalixC6] 

no. (M) (roM) washed? method purification . (roM) average (roM) 

Recrystallized 

5-A 0.25 0 No Dissolve 2.62 

5-B 0.25 0 No Dissolve Recrystallized 1.55 2.08 

6-A 0.50 0 No Dissolve Recrystallized 4.31 

6-B 0.50 0 No Dissolve Recrystallized 4.76 4.54 

7-A 0.75 0 No Dissolve Recrystallized 6.98 

7-B 0.75 0 No Dissolve Recrystallized 8.12 7.55 

8-A 0.50 1 No Dissolve Recrystallized 4.38 

8-B 0.50 1 No Dissolve Recrystallized 4.48 4.43 

9-A 0.50 1 Yes Dissolve Recrystallized 4.26 

9-B 0.50 1 Yes Dissolve Recrystallized 4.64 4:45 

IO-A 0.50 No Precipitate Recrystallized 6.18 

IO-B 0.50 No Precipitate Recrystallized 6.68 6.43 

Il-A 0.50 0 No Precipitate As Received 7.26 

ll-B 0.50 0 No Precipitate As Received 7.05 7.15 . 

12-A 0.75 0 No Precipitate As Received 11.1 
@ 

\ 
12-B 0.75 0 No Precipitate As Received 10.8 10.95 

13-A 0.50 0 Yes Precipitate As Received 5.11 

13-B 0.50 0 Yes Precipitate As Received 

°HPLC analysis of samples held at 25°C for approximately 13 months. 
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From the data shown in Fig. 1, one may conclude that the true solubility of BOBCalixC6 in Isopar® L

that contains only Cs-7SB at 25 'C lies within this gap. Both sets of data show a very slow convergence

over the course of the past year. The increases in solubility upon dissolution were 8.4% and 16.5% for

0.5 and 0.75 M Cs-7SB, respectively. The comparable decreases upon precipitation were 9.7% and

13.4% for 0.5 and 0.75 M Cs-7SB, respectively. At this time, it is impossible to determine conclusively

whether the upper set differs from the lower set because of the purity of BOBCalixC6 or because of the

direction from which equilibrium is being approached. However, we believe that the latter cause is more

probable, because the high concentration of Cs-7SB likely negates any effects on solubility of minor

impurities in the as-received BOBCaIixC6. As discussed earlier [11], these impurities apparently have an

effect on the rate of dissolution of BOBCalixC6. Whereas recrystallized BOBCalixC6 can be dissolved

very slowly (even with prolonged sonication and warming), the as-received material, nominally 97%

pure, quickly dissolves to concentrations as high as 50 rmM. For this reason, it has been impractical to

experimentally approach equilibrium by precipitation of recrystallized BOBCalixC6. It is clear, then, that

the lower bound of 7.55 mM BOBCalixC6 at 0.75 M Cs-7SB is a conservative estimate for the

BOBCalixC6 solubility. Not only is the final plateau concentration of BOBCalixC6 likely to be higher,

but the most realistic condition in a plant environment is for equilibrium to be approached by precipitation

of the as-received material.

2.3.2 Cesium Distribution Results

The cesium distribution data obtained with the ESS tests are summarized in Tables 6 and 7. The data

in Table 6 are for the series of test samples containing 1 mM TOA, and the results in Table 7 are for the

series of test samples containing varying amounts of TOA and modifier with fixed BOBCalixC6

concentration.
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Table 6. ESS results obtained with constant TOA concentration'

[BOBCalixC6] [Cs-7SB] Dcý

(mM) (M) Extract Scrub Scrub Strip Strip Strip Strip
# 1 #2, #1 #2 #3 #4

10 0.50 17.2 1.52 1.52 0.114 0.070 0.055 0.051

10 0.65 19.6 1.75 1.79 0.136 0.084 0.066 0.057

10 0.75 20.7 1.91 1.91 0.152 0.092 0.072 0.062

8 0.65 15.4 1.38 1.44 0.109 0.066 0.053 0.045

8 0.75 16.1 1.52 1.54 0.120 0.075 0.056 0.050

8 0.85 17.2 1.68 1.66 0.134 0.077 0.062 0.053

8 1.00 17.7 1.87 1.78 0.145.' 0.086 0.069 0.060

6 0.75 12.2 1.12 1.16 0.089 0.051 0.042 0.036

6 0.85 12.3 1.23 1.25 0.095 0.055 0.044 0.040

6 1.00 13.6 1.39 1.39 0.112 0.065 0.051 0.046

aTemperature = 25 'C. '[TOA] 1 mM.

Interest in increasing the TOA concentration is twofold. First, as the TOA concentration increases,

the CSSX process becomes more resistant to anionic impurities. Second, thermal'[11] and radiolytic

[12,14] stability test results showed that TOA is the solvent component most susceptible to

decomposition. However, the concentration cannot be increased excessively, because the organic-phase

concentration of nitrate in the scrub stage will increase by the protonation of TOA. This extracted nitrate

will be partially released in the first strip stage, causing the value of Dc, for the first strip stage to

increase, which could ultimately limit stripping efficiency. Assuming an O:A ratio of 5:1 in the strip

section, stripping becomes ineffective (because of "pinching") when the first strip Dc, value becomes

equal to or greater than 0.2. The data show that stripping will not be so affected at TOA concentrations as

high as 10 mM.

The results show that values of Dc, for the two scrubs decrease as the concentration of TOA

increases. This behavior is expected, because more nitrate is extracted, .which both decreases the aqueous

nitrate concentration and decreases the effective concentration of modifier, as more modifier molecules

are tied up in solvating the nitrate. The Dc, values in the initial strip stages also increase. Again, this

result is expected, because greater nitrate extraction in scrubbing implies greater release of nitrate from

the solvent into the strip aqueous phase. As a result of this higher nitrate concentration in the first strip

stage and resultant higher Dca, more stages are required for the Dc, value to converge to the limiting

value. This limiting value should, in principle, be the same for all TOA concentrations. It also appears

that the extraction Dc, values decrease with increasing TOA concentrations. Assuming this slight

decrease is real, it may reflect more modifier molecules being tied up in solvating the TOA.
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nitrate concentration and decreases the effective concentration of modifter, as more modifter molecules 
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that the extraction Dcs values decrease with increasing TOA concentrations. Assuming this slight 

decrease is real, it may reflect more modifter molecules being tied up in solvating the TOA. 
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Table 7. ESS results obtained with two selected solvents with variable TOA concentrations'

Des

[TOA], (mM) Extract Scrub Scrub Strip Strip Strip Strip
no.1 no.2 no.1 no.2 no.3 no.4

[BOBCalixC6] = 8 mM, [Cs-7SB] = 0.65 M

1 15.4 1.38 1.44 0.109 0.066 0.053 0.045

3 14.9 1.08 1.39 0.116 0.081 0.069 0.056

10 14.7 1.00 0.76 0.134 0.104 0.090 0.076

[BOBCalixC6] = 8 mM, [Cs-7SB] = 0.75 M

1 16.4 1.54 1.55 0.121 0.073 0.059 0.052

3 15.5 1.26 1.49 0.124 0.083 0.075 0.059

10 15.2 1.20 0.70 0.137 0.101 0.091 0.078

'Temperature = 25 'C.

Based on the cesium distribution ratio (Dcj) data contained in Tables 6 and 7, all of the tested solvent
compositions meet the Dc, acceptance criterion. The Dc, values in Tables 6 and 7, when analyzed as log
Dc, versus log(BOBCalixC6 concentration) and log Dc, versus log(Cs-7SB modifier concentration), are

linear with slopes approximately equal to one. Using these relationships, a simple set of equations can be

used to predict the Dc, values as a function of the BOBCalixC6 and Cs-7SB modifier concentrations. The

results of the prediction for BOBCalixC6 and modifier concentrations about the recommended solvent

composition are given in Appendix A, Table A. 1.

2.3.3 Flowsheet Robustness

A series of Spreadsheet Algorithms for Stagewise Solvent Extraction (SASSE) [33] calculations were

performed using the Dc, values contained in Tables 6 and 7. The assumptions used in these calculations
include the following: (1) the extraction and scrub Dc, values are proportional to the concentration of free

BOBCalixC6 in the organic phase; (2) the BOBCalixC6 is loaded with only one cesium ion; (3) the Dc,
value for the strip is proportional to the concentration of nitrate in the aqueous phase; (4) the total cesium

concentration of the waste feed is 0.00014 M; (5) the temperature of the entire contactor cascade is 25 'C;
(6) the stage efficiency is 80%; (7) 0.1% other-phase carryover occurs between stages; (8) there are

15 extraction stages, 2 scrub stages, and 15 strip stages; (9)- there are 20.1 gal/min of waste feed and

1.33 gal/min of strip feed, and (10) the O:A in the scrub section is 5.0.
The results of the calculations are given in Table 8. The robustness number (Rb) is defined as the

ratio of the decontamination factor for a given set of flowsheet conditions to the process-required

bounding decontamination factor of 40,000. The baseline flowsheet specifies a solvent flow rate of
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6.6 gal/min [3]. The maximum robustness was obtained by varying the solvent flow rate, which is shown

in the fourth column of Table 8.

All of the solvent compositions tested meet the bounding criterion for robustness at the baseline

solvent flow rate; however, the two solvent compositions containing 10 mM TOA do not meet the "goal"

(i.e., the target criterion) for robustness. When the solvent flow rate is adjusted to achieve the maximum

robustness, all of the solvent compositions meet the goal for robustness.

Table 8. Calculated robustness for various CSSX solvent compositions

Rb at 6.6 gal/min Optimum flow rate

Solvent identification0  waste feed Rbmax (Flow rate at Rbr,,x, gal/min)

Previous baseline 21.9 25.3 6.1

B001107-3-1 11.9 26.4 5.3

B001107--3-2 25.0 25.3 6.7

B001107--3-3 6.6 23.6 4.9

B001107-3-4 19.3 20.7 6.2.

B001107-3-5 8.8 24.3 8.5

B001107-3-6 15.7 21.2 5.8

B001107-3-7 9.1 17.8 8.0

B001107-3-8 7.3 15.4 5.4

B001107-3-9 14.3 15.6 7.0

B001107-3-2A 8.8 10.1 6.1

B001107-3-2B 1.1 3.0 5.3

B001107-3-4C 6.9 9.7 5.8

B001107-3-4D 1.0 3.2 5.1
aSee Table 2 for the composition of the specified solvent.

It should be noted that the SASSE calculations are considered to be conservative, since they assume a

constant process temperature and a stage efficiency of 80%. In the actual process, the extraction section

will be kept cooler than the strip section; thereby improving the process robustness. For example, if the

extraction section were at 25 °C, the scrub section at 29 'C, and the strip section at 33 'C, the robustness

for the baseline solvent at a flow rate of 6.6 gal/min increases from 21.9 to 80.7. Thus, process robustness

can be increased substantially by means of temperature control.

At the time the calculations were performed, it was believed that while a stage efficiency of 80% was

assumed for the centrifugal contactor, the expected efficiency will be greater than 90% [34,35].

Assuming a 90% stage efficiency in the SASSE calculations at 25 'C, the robustness for the baseline
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solvent at a flow rate of 6.6 gal/min would increase from 21.9 to 599. Higher stage efficiency, which can

be expected with the plant-scale contactors, would increase process robustness. Since then, experiments

carried out at INEEL with the baseline solvent in 5.5 cm contactors (ORNL design) showed a lower

efficiency (72-75% on extraction, 36-60% on stripping). However, it is expected that process chemistry

was not the cause, that an optimized contactor design could solve the low efficiency issue and that the

assumptions considered for the SASSE calculations were still valid [36].

2.3.4 Third-Phase Formation

One of the major criteria the solvent must meet is the absence of third-phase formation for the

expected maximum loading of the solvent at 15 'C, which occurs at the high cesium and potassium

concentrations. This requirement was determined in FY 2001 at the time the process temperature range

was established [3]. The results of the third-phase evaluations for solvents containing 1 mM TOA are

presented in Table 9. Results of these experiments indicate that the use of any solvent containing 10 mM

BOBCalixC6 is not recommended at a Cs-7SB modifier concentration less than 0.75 M.

Table 9. Temperature range for third-phase appearance

Temperature range ( C)
[BOBCalixC6] [Cs-7SB]

(fmiM) (M) Full SRS High-potassium High-cesium and high-

simulant simulant potassium simulant

10 0.50 15.0-16.5 17.5-20.0 17.5-20.0

10 0.65 12.0-13.0 15.0-16.5 15.0-16.5

10 0.75 10.0-11.0 12.0-13.0 12.0-13.0

8 0.65 10.0-11.0 12.0-13.0 12.0-13.0

8 0.75 8.5-9.0 10.0-11.0 10.0-11.0

8 0.85 7.5-8.0 8.5-9.0 8.5-9.0

8 1.00 6.5-7.0 6.5-7.0 6.5-7.0

6 0.75 6.5-7.0 8.0-8.5 8.5-9.0

6 0.85 5.0-6.5 7.0-7.5 7.0-7.5

6 1.00 F V F
aThe letter "F" denotes that the solvent did not exhibit a thirdzphase at 5 'C. However, because

of the high concentration of modifier, the solvent viscosity had increased significantly at that
temperature, making observation of a third-phase difficult.
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2.3.5 Solvent Dispersion Numbers

The results for the dispersion-number determinations are given in Table 10 and shown graphically in

Fig. 5. The subset of the solvent test samples contained 1 mM TOA. The data for the baseline solvent are

taken from earlier testing [34]. The results show that all nine compositions meet the dispersion-number

criterion for extraction, scrub, and strip conditions (cf. Table 1).

Dispersion-number determinations for a selected subset of the samples against 10-mM NaOH wash

solutions are shown in Fig. 6. None of the solvent samples met the NaOH solvent-wash solution

criterion. The 10-mM NaOH concentration was used during the FY 2001 flowsheet tests at Argonne

National Laboratory [16], which used simulant as the feed, and tests at Savannah River Technology

Center [17], which used real waste as the feed. During these tests, minor emulsion formation was

observed. Solvent samples BOO 1107-3-4 and B001107-3-5 were determined to have the most desirable

characteristics when compared against all of the selection criteria. These two solvents were selected for

dispersion-number determinations as a function of NaOH concentrations. The results of these tests are

given in Table 11 and shown graphically in Fig. 7. When the NaOH concentration was 300 mM, these

two solvent compositions met the dispersion-number criterion for solvent washing.

Table 10. Dispersion numbers for extraction, scrub, and stripping of CSSX solvents

Dispersion number

Wash/solvent

Solvent 0.01 M NaOH

description' Simulant/solvent Scrub/solvent Strip/solvent (O:A = 5:1)

Previous baseline 0.00149 0.00096 0.00115 -

B00 1107-3-1 0.00075 0.00102 0.00091 -

B001107-3-2 0.00056 0.00070 0.00078 0.00022

B001107-3-3 0.00102 0.00052 0.00088 -

BOO 1107-3-4 0.00102 0.00053 0.00094 0.00034

B001107-3-5 0.00118 0.00050 0.00088 0.00024

BOO 1107-3-6 0.00105 0.00059 0.00075 0.00016

B001107-3-7 0.00125 0.00058 0.00085 0.00016

B001 107-3-8 0.00120 0.00062 0.00054 -

B001107-3-9 0.00141 0.00041 0.00051 -

'See Table .2 for the composition of the specified solvent.
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Table 11. Dispersion numbers for washing of CSSX solvents B001107-3-4 and B001107-3-5

Solvent/wash dispersion number

Solvent

descriptor' 0.01 M NaOH wash 0.03 M NaOH wash 0. 1 M NaOH wash 0.3. M NaOH wash

B001107-3-4 0.00035 0.00037

BOO 1107-3-5 0.00024 0.00031
'See Table 2 for the composition of the specified solvent.
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E
z
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Fig., 7. CSSX solvent dispersion numbers for solvent washing as a function
of NaOH concentration.

2.3.6 Solvent Density

The results of the density determinations are presented in Table 12. As expected, solvent density is

primarily dependent on the modifier concentration. The relationship between density and modifier

concentration is shown in Fig. 8. All the solvent samples that were tested met the bounding criterion for

density (cf. Table 1); however, the solvent samples with modifier concentrations equal to or greater than

0.85 M did not meet the goal for density.
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Table 11. Dispersion numbers for washing of CSSX solvents B001107·3·4 and BOO1107·3·5 
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Table 12. Solvent-density determinations

Solvent Mass of Densityb [Calix] [Modifier] Corrected Mass of Specific 50-mL
identification' solvent (glcm3) (M) (M) volume water gravity vol.

(g) (mL) (g) flask

Baselinec 0.810

B001107-3-1 41.9085 0.8395 0.010 0.65 49.9202 49.7819 0.99723 1

B001107-3-2 41.9230 0.8395 0.008 0.65 49.9362 49.7979 0.99723 2

B001107-3-3 42.5920 0.8531 0.010 0.75 49.9242 49.7859 0.99723 3

B001107-3-4 42.5149 0.8525 0.008 0.75 49.8703 49.7322 0.99723 5

B001107-3-5 42.4714 0.8516 0.006 0.75 49.8703 49.7322 0.99723 5

BOO1 107-3-6 43.0887 0.8644 0.008 0.85 49.8480 49.7099 0.99723 6

B001107-3-7 43.1036 0.8632 0.006 0.85 49.9362 49.7979 0.99723 2

B001107-3-8 44.0269 0.8819 0.008 1.00 49.9242 49.7859 0.99723 3

B001107-3-9 44.6565 0.8951 0.006 1.00 49.8925 49.7543 0.99723 4

'See Table 2 for the composition of the specified solvent.
bTemperature was 25.6 'C.

•Measured previously on previous-baseline pristine solvent.
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Fig. 8. CSSX solvent density as a function of Cs-7SB modifier concentration for 25.6 'C.
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BOOJ 107-3-6 43.0887· 0.8644 0.008 0.85 49.8480 49.7099 0.99723 6 

BOO 1107-3-7 43.1036 0.8632 0.006 0.85 49.9362 49.7979 0.99723 2 

BOOI107-3-8 44.0269 0.8819 0.008 1.00 49.9242 49.7859 0.99723 3 
,-

BOOII07-3-9 44.6565 0.8951 0.006 1.00 49.8925 49.7543 0.99723 4 

DSee Table 2 for the composition of the speCified solvent. 
bTemperature was 25.6 0c. 
"Measured previously on previous-baseline pristine solvent. 
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Fig. 8. CSSX solvent density as a function of Cs-7SB modifier concentration for 25.6 °C. 
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2.3.7 Solvent Viscosity

The results of the solvent-viscosity measurements are shown in Fig. 9, and Fig. 10 shows the shear

stress as a function of temperature. The data are presented in tabular form in Table 13. The solvents with

the lowest concentration of the Cs-7SB modifier have the lowest viscosity. The BOBCalixC6

concentration has only a minor effect on the viscosity decrease, because its concentration decreases at a

given Cs-7SB concentration. The viscosity of all solvent samples decreases with increasing temperature,

as expected for this type of liquid.

- So nt 4 - -So nt 5 -4-- So>n_ 6

20-25- t0 7 a S 35vnt8 -A-4S-0t9

Fi. . ovet isoit a fucio of, te• .o6mperatur. h

number# and the 0.l5 M Cegend are the test#numbers0frm.
• ' if ad#3 : 1.W i-S

A o "--•..She. rate. 77.44 -dc'

25 30354

Temperature (*C)

Fig. 9. Solvent viscosity as a function of temperature. The
•numbers in the legend are the test numbers from Table 2.

26

" 

2.3.7 Solvent Viscosity 

The results of the solvent-viscosity measurements are shown in Fig. 9, imd Fig. 10 shows the shear 

stress as a function of temperature. The data are presented in tabular form in Table 13. The solvents with 

the lowest concentration of the Cs-7SB modifier have the lowest viscosity. The BOBCalixC6 

- concentration has only a minor effect on the viscosity decrease, because its concentration decreases at a 

given Cs-7SB concentration. The viscosity of all solvent samples decreases with increasing temperature, 

as expected for this type of liquid. 

-.Sotvent, 

--J:f-SoIvent4 

-r Sofvent 7 

-6- Sotvent 2 
__ Solvent 5 

o SolventS 

-JE-SoIwnt3 

-+- Sotvent 6 

..... - Solvent 9 

.1 and #3 = 0.01 t.A Bo8Ca1ix 
#2, #4, 118, tIS = 0.008 M BoSCaJix 

#5, tn, 19 = 0.006 M Bo8CarlX 

#1 and 112 = 0.65 M Ca-7SB 
113.114. #5'; 0.75 M C .. 7SB 
1¥6 and #7 = 0.65 M Ca-7SB 
~ and tIS = 1.00 M (A..7SB 

~------------.~----~'~,~.~============~==========~==~~ ~ ~ 0......... Shear rate = 77.44 sec" 

1:' >-".-., 
~ ~-
~ -~-~ 
> 4+-~~~~----~~~--------------~----'--~-~------------­-----._--

o 

2+-------------~------------__ ------------__ ------------~ 
211 25 30 

Temperature (OC) 
35 

Fig. 9. Solvent viscosity as a function of temperature. The 
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E . "' . 0 8and#J= 1.O0MCs-7SB I
A, E #. Shear rate - T7.44 sec'

"" "-. • •k..... .at 60 rpm spindle speed

- 3

r0r

20 25 30 35 40
Temperature (C)

Fig. 10. Solvent shear stress as a function of temperature. The
solvent numbers in the legend are the test numbers from Table 2.

Table 13. Solvent-viscosity determinations'

Solventb Temperature Torque Viscosityc Shear stress
(°C) (%) (cP) (dyn/cm2)

BOO 107-3-1 20.00 37.3 3.74 2.73

25.00 32.3 3.24 2.37

30.00 28.2 2.84 .2.07

35.00 24.9 2.49 1.82

40.00 22.2 2.22 1.62

B001107-3-2 19.98 36;9 3.70 2.71

25.02 31.9 3.19 2.33

30.02 28.0 2.80 2.05

35.00 24.8 2.48 1.82

40.00 22.2 2.22 1.62

BOO 1107-3-3 20.00 43.2 4.31 3.16

25.00 36.9 3.69 2.70

30.02 31.9 3.19 2.33

35.08 28.0 2.81 2.05

40.00 24.8 2.49 1.82
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Fig. 10. Solvent shear stress as a function of temperature. The 
solvent numbers in the legend are the test numbers from Table 2. 

Table 13. Solvent-viscosity determinationsa 

Solventb Temperature Torque Viscosityc Shear stress 
(0C) (%) (cP) . (dynJcm2

) 

BOOII07-3-1 20.00 37.3 3.74 2.73 

25.00 32.3 3.24 2.37 

30.00 28.2 2.84 2.07 

35.00 24.9 2.49 1.82 

40.00 22.2 2.22 1.62 

BOO1107-3-2 19.98 36,9 3.70 2.71 

25.02 31.9 3.19 2.33 

30.02 28.0 2.80 2.05 

35.00 24.8 2.48 1.82 

40.00 22.2 2.22 1.62 

8001107-3-3 20.00 43.2 4.31 3.16 

25.00 36.9 3.69 2.70 

30.02 31.9 3.19 2.33 

35.08 28.0 2.81 2.05 

40.00 24.8 2.49 1.82 
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Table 13 - continuation. Solvent-viscosity determinations'

Solventb Temperature Torque Viscosityc Shear stress
(°C) (%) (cP) (dyn/cm2 )

B001.107-3-4

BOO 1107-3-5.

BOO 1107-3-6

BOO 1107-3-7

BOO 1107-3-8

BOO 1107-3-9

20.00

25.00

25.00

30.00

35.00

40.02

20.00

25.00

30.00

35.02

40.02

20.00

25.00

30.03

35.05

40.05

19.96

25.00

30.00

35.02

40.06

20.00

25.05

30.06

35.06

40.06

19.95

25.00

30.02

35.05

40.05

41.8

36.0

36.0

31.2

27.4

24.4

41.3

35.7

31.0

27.1

24.0

47.8

40.7

34.9

30.5

26.8

47.3

40.3

34.6

30.2

26.6

58.5

49.0

41.6

35.8

31.3

67.1

55.4

46.5

39.7

34.3

4.17

3.61

3.61

3.12

2.74

2.44

4.12

3.57

3.11

2.70

2.40

4.78
4.07

3.49

3.06

2.69

4.74

4.04

3.46

3.02

2.65

5.85

4.91

4.16

3.59

3.12

6.71

5.56

4.66

3.97

3.44

3.05

2.63

2.63

2.28

2.00

1.78

3.01

2.61

2.27

1.98

1.76

3.50

2.98

2.55

2.23

1.96

3.47

2.95

2.54

2.21

1.94

4.27

3.59

3.04

2.62

2.28

4.90

4.06

3.40

2.89

2.51
'Brookfield LVTDV-I1 (Serial Number D 15869) UL Adapter with heating .jacket.
bSee Table 2 for the composition of the specified solvent.
cStandard deviation is estimated to be ±0.1 centipoise (cP).
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Table 13 - continuation. Solvent-viscosity determinations4 

Solventb Temperature Torque Viscosity" Shear stress 
. (0C) (%) (cP) (dyn/cm2) 

BOOl107-3-4 20.00 41.8 4.17 3.05 

25.00 36.0 3.61 2.63 

25.00 36.0 3.61 2.63 

30.00 31.2 3.12 2.28 

35.00 27.4 2.74 2.00 

40.02 24.4 2.44 1.78 

BOO 1 107-3-:5 ': 20.00 41.3 4.12 .. 3.01 

25.00 35.7 3.57 2.61 

30.00 31.0 3.11 2.27 

35.02 27.1 2.70 1.98 

40.02 24.0 2.40 1.76 

BOO I 107-3-6 20.00 47.8 4.78 3.50 

25.00 40.7 4.07 2.98 

30.03 34.9· 3.49 2.55 

35.05 30.5 3.06 2.23 

40.05 26.8 2.69 1.96 

BOOI107-3-7 19.96 47.3 4.74 3.47 

25.00 40.3 4.04 2.95 

30.00 34.6 3.46 2.54 

35.02 30.2 3.02 2.21 

40.06 26.6 2.65 1.94 

BOOII07-3-8 20.00 58.5 5.85 4.27 

25.05 49.0 4.91 3.59 

30.06 41.6 4.16 ·3.04 

35.06 35.8 3.59 2.62 

40.06 . 31.3 3.12 2.28 

BOOl107-3-9 19.95 67.1 6.71 4.90. 

25.00 55.4 5.56 4.06 

30.02 46.5 4.66 3.40 

35.05 39.7 3.97 2.89 

40.05 34.3 3.44 2.51 

DBrookfield LVTDV-II (Serial Number D15869) UL Adapter with heating jacket. 
bSee Table 2 for the composition of the specified solvent. 
cStandard deviation is estimated to be :to.l centipoise (cP). 

28 



2.3.8 Solvent Interfacial Tension

The results of the measurements are given in Tables 14-17 and are shown graphically in Figs. II

and 12. The tables contain the data for the four series of tests. Figure 11 shows the surface tension of the

solvents and also contains the surface tensions of the aqueous simulant, scrub solution, and strip solution.

Figure 12 shows the interfacial tension of the solvents versus simulant, scrub, and strip solutions. The

results reveal nothing unusual, and the individual solvents behave similarly with the three aqueous

solutions tested.

Table 14. Surface-tension determinations

Indicated Instrument Actual

surface tension reading, Correction surface
Solution Density (dyn/cm) average factor (F) tension

identificationa (g/cm 3) Trial I Trial 2 (Pinterfac) from Eq. 3 (dyn/cm)

BOO] 107-3-1 0.8395 26.9 26.8 26.9 0.8896 23.9

B001107-3-2 0.8395 26.8 26.8 26.8 0.8895 23.8

BOO1107-3-3 0.8531 26.8 26.7 26.8 0.8888 23.8

B001107-3-4 0.8525 26.8 26.9 26.9 0.8890 23.9

B001107-3-5 0.8516 27.0 27.1 27.1 0.8893 24.1

B001107-3-6 0.8644 27.0 .26.9 27.0 0.8886 23.9

B001107-3-7 0.8632 26.9 27.0 27.0 0.8886 23.9

B001107-3-8 0.8819 27.0 27.1 27.1 0.8879 24.0

B001107-3-9 0.8951 27.1 27.0 27.1 0.8874 24.0

Strip solution 0.9974 41.0 40.0 40.5 0.8999 36.4

Scrub solution 0.9984 48.3 48.1 48.2 0.9085 43.8

Simulant 1.2536 64.6 64.8 64.7 0.9122 59.0

'See Table 2 for the composition of the specified solvent.
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Table 15. Interfacial tension versus simulant

Indicated Instrument Actual

interfacial tension reading, Correction interfacial

Solvent Density (dyn/cm) average factor tension

identificationa (g/cm 3) Trial I Trial 2 (Psiarf) from Eq. 3 (dynlcm)

B001107-3-1 0.8395 20.5 20.8 20.7 0.9103 18.8

B001107-3-2 0.8395 20.8 20.7 20.8 0.9106 18.9

B001107-3-3. 0.8531 20.9 20.8 20.9 0.9127 19.0

B001107-3-4 0.8525 20.7 20.5 20.6 0.9119 18.8

B001107-3-5 0.8516 20.7 20.6 20.7 0.9119 18.8

B001107-3-6 0.8644 20.3 20.4 20.4 0.9129 18.6

B001107-3-7 0.8632 20.2 20.4 20.3 0.9126 18.5

B001107-3-8 0.8819 20.5 20.5 20.5 0.9160 18.8

B001107-3-9 0.8951 20.1 20.3 20.2 0.9172 18.5
aSee Table 2 for the composition of the specified solvent.

Table 16. Interfacial tension versus scrub solution

Indicated Instrument Actual

interfacial tension reading, Correction interfacial

Solvent Density (dyn/cm) average factor tension

identification' (g/cm3) Trial 1 Trial 2 (Pinterface) from Eq. 3 (dyn/cm)

B001107-3-1 0.8395 18.6 17.5 18.1 0.9703 17.5

B001107-3-2 0.8395 16.8 16.9. 16.9 0.9640 16.2

B001107-3-3 0.8531 16.5 16.6 16.6 0.9706 16.1

B001107-3-4 0.8525 16.7 16.5 16.6 0.9704 16.1

B001107-3-5 0.8516 16.6 16.5 16.6 0.9696 16.0

B001107-3-6 0.8644 16.4 16.3 16.4 0.9772 16.0

BO01107-3-7 0.8632 16.1 16.1 16.1 0.9748 15.7

B001107-3-8 0.8819 16.0 16.0 16.0 0.9892 15.8

B001107-3-9 0.8951 16.0 15.8 15.9 1.0016 15.9

'See Table 2 for the composition of the specified solvent.
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Table 15. Interfacial tension versus simulant 

Indicated Instrument Actual 

interfacial tension reading, Correction interfacial 

Solvent Density (dynlcm) average factor tension 

identificationa (g/cm3) Trial 1 , Trial 2 ( Pinrerface) from Eq, 3 (dynlcm) 

BOOI107-3-1 0.8395 20.5 20,8 20,7 0,9103 18.8 

BOOI107-3-2 0.8395 20.8 20.7 20.8 0,9106 18,9 

BOOI107-3-3. 0.8531 20.9 20.8 20.9 0.9127 19.0 

BOOI107-3-4 0.8525 20.7 20.5 20.6 0.9119 18.8 

BOOI107-3-5 0.8516 20.7 20.6 20.7 0.9119 18.8 

BOOI107-3-6 0.8644 20.3 20.4 20.4 0.9129 18.6 

BOOI107-3-7 0.8632 20.2 20.4 20.3 0.9126 18.5 

B001107-3-8 0.8819 20.5 20.5 20.5 0.9160 18.8 

B001107-3-9 0,8951 20.1 20.3 20.2 0,9172 18.5 

oSee Table 2 for the composition of the specified solvent. 

Tallie 16. Interfacial tension versus scrub solution 

Indicated Instrument Actual 

interfacial tension reading, Correction interfacial 

Solvent Density (dynlcm) average factor tension 

identificationo (g/cm3) Triall Trial 2 (Pin~rface) fromEq.3 (dyn/cm) 

BOO I 107-3-1 0.8395 18.6 17.5 18.1- 0.9703 17.5 

BOO 1 107-3-2 0.8395 16.8 16.9. 16.9 0.9640 16.2 

BOOI107-3-3 0.8531 16.5 16.6 16.6 0.9706 16.1 

BOO 1 107-3-4 0.8525 16.7 16.5 16.6 0.9704 16.1 

BOOI107-3-5 0.8516 16.6 16.5 16.6 0.9696 16.0 

BOO 1 107-3-6 0.8644 16.4 16.3 16.4 0,9772 16.0 

BOOl107-3-7 0,8632 16.1 16,1 16. I 0.9748 15,7 

BOOI107-3-8 0.8819 16.0 16.0 16.0 0.9892 15.8 

BOOl107-3-9 0.8951 16.0 15.8 15.9 1.0016 15,9 

aSee Table 2 for the composition of the specified solvent. 

30 



Table 17. Interfacial tension versus strip solution

Indicated Instrument Actual

interfacial tension reading, Correction interfacial

Isity (dyn/cm) average factor tension

;m3) Trial I Trial 2 (Pinterface) from Eq. 3 (dyn/cm)

Solvent

identification'

Der

(g/c

B001107-3-1 0.8395 16.0 16.0 16.0

B001107-3-2 0.8395 16.0 15.9 16.0

B001107-3-3 0.8531 15.2 15.8 15.5

B001107-3-4 0.8525 16.0 15.8 15.9

B001107-3-5 0.8516 15.2 15.7 15.5

B001107-3-6 0.8644 15.7 15.6 15.7

B001107-3-7 0.8632 15.7 15.6 15.7

B001107-3-8 0.8819 15.6 15.8 15.7

B001107-3-9 0.8951 16.0 15.5 15.8

'See Table 2 for the composition of the specified solvent.
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Table 17. Interfacial tension versus strip solution 

Indicated Instrument Actual 

interfacial tension reading, Correction . interfacial 

Solvent Density (dynJcm) average factor tension 

identificationa (g/cm3) Trial 1 Trial 2 (Pinterface) from Eq. 3 (dynJcm) 

BOOl107-3-1 0.8395 16.0 16.0 16.0 0.9599 15.4 

BOOl107-3-2 0.8395 16.0 15.9 16.0 0.9596 15.3 

BOOl107-3-3 0.8531 15.2 15.8 15.5 0.9651 15.0 

BOOl107-3-4 0.8525 16.0 15.8 15.9 0.9670 15.4 

BOOll07-3-5 0.8516 15.2 15.7 15.5 . 0.9639 14.9 

BOO 11 07-3-6 0.8644 15.7 15.6 15.7 0.9736 15.2 

BOOI107-3-7 0.8632 15.7 15.6 15.7 0.9727 15.2 

BOOI107-3-8 0.8819 15.6 15.8 15.7 0.9880 15.5 

BOOI107-3-9 0.8951 16.0 15.5 15.8 1.0015 15.8 

oSee Table 2 for the composition of the specified solvent. 
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Fig. 12.ý Solvent interfacial tension in extraction, scrub, and strip contacts.
The numbers on the abscissa are the test numbers from Table 2.

2.4 SOLVENT-COMPOSITION RECOMMENDATION PROCESS

The process used by the CSSX team to arrive at the solvent-composition recommendation involved

several actions. First, the experimental data• described in this report were distributed to the team

members. Second, two conference calls were held. During the first- call, the methods of data acquisition

and the significance of the data relative to the selection criteria were discussed [20]. The action item from
this discussion was for each participant to make a recommendation concerning the solvent composition

and forward this to all of the participants. A compilation of the individual recommendations was

distributed prior to the second conference call. The second call focused on the individual
recommendations. Between the two calls, a technical presentation was given during the weekly TFA

program status review [37]. The recommended composition was a consensus opinion of the CSSX

technical team. The rationale used by the CSSX team in arriving at the recommended solvent

composition is described in Ref. 20.

The primary criterion involved the selection of a composition that is thermodynamically stable with

respect to the crystallization of BOBCalixC6. The fact that BOBCalixC6 has a solubility limit of 7.55

mM (for a concentration of Cs-7SB of 0.75 M) suggests that the concentration should be less than 7.5

mM to accommodate variations in solvent preparation without exceeding this limit. The solubility data

also indicate that the thermodynamic solubility value for BOBCalixC6 is linked to the Cs-7SB modifier
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Fig. 12. Solvent interfacial tension in extraCtion, scrub, and strip contacts. 
The numbers on the abscissa are the test numbers from Table 2. 
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and forward this to all of the participants. A compilation of the individual recommendations was 

, distributed prior to the second conference call. The second call focused on the individual 

recommendations. Between the two calls, a technical presentation was given during the weekly TFA 

program status review [37]. The recommended composition was a consensus opinion of the CSSX 

technical team. , The rationale used by the CSSX team in arriving at the recommended solvent 

composition is described in Ref. 20. 

The primary criterion involved the selection of a composition that is thermodynamically stable with 

respect to the crystallization of BOBCalixC6. The fact that BOBCaIixC6 has a solubility limit of 7.55 

mM (for a concentration of Cs-7SB of 0.75 M) suggests that the concentration should be less than 7.5 

mM to accommodate variations in solvent preparation witho~t exceeding this limit. The solubility data 

also indicate that the thermodynamic solubility value for BOBCalixC6 is linked to the Cs-7SB modifier 
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concentration. For example, if the BOBCalixC6 concentration is 7 maM, the Cs-7SB modifier

concentration should be approximately 100 times higher. The data on third-phase formation also suggest

the need for a solvent composition with a BOBCalixC6 concentration of 8 mM or less and a Cs-7SB

modifier concentration of at least 0.65 M. The density criterion suggests compositions with the Cs-7SB

modifier concentration equal to or less than 0.85 M. Contactor throughput and phase separation are

dependent on the density difference of the two phases; that is, for a given contactor size, throughput is

larger and the phase separation performance generally improves as the density difference increases.

Although all of the candidate compositions met the bounding criterion for the Dc, values, only the

previous baseline composition meets the goal. Thus, a composition with Dcs values close to the goal is

preferred because it would provide the ability to process waste blends that have properties that are

modestly different from those of the waste simulant composition. The flowsheet robustness calculations

suggest a BOBCalixC6 concentration between 6 and 8 mM and a modifier concentration between 0.65

and 0.85 M.

The combination of BOBCalixC6 solubility, Dcs values, and high flowsheet robustness, as well as the

desire to have a low density, establishes the basis for the 7 mM BOBCalixC6 and 0.75 M Cs-7SB

modifier concentration recommendation.

The recommended TOA concentration increase from I mM to.3 mM is based on three considerations.

First, the flowsheet robustness calculations indicate that 10 mM TOA will require a major alteration of

the solvent flow rate to achieve process performance above the bounding condition: Second, since TOA

is the solvent component most susceptible to thermal and radiolytic decomposition, selecting a TOA

concentration higher than the 1 mM baseline value will provide the CSSX process more resistance to the

variations in anionic impurity content that are certain to be encountered with the different waste blends.

Third, a TOA concentration greater than 1 mM will also provide greater flexibility in solvent preparation

and process control.

The solvent dispersion numbers for all the solvent compositions tested against the waste simulant,

scrub, and strip solutions met the selection criterion and consequently did not provide a means to

differentiate between different solvent compositions. However, comparison of solvent dispersion

numbers against the 0.01 M NaOH solvent wash solution indicates the need to re-evaluate the NaOH

concentration used for solvent washing. This need was in fact addressed in contactor tests with the

optimized solvent [38], showing that the 10 mM NaOH wash performs satisfactorily.

Although the viscosity, surface tension, and interfacial tension were not explicitly identified in any of

the selection criteria, these physical properties can impact the 'dispersion number. Therefore,

experimental determination of these properties was included in the study to verify that no unexpected

behavior occurred. The experimental results did not reveal any such behavior.
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3. CESIUM DISTRIBUTION BEHAVIOR

3.1 INTRODUCTION

This chapter describes batch cesium distribution behavior of the optimized CSSX solvent. Since the

solvent was in fact not explicitly among those tested, but rather an intermediate composition, it was first

necessary to determine its extraction, scrub, and strip (ESS) behavior. Second, parameters are needed for

estimation of cesium distribution ratios within the range of expected operating temperatures 15-35 'C.

Finally, it was desirable to demonstrate recycle of the solvent by showing that results obtained during a

second ESS cycle are within experimental error identical to those obtained with the pristine solvent. It

may be recalled that Dc, values on the second and subsequent cycles were found to be higher, especially

on stripping, when the previous baseline solvent was employed [11] This behavior was mainly linked to

the presence of the lipophilic anion dibutylphosphate, which is readily removed upon washing the" solvent

with NaOH, thereby restoring normal function on subsequent cycles. Thus, it was of interest here to

observe whether the increased TOA concentration of the optimized solvent suppressed this effect, with or

without a NaOH wash.

3.2 EXPERIMENTAL SECTION

The optimized CSSX solvent was employed (Chapter 2), as recommended previously [21,22]. The

standard ESS protocol (one extraction at O:A = 0.33, two scrubs at O:A = 5, and four strips at O:A = 5)

was followed. Contacts were performed in 50-mL Teflon® fluorinated ethylene propylene (FEP) tubes for

the extraction step and 15-mL capacity polypropylene tubes for scrubs and strips. The contacting was

carried out for 30 minutes using end-overlend rotation in a 25.0 ± 0.5 'C constant-temperature air box.

ESS tests at low (15 'C) and high (35 'C) temperatures were carried out respectively in a thermostated

water bath and in an incubator. Agitation was effected by orbital shaking in the water bath and wheel

rotation in the incubator.

3.3 RESULTS AND DISCUSSION

3.3.1 Extraction, Scrub, and Strip Performance

Experiments involving the determination of cesium distribution ratios with the optimized solvent were

carried out in triplicate and compared to the values obtained with the previous baseline solvent. Table 18

presents the results obtained with the optimized solvent where the extraction is performed using the full

simulant, the scrub using nitric acid 50 mM, and the strip using nitric acid 1 mM. The results are very

close to the predicted values presented in the Table Al in Appendix A. The values, calculated from a
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double interpolation of the distribution ratios found for different concentrations of calixarene and

modifier, are acceptable for process development. Additional tests were performed using strip solutions

mimicking off-normal conditions in which some of the acid is neutralized.

Table 18. Cesium batch ESS performance for previous-baseline and optimized solvents

Conditions' Dca

Extact Scrub Scrub Strip Strip Strip Strip
#1 #2 #1 #2 #3 #4

Standard ESS 14.05 1.14 1.35 0.115 0.076 0.117 0.053

Standard ESS 14.14 1.14 1.35 0.118 0.081 0.093 0.052

Standard ESS 14.30 1.13 1.34 0.113 0.080 0.063 0.053

NaNO 3 ImM 13.53 1.13 1.35 0.119 0.125 0.078 0.066

NaNO3 ImM 14.33 1.14 1.34 0.128 0.223 0.078 0.066

NaNO3 lmM/HNO3 0.05 mM 14.24 1.13 1.33 0.123 0.087 0.078 0.064

NaNO3 lmM/HNO3 0.05 mM 14.14 1.12 1.35 0.120 0.091 0.079 0.064

Previous-baseline solvent 17.56 1.60 1.60 0.133 0.083 0.065 0.059
aExcept where indicated (last line), the optimized solvent was used for each experiment. "NaNO 3 1

mM" indicates that the four strips, were carried out using a neutral solution of 1 mM sodium nitrate.
"NaNO3 I mM/I-INO 3 0.05 mM" indicates that the four strips were carried out using a mildly acidic
solution of 1 mM sodium nitrate and 0.05 mM nitric, acid.

Even with mildly acidic or even neutral stripping solutions, the cesium distribution ratios remain
acceptable. Of course, the whole range of altered stripping solutions potentially encountered in the

system was not tested. It is important to point out that these conditions include an acidic scrub, which is

probably sufficient to ensure enough TOA protonation, therefore a good stripping. Poorer results could

have been expected in the event that the two scrubs are alkaline due to entrained carryover of waste

simulant from extraction.

3.3.2 Temperature Variation

Temperature-variation experiments were carried out at three different temperatures encompassing

those temperatures that would potentially be encountered during the CSSX process. This experiment

permits calculation of an apparent enthalpy change associated with each stage, thereby providing an

approximate correction factor for any given temperature. It should be noted that the mechanism of

extraction is complex [39], and thus, only an apparent enthalpy change is given as an empirical parameter

for estimation purposes. Results are presented in Table 19.
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Table 19. ESS results for three different temperatures

T 1000/T Dcý
(°C) (K-) Extraction Scrub#1 Scrub #2 Strip #1 Strip #2 Strip #3 Strip #4

15 3.4704 27.41 4.37 3.73 0.330 0.242 0.197 0.171

15 3.4704 24.86 4.14 3.60 0.364 0.276 0.221 0.192

25 3.3540 12.83 0.99 1.20 0.099 0.065 0.051 0.045

25 3.3540 12.89 0.98 1.19 0.098 0.064 0.051 0.045
35 3.2451 7.07 0.41 0.50 0.040 0.027 0.022 0.021

35 3.2451 7.18 0.41 0.49 0.041 0.028 0.023 0.021

Assuming that only a single equilibrium is involved in the cesium extraction, scrub, or strip steps, it

may be shown that there is a direct relationship between the cesium distribution ratio and the formation

constant of the considered equilibrium. For example, let's consider the simplest system:

Cs, + N03 + Calix K CsNO3Calix

[Cs'] [CsNO3Calix] = K[NO][Calix]

[Cs+] [CsI]

where overbars indicate organic-phase species. As long as the organic-phase cesium complex is

mononuclear and neutral, such a proportionality between D and K should hold for different extraction

mechanisms. Assuming that the temperature variation does not impact the loading of the calixarene or

the total concentration of nitrate in the aqueous phase, one then may write:

LnD=A+LnK

LnK= AGapp
RT

LnD=B- A"!app
RT

LnK=- A./app + ASapp
RT R

where T is expressed in degrees Kelvin; A and B are constants; and B includes A and ASapp/R. The slope

of the line Ln D versus 1000/T should give the value of the apparent (app) enthalpies associated with the

different stages of the process. The linearity of the different plots is confirmed as seen in Fig. 13. All

results per stage are shown in Table 20.
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Fig. 13. ESS test at three different temperatures.

Table 20. Apparent enthalpy changes for each ESS stage

Stage AI'app (kJ/mol)

Extraction -47.95

Scrub #1 -86.82

Scrub #2 -74.24

Strip #1 -79.36

Strip #2 -82.94

Strip #3 -82.49

Strip #4 -79.71

The apparent enthalpy values are close to those obtained with the previous baseline solvent. Less

scattering is observed here for the four strip values, probably because of the greater reliability of the data

obtained at 15 'C. As observed before [1 I], the extraction step is the least sensitive to temperature

variation, most likely because of the higher loading of BOBCalixC6 with potassium as the temperature

decreases. This loading corresponds to a lower concentration of free BOBCalixC6, therefore lower Dc,

values, which in turn give a less steep apparent slope.
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3.3.3 Multicycle Behavior

This test reproduces in part the multicycle tests performed in FY 2001. Based on the satisfactory

results obtained with the previous baseline solvent, only two cycles were included in this test with the

optimized solvent. After the first cycle, one sample was washed with sodium hydroxide 10 mM (O:A =
1:1) before going on to the extraction of the second cycle, while the other one was not. Results are

summarized in Table 21.

Table 21. Two-cycle ESS tests

Test Dcs

Extraction Scrub Scrub Strip Strip Strip Strip
#1 #2 #1 #2 #3 #4

lstcycle 13.88 1.110 1267 0.1236 0.0721 0.0540 0.0478

1st cycle duplicate 13.34 1.165 1.177 0.1107 0.0730 0.0532 0.0482

2ndcycle 13.84 1.180 1.268 0.1356 0.0699 0.0540 0.0508

2 "d cycle with wash 13.79 1.107 1.261' 0.1297 0.0724 0.0552 0.0492

A small increase in Dc, is noticeable for the first and fourth strips on the second cycle, but this
increase is close to, or within, the experimental error for ESS tests, approximately ±7% [I I]. The caustic

wash seems to improve slightly the overall behavior.

3.4 CONCLUSIONS

The cesium extraction behavior of the optimized solvent is similar to the behavior obtained in FY
2000 and FY 2001 with the previous baseline solvent [Il1. As expected, cesium distribution ratios are

lower due to the decrease in the calixarene concentration, but the decrease in extraction is somewhat

counterbalanced by the decrease in the cesium stripping values. As a result, the decrease in the ratio of

Dcs on extraction to that on stripping is not large, which corresponds to the observation in Chapter 2 that

the flowsheet robustness is not unacceptably compromised. Apparent thermodynamic parameters for

each stage are also very similar to those obtained with the previous baseline solvent. The results are
consistent with the results of other studies showing that the formation constants associated with extraction

equilibria did not vary much upon changing the solvent [41]. Finally, batch cesium extraction

performance is not altered upon a second cycle, which can be taken as an indication of the effectiveness

of the increased TOA concentration in the optimized solvent.
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4. PARTITIONING OF SOLVENT COMPONENTS

4.1 INTRODUCTION

Partitioning ratios of solvent components are critical parameters of the CSSX process. Loss of any
component (particularly of the calixarene extractant) can translate into loss of extraction performance and
costs for replenishing the solvent to its original composition. Solvent components can be lost to the
aqueous phase through two different mechanisms: partitioning and entrainment. Although BOBCalixC6,

Cs-7SB, and TOA are each highly lipophilic, they possess small, finite tendencies to partition into the

aqueous process solutions. Among these aqueous phases, the waste feed is the most important, because
its flow will be much larger (15-fold in the current flowsheet) than the flow of the strip or wash solutions.
Since the solvent will be recycled several thousand times in the course of a year's operation, it is clear that

the partition ratios must be sufficiently high to avoid problems. For less than 10% loss of a reagent per
year, the minimum partition ratio is approximately 105 (more exactly, assuming 2800 cycles, P > 88,600

for O:A = 1:3). Measurement of such high P values, however, represents a considerable analytical
challenge [11]. For the critical, expensive reagent, BOBCalixC6, it was thought likely that the condition

of P >- 160 was met, although only a lower limit (PBOBCaixC6 > 12,500) could be reported in the case of the
previous baseline solvent in contact with waste simulant, strip solution, or wash solution [ 1]. Pairtition

ratios for Cs-7SB and TOA were high and on the borderline of reliable measurement, in that same study.
For example, for partitioning into the waste simulant from the previous baseline solvent, these two

reagents were found to have partition ratios of respectively >50,000 and 38,000-200,000. For TOA, loss

to the acidic strip solution would be more significant, since it was found that P = 14,000-55,000 [11].
Overall, it thus appears likely that partitioning is not a significant issue. However, in view of both the
acceptance of an optimized solvent composition and the uncertainty in the previous measurements,

especially those for BOBCalixC6, it was judged desirable to address the partitioning issue again with the

intent to improve upon analytical technique. Provided that partitioning losses of reagents could be more
confidently shown to be small, it would then be possible elsewhere to approach the question of solvent

losses in terms of entrainment, namely, the physical loss of solvent to the aqueous phase due to

incomplete coalescence of fine droplets.

4.2 EXPERIMENTAL SECTION

4.2.1 Materials and Contacting Method

Solvent Lot No. PVB B000894-87W (87W) was used for all experiments. This batch of washed

solvent has the following composition: 0.007 M BOBCalixC6 (Lot #000714HMKC-0004), 0.750M Cs-
7SB modifier (Lot #B000894-64DM), 0.003 M tri-n-octylamine (Lot #B000894-186), and Isopar® L (Lot

#03081001-6-2). Full Simulant, draw #5 with Cs added to 1.4 x 10-4 M, was obtained in FY 2000.
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component (particularly of the calixarene extractant) can translate into loss of extraction performance and 

costs for replenishing the solvent to its original composition. Solvent components can be lost to the 

aqueous phase through two different mechanisms: partitioning and entrainment. Although BOBCalixC6, 

Cs-7SB, and TOA are each highly lipophilic, they possess small, finite tendencies to partition into the 

aqueous process solutions. Among these aqueous phases, the waste feed is the most important, because 

its flow will be much larger (15~fold in the current flowsheet) than the flow of the strip or wash solutions. 

Since the solvent will be recycled several thousand times in the course of a year's operation, it is clear that. 

the partition ratios must be sufficiently high to avoid problems. For less than 10% loss of a reagent per 

year, the minimum partition ratio is approximately 105 (more exactly, assuming 2800 cycles, P > 88,600 

for O:A = 1 :3). Measurement of such high P values, however, represents a considerable analytical 

challenge [11], For the critical, expensive reagent, BOBCalixC6, it was thought likely that the condition 

of P >.105 was met, although only a lower limit (PBOBCaJixC6 > 12,500) could be reported in the case of the 
" /\ 

previous baseline solvent in contact with waste simulant, strip solution, or wash solution [11]. Partition 

ratios for Cs-7SB and TOA were high and on the borderline of reliable measurementin that same study. 

For example, for partitioning into the waste simulant from the previous baseline solvent, these two 

reagents were found to have partition ratios of respectively >50,000 and 38,000-200,000. For TOA, loss 

to the acidic strip solution would be more significant, since it was found that P = 14,000-55,000 [11]. 

Overall, it thus appears likely that partitioning is not a significant issue. However, in view of both the 

acceptance of an optimized solvent composition and the uncertainty in the previous measurements, 

especially those for BOBCalixC6, it was judged desirable to address the partitioning issue again with the 

intent to improve upon analytical technique. Provided that partitioning losses of reagents could be more 

confidently shown to be small, it would then be possible elsewhere to approach the question of solvent 

losses 'in terms of entrainment, namely, the physical loss of solvent to the aqueous phase due to 

incomplete coalescence of fine droplets. 

4.2 EXPERIMENTAL SECTION 

4.2.1 Materials and Contacting Method 

Solvent Lot No. PYB B000894-87W (87W) was used for all experiments. This batch of washed 

solvent has the following composition: 0.007 M BOBCalixC6 (Lot #0007 J 4HMKC-0004), 0.750M Cs-

7SB modifier (Lot #B000894-64DM), 0.003 M tri-n-octylamine (Lot #B000894-186), and Isopar® L (Lot 

#03081001-6-2). Full Simulant, draw #5 with Cs added to 1.4 x 10-4 M, was obtained in FY 2000. 
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Sodium hydroxide pellets (Lot # 41171126) used to prepare all caustic solutions were obtained from EM

Science. Nitric acid was ultrapure Ultrex II (J. T. Baker, Lot #T19541). bichloromethane (EM Science,

Lot 38301846) was used as received.

Solvent 87W was contacted with various aqueous phases using O:A ratio of 1:100. The contacts were

done by handshaking the two phases in 1 L Teflon® separatory funnels. The aqueous layers were then

drained into 250-mL Teflon® centrifuge bottles and centrifuged for 20 min at 3000 rpm. The aqueous

phases were carefully siphoned into clean bottles using small Tygon® capillary tubing to avoid organic-

phase contamination. Known volumes of the aqueous phases (approx. 200 mL) were then back-extracted

two times using a small volume (-10-15 mL) of fresh dichloromethane each time. The dichloromethane

was taken to dryness by evaporation or nitrogen blow-down, and the resultant residue prepared for

analysis.

4.2.2 Calixarene and Modifier Analyses

Sample Preparation

All samples were originally presented as dichloromethane extracts (approximately 10 mL each) in 20-

mL vials. The solvent was removed using a stream of dry flowing nitrogen while heating the bottom of

each vial to 34 .C. The residues were then redissolved in 1 mL isopropanol and submitted for HPLC

analysis.

HPLC Analysis

All samples were analyzed with a Hewlett-Packard Model 1090 high-pressure liquid chromatograph

equipped with an automatic sampler (maximum 100 individual samples; maximum injection volume 250

mL), ternary solvent gradient capability, and a diode array detector (wavelength range 190-600 nm). A

PRP-1 (polystyrene divinylbenzene) reversed-phase column (150 x 4.1 mm), packed with 10 [tm diameter

particles (100 A porosity), a product of. the Hamilton Co. (Reno, NV), was used for all determinations.

The analytes were eluted isocratically from the column using a 60/40 (v/v) mixture of

isopropanol/acetonitrile at a flow rate of 1.00 mL/min. The sample analysis time was 5 minutes per

sample; each was analyzed in duplicate. Both the analytical column and the solvent were heated to 40 °C

using the internal column oven.

Because there was a difference of up to four orders of magnitude in the concentrations of

BOBCalixC6 and Cs-7SB modifier, each sample was analyzed using two independent HPLC methods. In

the first (used for low-level BOBCalixC6), the injection volume was 25 ltL; in the second (used for high-

level Cs-7SBT modifier), the injection volume was 10 R.L. More significant differences between the two

methods are described under "Quantitation" below.

Quantitation

The quantitation of BOBCalixC6 was performed using the 25-ltL injection volume described above

and a measuring wavelength of 210 nm. The calibration procedure employed seven independently-

prepared standards of BOBCalixC6, ranging in concentration between 0.001 and 0.1 mM, using
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Sample Preparation 

All samples were originally presented as dichloromethane extracts (approximately 10 mL each) in 20-

mL vials. The solvent was removed using a stream of dry flowing nitrogen while heating the bottom of 

each vial to 34 °e. The residues were then redissolved in 1 mL isopropanol and submitted for HPLC 

analysis. 

HPLC Analysis 

All samples were analyzed with a Hewlett-Packar~ Model 109Q high-pressure liquid chromatograph 

equipped with an automatic sampler (maximum 100 individual samples; maximum injection volume 250 

mL), ternary solv<ent gradient capability, and a diode array detector (wavelength range 190-600 nm). A 

PRP-l (polystyrene divinylbenzene) reversed-phase column (150 x 4.1 mm), packed with 10 !lm diameter 

particles (100 A porosity), a product of the Hamilton Co. (Reno, NV), was used for all determinations. 

The analytes were eluted isocratically from the column using a 60/40 (v/v) mixture of 

isopropanol/acetonitrile at a flow rate of 1.00 mLimin. The sample analysis time was 5 minutes per 

sample; each was analyzed in duplicate. Both the analytical column and the solvent were heated to 40°C 

using the internal column oven. 

Because there was a difference of up to four orders of magnitude in the concentrations of 

BOBCalixC6 and Cs-7SB modifier, each sample was analyzed using two independent HPLC methods. In 

the first (used for low-level BOBCalixC6), the injection volume was 25 !lL; in the second (used for high­

level Cs-7SBT modifier), the injection volume was 10 f.A.L. More significant differences between the two 

methods are described under "Quantitation" below. 

Quantitation 

The quantitation of BOBCalixC6 was performed using the 25-f.A.L injection volume described above 

and a measuring wavelength of 210 nm. The calibration procedure employed seven independently­

prepared standards of BOBCalixC6, ranging in concentration between 0.001 and 0.1 mM, using 
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isopropanol as the diluent. Each standard was analyzed twice. The calibration data was fit to a least-

squares calibration line, where the coefficient of determination, r2, exceeded 0.9995. The detection limit

was taken as the concentration that would produce the peak with the smallest integration, here 0.001 mM

(i.e., 10-6 M).
The quantitation of Cs-7SB modifier was performed using the 10-p.L injection volume described

above and a measuring wavelength of 254 rim. The calibration procedure employed seven independently-

prepared standards of Cs-7SB modifier, ranging in concentration between I and 100 mM, using

isopropanol as the diluent. Each standard was analyzed twice. The calibration data was fit to a least-
squares calibration line, where the coefficient of determination, r2, exceeded 0.998.

4.2.3 Tri-n-octylamine Analyses

Sample Preparation

The samples, which were originally prepared in an unspecified volume of dichloromethane, were
initially taken to dryness at room temperature, then reconstituted in 1.0 mL dichloromethane. These

rediluted samples were then transferred to 2-mL capacity automatic sampler vials for gas

chromatographic analysis.

Gas Chromatographic Analysis

Gas chromatography was performed on a Hewlett Packard HP6850 series GC system using an HP-

5MS (crosslinked 5% phenyl methyl siloxane) fused silica capillary column (Agilent Technologies

catalog number 190915-433E) of length 30 meters, column internal diameter of 0.25 mm, phase ratio 250,
and film thickness of 0.25 p.m. The carrier gas was helium (purity > 99.999%) flowing at 1 mL/min. The

sample injection volume was 1 ptL, with a split ratio of 1/100. The column oven temperature was

programmed from 50 'C to 280 'C at 10 °C/min, with a hold at 280 °C for 10 min. A flame ionization

detector (FID) was used to detect the presence of TOA. The flows of the FID gases (i.e., air, hydrogen,

and carrier) were set to factory-recommended values. All injections were performed using an Agilent

Model 7683 automatic sampler.

Calibration

The response of the FID was calibrated using six independently-prepared standards ranging in

concentration between 0.05 and 2 mM T0A in dichloromethane. The responses were fit to a linear least-

squares calibration line, whose coefficient of determination, r', exceeded 0.9999. The detection limit of

the FID was taken to be the standard concentration that produced the peak with the smallest integration,

here 0.05 mM, corresponding to 177 pg actually injected on column.
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squares calibration line, 'where the coefficient of determination, r2, exceeded 0.9995. The detection limit 

was taken as the concentration that would produce the peak with the smallest integration, here 0.001 mM 

(i.e., 10-6 M). 

The quantitation of Cs-7SB modifier was performed using the 1O-flL injection volume described 

above and a measuring wavelength of 254 rim. The calibration procedure employed seven independently­

prepared standards of Cs-7SB modifier, ranging in. concentration between I and 100 mM, using 

isopropanol as the diluent. Each standard was analyzed twice. The calibration data was fit to a least­

squares calibrati~m line, where the coefficient of determination, r2, exceeded 0.998. 

4.2.3 Tri-n-octylamine Analyses 

Sample Preparation 

The samples, which were originally prepared in an unspecified volume of dichloromethane, were 

initially taken to dryness at room temperature, then reconstituted in 1.0 mL dichloromethane. These 

rediluted samples were then transferred to 2-mL capacity automatic sampler vials for gas 

chromatographic analysis. 

Gas Chromatographic Analysis 

Gas chromatography was performed on a Hewlett Packard HP6850 series GC system using an HP-

5MS (crosslinked 5% phenyl methyl siloxane) fused silica capillary column (Agilent Technologies 

catalog number 190915-433E) of length 30 meters, column internal diameter of 0.25 mm, phase ratio 250, 

and film thickness of 0.25 flm. The carrier ga~ was helium (purity> 99.999%) flowing at 1 mL/min. The 

sample injection volume was 1 !!L, with a split ratio of 11100. The column oven temperature was 

programmed from 50°C to 280°C at 10 °C/min, with a hold at 280°C for 10 min. A flame ionization 

detector (Fill) was used to detect the presence of TOA. The flows of the FID gases (i.e., air, hydrogen, 

and carrier) were set to factory-recommended values. All injections were performed using an Agilent 

Modd 7683 automatic sampler. 

Calibration 

The response of the FID was calibrated using six independently-prepared standards ranging In 

concentration between 0.05 and 2 mM TOA in dichloromethane. The responses were fit to a linear least­

squares calibration lim!, whose coefficient of determination, r2, exceeded 0.9999. The detection limit of 

the FID was taken to be the standard concentration that produced the peak with the smallest integration, 

here 0.05 mM, corresponding to 177 pg actually injected on column. 

43 



4.3 RESULTS AND DISCUSSION

In all cases, the partitioning of the three solvent components was measured not only using the

aqueous phases encountered in the different stages of the process (simulant, scrub, and strip solutions),

but also using several concentrations of nitric acid (to assess the influence on tri-n-octylamine) and

sodium hydroxide (being the candidate of choice for solvent washes in the process). All organic

concentrations presented in the tables were determined by subtracting the measured aqueous

concentration from the initial organic concentration. In order to be in the best possible conditions to

obtain measurable amounts of organic compounds in the aqueous phases, an O:A ratio.of 1:100 was used.

4.3.1 Calixarene Partitioning

Precision in calixarene detection was greatly improved compared to results obtained in FY 2000 and

FY 2001. Results reported for similar experiments using the previous baseline solvent indicated that all

partition ratios were greater than 12,500 based on the detection limit of the method [111]. Table 22 reflects

the improved precision, as partition ratios are now at least 10 times greater than reported earlier,

confirming the extremely low affinity of BOBCalixC6 for the aqueous phase.

In all cases, the amount of calixarene lost due to the contact with the aqueous phase is negligible. No

real trend can be discerned from these experiments. Moreover, the method used to limit the potential

contamination of that aqueous phase with the organic phase (siphoning) was the best available, but could

not guarantee a complete contamination-free transfer. A mere contamination of 5-10 [tL of the aqueous

phase with the organic phase is sufficient to mask any potential trend.

4.3.2 Modifier Partitioning

The modifier Cs-7SB is more soluble in the aqueous phase than the calixarene based on the partition

ratios obtained with the previous baseline solvent. Moreover, its greater initial concentration in the

optimized sQlvent (50% greater than the previous baseline solvent) makes it easier to detect in the

aqueous phase after contact. Results are presented in Table 23.

Quantities of modifier solubilized in the aqueous phases are again found to be much greater than those

of calixarene, which is at first not surprising in that the original amount of modifier is 100 times greater.

However, that ratio is no longer maintained, which is a good indication that the technique used for

subsampling the aqueous phase was adequate to minimize entrainment. Based on these experiments, it is

difficult to assess with precision whether the presence of these organic components in the aqueous phase

is due to true partitioning. More lengthy experiments would have been needed to add that detail.

However, it can be said that if there is some entrainment contributing to the presence of solvent

components in the aqueous phases, while its contribution to the calixarene partitioning is unknown, its

contribution to modifier partitioning is negligible. One could assume in an extreme case that all the

calixarene present in the aqueous phases is due to entrainment. By implication, this would still leave

about 90% of soluble modifier that ought to be accounted for through true partitioning.
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Table 22. Partition ratios for BOBCalixC6"

Aqueous phase Organic concentrationb (M) Aqueous concentration (M) Partition ratio

Full simulant 7.OOE-03 3.31E-08 2.12E+05

Full simulant 7.OOE-03 3.15E-08 2.22E+05

Scrub solution 7.OOE-03 4.69E-08 1.49E+05

Scrub solution 7.OOE-03 4.80E-08 1.46E+05

Strip solution 7.OOE-03 1.09E-08 6.41E+05

Strip solution 7.OOE-03 1.34E-08 5.22E+05

1 M NaOH 7.00E-03 2.59E-08 2.70E+05

I M NaOH 7.OOE-03 2.56E-08 2.74E+05

0.1 M NaOH 7.OOE-03 4.73E-08 1.48E+05

0.1 M NaOH 7.OOE-03 4.56E-08 1.53E+05

0.01 M NaOH 7.OOE-03 1.23E-08 5.68E+05

0.01 M NaOH 7.00E-03 1.54E-08 4.54E+05

0.001 M NaOH 6.99E-03 5.61E-08 1.25E+05

0.001 M NaOH 6.99E-03 5.54E-08 1.26E+05

I M nitric acid 7.OOE-03 1.OOE-08 6.97E+05

1 M nitric acid 7.OOE-03 1.18E-08 5.93E+05

0.1 M nitric acid 7.OOE-03 9.35E-09 7.49E+05

0.1 M nitric acid 7.OOE-03 6.64E-09 1.05E+06

0.01 M nitric acid 7.OOE-03 1.77E-08 3.96E+05

0.01 M nitric acid 7.00E-03 2.20E-08 3.18E+05

aThe numeric notation used in this table and some subsequent tables in this report is the normal
scientific notation, where 7.OOE-03 represents 7.00 x 10-. Both notations are used interchangeably.

bNot measured. Values are calculated from the mass balance' between the initial concentration of
BOBCalixC6 in the solvent (0.007 M) and that measured in the aqueous phase at an O:A of 1:100.

4.3.3 Tri-n-octylamine Partitioning

Results for tri-n-octylamine partitioning were relatively satisfactory, but inconclusive. Tri-n-

octylamine was probably present in amounts that were too low to be detected by the method designed to

analyze the samples. A complete calibration curve was obtained, with the smallest integrable peak

corresponding to 5x10-5 M. All analyzed samples fell well below the detection limit (not even a hint of

peak was noticeable), corresponding to a lower limit for the partition ratio of 6000. 'However, based on

these observations and previous results (Il], it is reasonable to propose that the partitioning of TOA is not

an issue for the process.
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Table 22. Partition ratios for BOBCalixC6Q 
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octylamine was probably present in amounts that were too low to be detected by the method designed to 

analyze the samples. A complete calibration curve was obtained, with the smaIlest integrable peak 

corresponding to 5xlO-5 M. All analyzed samples fell well below the detection limit (not even a hint of 

peak was noticeable), corresponding to a lower limit for the partition ratio of 6000 .. However, based on 

these observations and previous results [11], it is reasonable to propose that the partitioning of TOA is not 

an issue for the process. 
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Table 23. Partition ratios for modifier Cs-7SB

Aqueous phase Organic concentrationa (M) Aqueous concentrationb (M) Partition ratio

Full simulant 7.50E-01 BDL >3.50E+04

Full simulant 7.50E-01 BDL >3.50E+04

Scrub solution 7.44E-01 6.41E-05 1.16E+04

Scrub solution 7.44E-01 6.40E-05 1.16E+04

Strip solution 7.47E-01 3.49E-05 2.14E+04
-Strip solution 7.46E-01 3.52E-05 2.12E+04

1 M NaOH 7.47E-01 3.35E-05 2.23E+04

1 M NaOH 7.47E-01 3.37E-05 2.21E+04

0.1 M NaOH 7.45E-0l 5.48E-05 1.36E+04

0.1 M NaOH 7.45E-01 5.36E-05 1.39E+04

0.01 M NaOH 7.45E-01 5.31E-05 1.40E+04

0.01 M NaOH 7.45E-01 5.31E-05 1.40E+04

0.001 M NaOH 7.45E-01 5.07E-05 1.47E+04

0.001 M NaOH 7.45E-01 5.09E-05 1.46E+041 --nit------c a c i ---- ----- --- ---- ---... . .. . . . .. . .. . . . .. .. ... .. ... .. .. ..... .... 7 -. . . . .. . ................. ....
1 M nitric acid 7.38E-01 1.17E-04 6.29E+03

1 M nitric acid 7.39E-01 1.11E-04 6.68E+03

0.1 M nitric acid 7.44E-01 6.09E-05 1.22E+04

0.01 M nitric acid 7.44E-01 6.06E-05 1.23E+04

0.01 M nitric acid 7.44E-01 6.39E-05 1.16E+04
0.01 M nitric acid 7.44E-01I 6.39E-65 1. 16E+04

'Not measured. Values were calculated from the mass balance between the initial concentration of

modifier in the solvent (0.75 M) and that measured in the aqueous phase at an O:A of 1:100.
bBDL denotes below detection limit.

4.4 CONCLUSIONS

Partition ratios for BOBCalixC6 and Cs-7SB have been obtained with improved precision, leading to

confidence that partitioning losses of these costly solvent components are small with respect to a goal of
less than one solvent replacement per year. In the case of BOBCalixC6, partitioning losses to the aqueous

raffinate are expected to amount to less than 4.2% per year, based on 2800 solvent cycles at O:A = 1:3

and PB3OBCalixC6 = 2.2 x 105: Taking PCs-7SB = 3.5 x 10', corresponding lossesof Cs-7SB are expected to be
27% per year. The partitioning of TOA to the aqueous phase was below the detection limit of the gas-

chromatographic technique employed, giving PTOA > 6000. No conclusion is therefore possible for TOA,

but in view of results on the previous baseline solvent 11], the value of PTOA is likely more than an order

of magnitude larger than 6000. Based on chemical reasoning, it may be expected that loss of TOA will be

more significant to the strip solution, and if one takes PTOA > 6000 for 2800 solvent cycles at O:A = 5:1,
the implied loss of TOA will be less than 9.3%. Given that TOA is critical for good Stripping, it is
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Aqueous phase Organic concentrationa (M) Aqueous concentrationb (M) Partition ratio 
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1 MNaOH 7.47E-Ol 3.37E-OS 2.21E+04 

0.1 MNaOH 7.45E-Ol 5.48E-OS 1. 36E+04 

0.1 MNaOH 7.45E-OI 5.36E-OS 1. 39E+04 

0.01 MNaOH 7.45E-Ol S.31E-OS 1.40E+04 

0.01 MNaOH 7.45E-OI S.31E-OS 1.40E+04 

0.001 MNaOH 7.4SE-OI S.07E-05 1. 47E+04 

0.001 MNaOH 7.45E-OI S.09E-OS 1.46E+04 

I M nitric acid 7.38E-OI 1.17E-04 6.29E+03 

1 M nitric acid 7.39E-Ol l.lIE-04 6.68E+03 

0.1 M nitric acid 7.44E-OI 6.09E-OS· 1.22E+04 

0.1 M nitric acid 7.44E-OI 6.06E-05 1.23E+04 

0.01 M nitric acid 7.44E-Ol 6.39E-05 1. 16E+04 

0.01 M nitric acid 7.44E-OI 6.39E-OS I. 16E+04 

aNot measured. Values were calculated from the mass balance between the initial concentration of 
modifier in the solvent (0.75 M) and that measured in the aqueous phase at an O:A of 1:100. 

bBDL denotes below detection limit. 

4.4 CONCLUSIONS 

Partition ratios for BOBCalixC6 and Cs-7SB have been obtained with' improved precision, leading to 

confidence that partitioning losses of these costly solvent components are small with respect to a goal of 

less than one solvent replacement per year. In the case of BOBCalixC6, partitioning losses to the aqueous 

raffinate are expected to amount to less than 4.2% per year, based on 2800 solvent cycles at O:A = 1:3 

and PBOBCalixC6 = 2.2 X 105
. Taking PCs-7SB = 3.S X 104

, corresponding losses 'of Cs-7SB are expected to be 

27% per year. The partitioning of TOA to the aqueous phase was below the detection limit of the gas­

chromatographic technique employed, giving PTOA > 6000. No conclusion is therefore possible for TOA, . 

but in view of results on the previous baseline solvent [11], the value of PTOA is likely more than an order 

of magnitude larger than 6000. Based on chemical reasoning, it may be expected that loss of TOA will be 

more significant to the strip solution, and if one takes PTOA > 6000 for 2800 solvent cycles atO:A = S: I, 

the implied loss of TOA will be less than 9.3%. Given that TOA is critical for good stripping, it is 
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recommended that more definite measurements of TOA partitioning be sought. It may be noted that

commercially available trialkylamines having a higher 'molecular weight, such as tridecyl- or

tridodecylamine, can be substituted for TOA to obtain greater lipophilicity and lower partitioning losses,

if desired. On the other hand, recalling that the major breakdown product of TOA is dioctylamine, which,

is expected to be washed out by the strip solution [11], the analogous breakdown products of more

lipophilic trialkylamines will be more difficult to wash out, making solvent cleanup possibly more

difficult over extended cycling.

One of the questions asked regarding the present results is whether partitioning and entrainment can

be distinguished. Based on the data obtained, it can be deduced that the predominant portion of the

modifier present in the aqueous phase is due to solubility, not entrainment. It is less certain that this is the

case for BOBCalixC6, since minute traces of entrainment or other artifacts (e.g., suspended dust) can

mask its true partition ratio. It is again worth noting that the theoretically expected partition ratio for

BOBCalixC6 is astronomical [11]. While the data obtained overall imply small partitioning losses of the

solvent components, the expected gradual losses of Cs-7SB and possibly TOA likely necessitate periodic

replenishment throughout the course of a year.
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5. DISTRIBUTION OF MINOR ORGANIC AND INORGANIC COMPONENTS

5.1 INTRODUCTION

Besides understanding how the element of interest, cesium, and the solvent components distribute in

the CSSX flowsheet, it is necessary to understand the fate of key minor inorganic and organic

components. These may be introduced into the system from the waste feed or by degradation of the

solvent components. Studies in FY 2001 with the previous baseline solvent showed that the strip effluent

contained almost exclusively cesium nitrate in 1 mM nitric acid [11]. All other inorganic constituents of

the simulant were either not detectably extracted or scrubbed out readily. Certain minor organic species

extractable as anions or as neutral weak acids were found to impair stripping if present in sufficient

"concentration, but washing with dilute aqueous sodium hydroxide was effective in removing them and

restoring solvent performance. Such organic species included dibutylphosphate, found in the waste as a

breakdown product of tributylphosphate, phenol derivatives formed by degradation of Cs-7SB, or

surfactants having 12 carbon atoms or less. Among the different tests run in FY 2001 with the previous

baseline solvent, three experiments in which the distribution of minor organic or inorganic components

may be impacted due to the change in solvent composition were chosen for repetition with the optimized

solvent. Inorganic species included the competing alkali metals Na and K., radioactive metals Tc (as

pertechnetate) and Sr, certain transition metals (e.g., Mn and Fe), noble metals, other metals (Ca and Al),

and anions (nitrate, nitrite, and sulfate). Organic species included dibutylphosphate and the surfactant

dodecanoate. Actinides were previously indicated to be negligibly extracted in simulant tests [11], as was

confirmed on tests with real waste [40], and therefore actinides were not included in the present study.

5.2 EXPERIMENTAL SECTION

Phosphorus-31 Nuclear Magnetic Resonance spectra were obtained on a Bruker Avance 400 wide-

bore spectrometer as described in Chapter 2. Chemical shifts were referenced against phosphoric acid, set

to 0.0 ppm by way of a separate standard sample (sealed tube from Bruker). Preliminary contacts

between the solvent 87W and the scrub, strip, or sodium hydroxide at different concentrations were

performed in 15-mL polypropylene tubes at 25 'C with an O:A ratio of 1:1. Two types of experiments

were performed; simulant compositions were described previously [11]. Either the full simulant (5"h

draw) was placed in contact with the solvent with an O:A ratio of 1:3, or the "salts+metals" simulant was

used at an O:A ratio of 1:3 with the -solvent in which a spike corresponding to 75 ppm of

dibutylphosphate was added. The "salts+metals" simulant was the same as the full simulant but lacked

the minor organic components [ 1I]. The distribution of dibutylphosphate 'between the solvent 87W and

the simulant, scrub, strip, or NaOHsolutions were carried out as follows: solvent samples were analyzed

directly with no dilution or addition of reagents for integration standards. Aliquots of solvent or simulant

were placed directly into 10-mm quartz tubes. A quartz insert containing tributylphosphate (TBP) at I
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mM in deuterochloroform was placed inside the 10-mm tube, and this solution external to the sample was

used as the deuterium lock and integration standard. The insert permitted solvent or simulant samples to

be run neat without the need to dilute or mix with a standard solution. Before running sample unknowns,

spectra of the empty external tube with the insert and of the solvent Containing 1 mM dibutylphosphate

(210 ppm) were acquired. For unknown samples, an overnight acquisition (10k-12k scans) was

performed to ensure that a reasonable signal/noise ratio was achieved. Data point files for each spectrum

were-converted to ASCII files and treated under MS Excel for deconvolution. Each peak was considered

as a pure Lorentzian and approximated this way. This manipulation allowed more precise determination

of the peak areas. The procedure was similar to that used earlier, and further details can be found in that

document [ 11].

Tests involving the distribution of inorganic components (simulant components) were carried out

through the regular ESS protocol [11]. The scrub and strip acidic phases were analyzed directly by

inductively coupled argon plasma atomic emission spectrometry (ICAP-AES). Solvent samples were

analyzed by first adding an equal volume of 1,3-diisopropylbenzene, stripping with an equal volume of

deionized water, and analysis of the water layer by ICAP-AES. Strontium and technetium were added

separately to the full simulant (originally prepared by Roger Spence, August 2000, filtered draw #5).

Technetium was obtained from ORNL Isotope Sales as the ammonium pertechnetate form. A stoclk

solution of 3 x 10-' M was used, and a spike of 0.15 mL was added to 45 mL of simulant to obtain a final

Tc concentration of 10-' M. Strontium nitrate was obtained from J. T. Baker. An aliquot of a 0.01 M

Sr(NO3 )2 solution was used to spike the simulant.

The surfactant tested was lauric acid (dodecanoic acid), 99%, Emery Industries, Inc., Downey, CA.

The surfactant was tested in the optimized solvent at 2 x 10-5 M. A 5-mM stock solution of dodecanoate

was made by dissolving via sonication 10.1 mg of dodecanoic acid in 10 mL of Isopar® L (Exxon, Lot

#0306 10967). A 48-iLL volume of 5 mM dodecanoate was added to 12 mL of Cs-7SB solvent, making

an effective concentration" of 2 x 10-i M dodecanoate in the solvent. To wash out the surfactant, an equal

volume of 10 nid NaOH was contacted with the dodecanoate-containing Cs-7SB solvent by end-over-

end rotation inside a 25 'C constant-temperature air box for 30 minutes. The tube was then centrifuged

and the solvent layer isolated. Three samples were subjected to the ESS protocol. Solvent designated

87P was pristine solvent; 87SS was solvent containing 2 x 10-5 M dodecanoate; 87WSS was dodecanoate-

containing solvent that was subsequently subjected to the 10-mM NaOH wash procedure. The standard

ESS protocol (extraction, two scrubs, and four strips) was followed. Contacts were performed in 50-mL

Teflon® FEP tubes for the extraction step and 17-mL capacity polypropylene tubes for scrubs and strips.

Contacts lasted 30 minutes using end'over-end rotation in a 25 °C air box.
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5.3 RESULTS AND DISCUSSION

5.3.1 Distribution of Dibutylphosphate

The distribution of dibutyiphosphate between the optimized solvent and various aqueous phases could

differ from the values obtained in FY 2001 because of the variation in the-solvent composition. However,

the differences were found to be relatively minor. The same deconvolution technique was used to

measure as precisely as possible the area of the peaks. As observed previously, dibutylphosphate

partitions quantitatively to the aqueous phase when using a sodium hydroxide wash. The slight increase

in the distribution value for larger concentrations of sodium hydroxide is actually due to the necessity of

adding more dibutylphosphate to the system; that component was added in its acid form, and

Consequently some of the hydroxide was consumed.

The moderate partitioning of dibutylphosphate into the solvent was confirmed by using either the full

simulant (containing the organic species) or the salts+metals simulant and a spike of dibutylphosphate to

the solvent. In both cases, the partition ratios are identical. All results are summarized in Table 24.

Table 24. Partitioning of dibutylphosphate

O:A Initial Concentration in the organic Partition ratios
concentration phase after contact

(ppm) (ppm)
Simulant 1:3 25a. 43 4.1
Simulant 1:3 7 5 b 43 4.1

HN03 0.05 M 1 500 60 0.12

HNO3 0.001 M 1 500 64 0.13

NaOH 0.001 M 1 500 1.5 3.0 x 10-3

NaOH 0.01 M 1 500 BDLc <5 x 104

NaOH 0.1 M 1 3750 6 1.6 x 10.'
NaOH IM 1 6660. 120 1.8 x 10.2

aDibutylphosphate is originally in the simulant. Pristine simulant was used.

•'The solvent was spiked. The simulant used in this case was the Salts+Metals simulant.
cBelow detection limit.

5.3.2 Distribution of Other Metals and Selected Radionuclides

The extraction -of metals originally present in the waste simulant can be influenced by the change in

solvent composition. It was determined in FY 2001 that the number of elements and their concentration

in stages past the first scrub was negligible compared to the amount of cesium nitrate and nitric acid

eventually present in the strip effluent. Two radionuclides potentially found in the actual waste (but not

present in the baseline simulant composition [11]), strontium and technetium, were included in this study.

51

5.3 RESULTS AND DISCUSSION 

5.3.1 Distribution of Dibutylphosphate 

The distribution of dibutylphosphate between the optimized solvent and various aqueous phases could 

differ from the values obtained in FY 2001 because of the variation in th~~ solvent composition. However, 

the differences were found to be relatively minor. The same deconvolution technique was used to 

measure as precisely as possible the area of the peaks. As observed previously, dibutylphosphate 

partitions quantitatively to the aqueous phase when using a sodium hydroxide wash. The slight increase 

in the distribution value for larger concentrations of sodium hydroxide is actually due to the necessity of 

adding more dibutylphosphate to the system; that component was added in its acid form, and' 

consequently some of the hydroxide was consumed. 

The moderate partitioning of dibutylphosphate into the solvent was confirmed by using either the full 

simulant (containing the organic species) or the salts+metals simulant and a spike of dibutylphosphate to 

the solvent. In both cases, the partition ratios are identical. All results are summarized in Table 24. 

, 
Table 24. Partitioning of dibutylphosphate 

O:A Initial Concentration in the organic 
concentration phase after contact 

(ppm) (ppm) 

Simulant 1:3 2Sa 43 

Simulant 1:3 7Sb 43 

HN03 O.OSM 1 SOO 60 

HN03 0.001 M I SOD 64 

NaOHO,OOI M 1 SOO I.S 

NaOHO.01 M 1 SOO BDLc 

NaOHO.I M I 37S0 6 

NaOH 1M I 6660 120 

aDibutylphosphate is originally in the simulant. Pristine simulant was used. 

Partition ratios 

4.1 

4.1 

0.12 

0.13 
3.0 x to'3 
<S x 10-4 
1.6 X to,3 
1.8 x to'2 

~he solvent was spiked. The simulant used in this case was the Salts+Metals simulant. 
13elow detection limit. 

5.3.2 Distribution of Other Metals and Selected Radionuclides 

The extraction 'of metals originally present in the waste simulant can be influenced by the change in 

solvent composition. It was determined in FY 2001 that the number of elements and their concentration 

in stages past the first scrub was negligible compared to the amount of cesium nitrate and nitric acid 

eventually present in the strip effluent. Two radionuclides potentially found in the actual waste (but not 

present in the baseline simulant composition [11 D, strontium and technetium, were included in this study. 

SI 



Concentrations presented in the three tables below were determined by stripping the organic phase, to
which an equal -volume of 1,3-diisopropyl benzene was added, with water. Elements presented in Table

25 along with their detection limits were not extracted by the optimized'solvent. This is consistent with

the results obtained with the previous baseline solvent.

Table 25. Detection limits of non-extractable metals

Detection limits

(mg/L) (M)

Ag 0.54 5.OE-06

Cr 0.021 4.1E-07

Cu 0.0027 4.2E-08

Hg 0.098 4.9E-07

Mn 0.0006 1.1E-08

Mo 0.014 1.5E-07

Pb 0.40 2.OE-06

Pd 0.010 9.6E-08

Rh 0.11 1.1E-06

Ru 0.094 9.3E-07

Sn 0.047 4.OE-07

Zn 0.0048 7.3E-08

Elements present in the simulant and their concentrations actually detected in one of the process stages

are summarized in Table 26.

Table 26. Concentrations of metals present in the solvent after extraction'

Stage Concentrations (M)

Al Ca Fe

Extraction 6.60E-06 7.29E-07 1. 17E-05

Scrub #1 BDL 5.52E-06 5.20E-06

Scrub #2 BDL BDL BDL

Strip #1 BDL BDL BDL

'BDL = below detection limit. Detection limits are respectively 4.2
Ca, 7.0 x 10-' M for Fe, 3.9 x 10-6 M for K, and 4.3 x 10-6 M for Na.

K

5.50E-03

1.49E-04

1.20E-05

BDL.

X 10-6 M for Al, 3.0

Na

3.82E-03

1.83E-05

4.03E-05

3.24E-05

x 108 M for
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Concentrations presented in the three tables below were determined by stripping the organic phase, to 

which an equal volume of 1,3-diisopropyl benzene was added, with water. Elements presented in Table 

25 along with their detection limits were not extracted by the optimized ·solvent. This is consistent with 

the results obtained with the previous baseline solvent. 

Table 25. Detection limits of non-extractable metals 

Detection limits 

(mg/L) (M) 

Ag 0.54 5.0E-06 

Cr . 0.021 4.1E-07 

Cu 0.0027 4.2E-08 

Hg 0.098 4.9E-07 

Mn 0.0006 1.1E-08 

Mo 0.014 1.5E-07 

Pb 0.40 2.0E-06 

Pd 0.010 9.6E-08 

Rh 0.11 1.1E-06 

Ru 0.094 9.3E-07 
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Elements present in the simulant and their concentrations actually detected in one of the process stages 

are summarized in Table ,26; 

Table 26. Concentrations of metals present in the solvent after extractiona 

Stage Concentrations (M) 

Al Ca Fe K Na 

Extraction 6.60E-06 7.29E-07 1.17E-05 5.50E-03 3. 82E-03 

Scrub #1 BDL 5.52E-06 5.20E-06 1.49E-04 1.83E-05 

Scrub #2 BDL BDL BDL 1.20E-05 4.03E-05 

Strip #1 BDL BDL BDL BDL. 3.24E-05 

aBDL = below detection limit. Detection limits are respectively 4.2 x 10.6 M for AI, 3.0 x 10.8 M for 
Ca, 7.0 x IO'8 M for Fe, 3.9 x 10-6 M for K, and 4.3 x 10.6 M for Na. 
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As expected, potassium and sodium are fairly well extracted and remain in the system following the

cesium pattern. Except for sodium, all elements are scrubbed from the solvent by the second scrub stage.

The analysis involved also the major anions present in the system. Results for nitrite, nitrate, and sulfate

are shown in Table 27.

Table 27. Concentrations of anions present in the solvent at each stage'

NO2- NO3 s SO42

Extraction 3.79E-04 1.06E-03 2.10E-05

Scrub #1 BDL 4.72E-03 1.12E-05.

Shrub #2 BDL 9.54E-03 5.12E-06

Strip #1 BDL 1.56E-03 BDL

'BDL = below detection limit. Detection limits are respectively 2.2
X 10-6 M for N0 2 , 8.1 X 10-6 M for NO3 , and 2.0 x 106 M for SO,2-.

As expected, only nitrate remains after the second scrub. Its concentration increases in the two scrub

stages because of the protonation of tri-n-octylamine. Two other anions were taken under consideration,

but their concentrations fell below the detection limit, respectively 7.0 x 10.6 M for Cl and 1.0 x 0-6, M

for P0 4 -
3 . Chloride and phosphate did not appear in any of the phases analyzed above.

*Based on the direct aqueous measurements (first part of Table 28) and the washes (indirect
measurements of the organic phase), it is reasonable to say that strontium is. very poorly extracted and is

readily scrubbed from the solvent.

Table 28. Concentrations of strontium in the aqueous phase,at each stagle

Stage Aqueous [Sr] (M)

Scrub #1 3.99E-08

Scrub #2 BDL

Strip 7.99E-09

Extraction wash 6.85E-09

Scrub #1 wash BDL

Scrub #2 wash BDL
Strip wash BDL

'Washes were performed by adding to the organic phase an equal

volume of 1,3-diisopropyl benzene and contacting that phase with
deionized water. BDL denotes analysis was below detection limit, which
is 15 ppb or 1.71 x 10-9 M for strontium.
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volume of 1,3-diisopropyl benzene and contacting that phase' with 
deionized water. BDL denotes analysis was below detection limit, which 
is 15 ppb or 1.71 x 10-9 M for strontium. 
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On the contrary, it was found that, while technetium is poorly extracted, it remains in the solvent as

long as the aqueous phase in contact is acidic. However, its build-up in the solvent is not a concern in

that a sodium hydroxide wash (concentrations 10-300 mM) is sufficient to remove it quantitatively from

the solvent. Table 29 presents the results obtained at each stage and also for a wafer wash done on

solvent after each contact.

Table 29. Distribution ratios of technetium obtained in ESS tests

Stage DTc DTc upon stripping the
organic phase with water

Extraction 3.78E-02 2.61E-02

Scrub #1 9.35E-01 5.27E+00

Scrub #2 6.77E-01 4.21E+00

Strip #1 9.03E+00 4.6 1E+00

Strip #2 9.73E+00

stip #3 1.31.E+O1

Wash of strip #3 with 0.01M NaOH 2.85E-02

Wash of strip #3 with 0.3 M NaOH 1.21E-02

All inorganic elements identified to be potentially in the actual wastes have been determined to be of

no impact on the extraction system. The change in solvent composition does not affect the previous

conclusions regarding the partition of inorganic components and confirms the robustness of the solvent

found in FY 2001.

5.3.3 Effect of Organic Surfactants

Distribution of organic surfactants has been considered to be of major interest [11], particularly after

anticaking agents present in salts used to prepare waste simulants were found to create stripping problems

[41]. This aspect of the process chemistry had been extensively investigated with the previous baseline

solvent, and a remedy was found in every •case, the best one being the TOA already present in the solvent.

A repeat experiment involving solely sodium dodecanoate has been performed in the present work using

the regular ESS test, with and .without a wash of the solvent using sodium hydroxide. The results are

presented in Table 30.

From the data, it may be observed that dodecanoate-containing solvent (at 2 x 10-5 M) performed

almost no differently than the pristine or NaOH-washed solvent. The higher level of TOA chosen for the

optimized solvent apparently offsets effects of the surfactant at this low concentration.
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Table 30. Effect of dodecanoate on cesium extraction in ESS tests

Test Dc.

Extraction Scrub #1 Scrub #2 Strip #1 Strip #2 Strip #3 Strip #4

87w 13.36 0.9765 1.235 0.0923 0.0594 0.0494 0.0430

87SSb 13.50 0.9428 1.195 0.0917 0.0596 0.0472 0.0445

87WSSc 13.83 0,9569 1.139 0.0912 0.0600 0.0479 0.0424

'87P indicates pristine solvent.
b8 7 SS indicates solvent initially containing dodecanoate at an initial concentration of 2 x 10-' M.
C87WSS indicates solvent initially containing dodecanoate at an initial concentration of 2 x 10i' M that

was, prior to the ESS test, washed with 10 mM NaOH at a 1:1 ratio by end-over-end rotation for 30
minutes on a Glas-Col Rugged Rotator in a 25 °C airbox.

5.4 CONCLUSIONS

The distribution of the solvent constituents and of the trace organic and inorganic components was

characterized. The major difference noticed between the results [11] involving the previous baseline

solvent and the present results involving the optimized solvent is the demonstration of the ineffective

stripping of technetium (as the pertechnetate anion form) from acidic solutions and the need to have a

caustic wash following the last strip. All other components behaved as expected based on the results

obtained earlier with the previous baseline solvent.
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6. THERMAL STABILITY

6.1 INTRODUCTION

Experiments conducted in FY 2001 involved a series of extrAction, scrub, and strip steps where the

solvent was allowed to remain in contact with one of the corresponding aqueous phases for an extended

period of time at 35 'C or 60 'C. The ultimate conclusion was that chemical and thermal stability of the

previous baseline solvent significantly exceeds requirements. Logically, the optimized solvent is not

expected to differ in this regard in that its chemical constituents are the same, and the work described in

this chapter was accordingly intended to provide experimental support for this expectation [11]. In

addition to a repeat of the ESS.experiments run at the two temperatures 35 'C and 60 'C, experiments at

two low temperatures were added, simulating conditions potentially encountered by the solvent upon

shipping during winter months. Since only the solvent would be subject to such temperature stress, no

contact with aqueous phases was performed before warming the solvent back to room temperature.

Performance of the optimized solvent having been subjected to the different thermal and chemical

conditions was assessed by ESS experiments uniformly performed at 25 'C.

6.2 EXPERIMENTAL SECTION

6.2.1 Materials, Equipment, and Contacting Method

Three different solvents were used for these tests: two different batches of the previous baseline

solvent and the optimized solvent. Batches PVB B000718-156W and B000718-124W of the previous

baseline solvent are composed of 0.010 M BOBCalixC6 (IBC Advanced Technologies, Lot No.

B000718-100CP), 0.50 M Cs-7SB modifier (Lot No. PVB B000718-1ODMP), 0.001 M tri-n-octylamine

(Lot No. PVB B000718-105L) in Isopar® L (ExxonMobil, Lot No. 0306 10967A). The optimized solvent

(Batch PVB B000894-87W) is composed of 0.007 M BOBCalixC6 (IBC Advanced Technologies, Lot

No. 000714HMKC-004), 0.75 M Cs-7SB modifier (Lot No. B000894-64DM), 0.003 M tri-n-octylamine

(Lot No. PVB B000894-86) in Isopar® L (ExxonMobil, Lot No. 03081001-6-2).

Low-temperature experiments involving the solvents were carried out in a VWR laboratory

refrigerator (0 'C) and in the freezer section of VWR combination re frigerator-freezer (-24 'C).

Calibrated thermometers were used to determine the temperatures in the freezer and the refrigerator.

Experiments conducted at 35 ± 0.5 'C (35 'C) and 60 ± 0.5 'C (60 'C) were performed in Labline

Imperial III (Model 305PI) incubators. The samples were agitated by end-over-end rotation on Glas-Col

rugged rotators placed inside the incubators. Manipulations of the solvent and aqueous phases were

performed using calibrated Eppendorf pipettes. ESS performance tests were run in standard order

beginning with the solvent phase that had undergone thermal exposure over a 43-day contacting period.
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6.2.2 ESS Analyses of Phase-Stability Samples

In order to remnix the phases that had separated at low temperature, the test samples were agitated by

end-over-end rotation on a Glas-Col rugged rotator located in an air box under a constant temperature of

25 'C. The optimized-solvent (-87W) samples were placed on the wheel first, and the -156W baseline

samples followed two days later.

The ESS testing was performed on the -87W samples after 7 days on the wheel in the 25 'C airbox

and involved an extraction step (O:A = 1:3), two scrub steps (O:A = 5:1), and four strips (O:A = 5:1).

Waste simulant (SRS-full simulant, draw #5 with 1.4 x 10-4 M Cs added) was spiked with 137CSCI at an

activity of 0.30 OCi/mL (56.25 1iL of 80 l.Ci/mL into 15 mL of simulant using a calibrated Eppendorf

pipette). In order to have sufficient counts for the third and fourth strips, a second spike (5 [tL of 88

l.Ci/mL 137CsNO3,. affording a 1
37

Cs activity of 0.629 [Ci/mL, in the aqueous phase) was added to the

third strip.

Teflon® FEP tubes (50 mL) were used for extraction, whereas 17-mL capacity polypropylene tubes

were used in scrubs and strips. All tubes were washed prior to use according to the standard tube-

washing protocol [ 1 1]. Individual tubes were shaken .10 times before being rotated on the wheel for 35

minutes. Phase separation was accomplished by centrifuging for 3 minutes at 2910 rpm in a refrigerated

tabletop centrifuge (set point of 25 'C). A 0.250-mL sample was removedfrom each phase for '37Cs

gamma counting using a Packard Cobra Quantum Model 5003 gamma counter equipped with a 3-inch

NaI(T1) crystal through-hole detector. A count time of 10-minutes duration was used with a window

setting of 580-750 keV (137tBa) for determining 137Cs activity. The protocol is represented in Fig. 14.

E.ir- oU1 Semi, Stdp I Stip 2 Strp 3t Strip 4
/A=A 5:1 O/A 5:1 O/A 5:' O/A = 5: O/A 5:1

4.5 L 0.L 79 L 720 ttL LO
ý-0 MHNO3 IMK03 IMN03 I3 MN03

/3 5 re Sos1
L Aq.

250 L OZ.

250 uL samples removed from each phase for gamma counting.

Fig. 14. ESS protocol for optimized solvent phase-stability test.
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6.2.3 HPLC Analyses of Phase-Stability Samples

In the cases where solvent samples displayed stratification (separation into different layers) upon

cooling in the refrigerator and freezer, aliquots of each layer were submitted for compositional analysis by

HPLC. Samples were prepared for HPLC analysis by diluting 100 ltL of the solvent with 2-propanol to a

final volume of I mL. All samples were analyzed according to the method described in section 5.2.2.

Quantitation

The analytes, BOBCalixC6 and Cs-7SB modifier, were quantitated using the wavelengths 226 nm

and 254 nm, respectively, set using the diode array detector. Each analyte was calibrated using seven

independent standards prepared in isopropanol/Isopar® L, each analyzed in duplicate. The calibration

ranges for BOBCalixC6 and Cs-7SB modifier were 0.02 to 2 mM and I to 100 mM, respectively. The

measured integrated peak areas were fit to a linear least-squares line, where the coefficient of

determination, r', exceeded 0.999.

6.3 RESULTS AND DISCUSSION

Experiments involving the temperatures of -24 'C and 0 'C are presented below in section 6.3. I.

Experiments in which the solvent was contacted for an extended period of time with simulant, scrub, or
strip solutions at 35 'C or 60 'C are described in section 6.3.2.

6.3.1 Phase Stability at Low Temperature

Samples of the pristine previous-baseline and optimized solvents that were stored in the refrigerator at

0 'C in 10-miL volumetric flasks overnight were observed to have split into two phases (Figure 15). As
the density of the modifier (1.197 g/mL at 25 'C) is substantially more than the Isopar® L diluent (0.76

g/mL at 20 °C), the lower, heavier phase was presumed to be enriched in modifier relative to the upper,

lighter phase. The thickness of the heavier layer was observed to increase with storage time over the

course of 4 days (Table 31), after which the phase thickness was essentially unchanged. The composition

of lower and upper layers for both solvents was determined by HPLC analysis (Table 32).
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Fig. 15. Phase separation in the optimized solvent at 0 *C.

Table 31. Phase separation at 0 *C for the previous-baseline and the optimized solvents

Optimized solvent -87W Original solvent -156W

Phase Phase Phase Calculated Phase Phase Calculated
mass density volume mass density volume
(g) (g/mL) (mL) (g) (g/mL) (mL)

Top 5.9115 0.826 7.157 7.517 0.825 9.111

Bottom 2.2776 0.969 2.350 0.6777 0.985 0.688

TOTAL 8.1891 9.51 8.1947 9.80
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Table 32. Phase compositions at 0 °C for the previous-baseline and the optimized solvents

Optimized solvent Original solvent

Repeats (mM) Avg. (mM) Repeats (raM) Avg. (mM)

Top layer BOBCalixC6 2.81 2.85 7.05 - 7.04
2.88 7.02

Cs-7SB 412.7 409.7
422.9 417.8 407.5 408.6

Bottom BOBCaIixC6 18.9 17.9 40.5
16.9 

40.5

Cs-7SB 1665.0 1557.1
1558.3 1611.6 1554.4 1555.8

A similar experiment was performed by placing 10-mL volumetric flasks filled with the optimized and

previous baseline solvents in the freezer at -24 'C overnight. The result is shown in Fig. 16, where, in

spite of the frost, it is clearly evident that a white phase had separated. That heavier phase also seems to

be frozen, likely due to the water contained in the solvent from the solvent-washing operation.

Fig. 16. Phase separation in the optimized solvent at -24 'C.
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Table 33. Phase separation at -24 °C for the previous-baseline and the optimized solvents

Optimized solvent -87W Original solvent -156W

Phase Phase Phase Calculated Phase Phase Calculated
mass density, volume mass density volume
(g) (g/mL) (ML) (g) (g/mL) (ML)

Top 5.1245 0.803 6.382 6.1929 0.788 7.859
Bottom 3.0263 1.006 3.008 1.9418 1.036 1.874

TOTAL 8.1508 9.39 8.1347 9.73

Table 34. Phase compositions at -24 °C for the previous-baseline and the optimized solvents

Optimized solvent Original solvent

Repeats (mM) Avg. (mrM) Repeats (mM) Avg. (mM)

Top layer BOBCalixC6 0.49 0.49 0.87 0.88
0.48 0.89

Cs-7SB 119.5 93.6
116.4 117.9 93.8 93.7

Bottom BOBCalixC6 20.0 20.0 43.0 43.0
20.0

Cs-7SB 1913.9 2012.5
1918.6 1916.2 2012.5

When the refrigerator-cooled samples were allowed to stand at room temperature for about four hours,

the interface or boundary separating the two layers was no longer visible. However, when the samples

were shaken gently, schlieren effects ("swirls" in the solvent) were visible suggesting that the solvent was
not yet homogeneous (a density gradient still remained). Subsamples at the very top and very bottom of
the flasks were taken, and the composition of these phases were again determined by HPLC. Note that

the concepts of "very top" and "very bottom" are subjective. Results are presented in Table 35.

Table 35. Solvent compositions at 0 °C for the previous-baseline and the optimized solvents

Optimized Solvent Original Solvent

Repeats (mM) Avg. (mM) Repeats (mM) Avg. (mM)

Top Surface BOBCalixC6 3.35 3.36 9.78 9.77
3.37 9.75

Cs-7SB 458.5 475.9
461.0 459.7 473.9 474.9

Very Bottom BOBCalixC6 14.7 14.8 9.6 9.70
14.9 9.7

Cs-7SB 1347.5 481.9
1363.5 1355.5 485.2 483.6

62

Table 33. Phase separation at -24 °C for the previous-baseline and the optimized solvents 

Optimized sol vent -87W . Original solvent -156W 

Phase Phase Phase Calculated Phase Phase Calculated 
mass . density volume mass density volume 
(g) (g/mL) (mL) (g) (g/mL) (mL) 

Top 5.1245 0.803 6.382 6.1929 0.788 7.859 

Bottom 3.0263 1.006 3.008 1.9418 1.036 1.874 

TOTAL 8.1508 9.39 8.1347 9.73 

Table 34. Phase compositions at -24°C for the previous-baseline and the optimized solvents 

Top layer BOBCalixC6 

Cs-7SB 

Bottom BOBCalixC6 

Cs-7SB 

Optimized solvent 

Repeats (mM) A vg. (mM) 

0.49 
0.48 

119.5 
116.4 

20.0 
20.0 

1913.9 
1918.6 

0.49 

117.9 

20.0 

1916.2 

Original solvent 

Repeats (roM) A vg. (mM) 

0.87 
0.89 

93.6 
93.8 

43.0 

2012.5 

0.88 

93.7 

43.0 

2012.5 

When die refrigerator-cooled samples were allowed to stand at room temperature for about four hours, 

the interface or boundary separating the two layers was no longer visible. However, when the samples 

were shaken gently, schlieren effects ("swirls" in the solvent) were visible suggesting that the solvent was 

not yet homogeneous (a density gradient still remained). Subsamples at the very top and very bottom of 

the flasks were taken, and the composition of these phases were again determined by HPLC. Note that 

the concepts of "very top" and "very bottom" are subjective. Results are presented in Table 35. 

Table 35. Solvent compositions at 0 DC for the previous-baseline and the optimized solvents 

Top Surface BOBCalixC6 

Cs-7SB 

Very Bottom BOBCalixC6 

Cs-7SB 

Optimized Solvent 

Repeats (mM) A vg. (mM) 

3.35 
3.37 

458.5 
461.0 

3.36 

459.7 

Original Solvent 

Repeats (mM) Avg. (mM) 

9.78 
9.75 

475.9 .. 
473.9 

9.77 

474.9 
------------------------------------------

14.7 
14.9 

·1347.5 
1363.5 

14.8 

1355.5 

62 

9.6 
9.7 

481.9 
485.2 

9.70 

483.6 



Similarly, the freezer-cooled samples were allowed to stand at room temperature to see how long it

would take for the interface between the layers to be no longer visible. After a couple of days at room

temperature, the interface was gone, and the "very top" and "very bottom" portions of the solvent in the

flasks were again analyzed by HPLC (Table 36). It is noteworthy that, despite there being no-visible sign

of a phase separation, there remained a density gradient in the static samples. Of course, mixing the

solvent results in homogenization.

Table 36. Solvent compositions at -24 'C for the previous-baseline and the optimized solvents

Optimized solvent Original solvent

Repeats (m.M) Avg. (mM) Repeats (mM). Avg. (mM)

Top surface BOBCalixC6 0.65 0.67 1.06 1.06
0.68. 1.06

Cs-7SB 156.1 125.6
159.4 157.7 126.5 126.1

Very bottom BOBCalixC6 18.8 19.0 34.6 34.2
19.1.. 33.8

Cs-7SB 1883.5 1594.2
1894.5 1889.0 1554.5 1574.3

It is apparent and not surprising that the miscibility of the nonpolar aliphatic diluent Isopar® L and the
polar fluorinated alcohol modifier is not infinite at all temperatures. Thus, static storage of the wet

solvent at temperatures at or below freezing can result in phase separation, in which the concentrations of

the solvent components in each layer are quite different. The phase separation is presumed to be fully

reversible upon mixing and warming, but to verify that this is the case, the cesium-distribution behavior

of the solvent following remixing was determined. After a 1-week equilibration at room temperature,

solvents were subjected to ESS testing. Experiments were run in duplicate, and a pristine-solvent control

was added to the series. These tests were done for both previous-baseline and optimized solvents.

Results are summarized in Tables 37 and 38.

Table 37. ESS tests at 25 °C using the low temperature-conditioned previous baseline solvent

Conditions Dcs

Extraction Scrub #1 Strip #1 Strip #2 Strip #3 Strip #4

0 °C 17.03 1.521 0.133 0.074 0.055 0.052

0 °C 17.41 1.542 0.135 0.076 0.056 0.053

-24 °C 17.03 1.487 0.138 0.081 0.061 0.055

-24 °C 16.87 1.482 0.136 0.078 0.058 0.050

Control 17.54 1.537 0.140 0.075 0.057 0.048
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reversible upon mixing and warming, but to verify that this is the case, the cesium-distribution behavior 

of the solvent following remixing was determined. After a I-week equilibration at room temperature, 

solve~ts were subjected to ESS testing. Experiments were run in duplicate, and a pristine-solvent control 
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Results are summarized in Tables 37 and 38. 

Table 37. ESS tests at 25°C using the low temperature-conditioned previous baseline solvent 

Conditions Dcs 

Extraction Scrub #1 Strip #1 Strip #2 Strip #3 Strip #4 

O°C 17.03 1.521 0.133 0.074 0.055 0.052 

O°C 17.41 1.542 0.135 0.076 0.056 0.053 
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Table 38. ESS tests at 25 °C using the low temperature-conditioned optimized solvent

Conditions Dc,

Extraction Scrub #1 Scrub #2 Strip #1 Strip #2 Strip #3 Strip #4

0 °C 13.39 1.03 1.15 0.103 0.066 0.054 0.048

0 °C 13.57 1.01 1.24 0.102 0.066 0.052 0.047

-24 °C 13.34 1.03 1.25 0.107 0.068 0.055 0.048

-24 °C 13.46 1.05 1.23' 0.102 0.065 0.053 0.046

Control 13.29 1.04 1.23 0.098 0.064 0.052 0.048

The results indicate that cold conditions did not impair the performance of the solvents, previous-

baseline or optimized, and that the phase separation is a fully reversible phenomenon. The cesium

distribution behavior of the "cold-conditioned" solvents is comparable to their corresponding controls.

6.3.2 Chemical Stability at High Temperature

Stability tests at elevated temperatures (35 'C and 60 'C) were similar to those carried out in FY
2001. Solvent samples were carried partially through an ESS procedure and allowed to remain in

prolonged contact with one of the aqueous solutions used in the sequence: the waste simulant, scrub

solution, or strip solution. For example, to test.thestability of the solvent to prolonged contact with strip

solution, the solvent sample would undergo an extraction and two scrubs before being placed in

prolonged contact with the strip solution. The experiments were carried out for 43 days. Cesium

extraction performance of the thermally treated solvent samples was assessed by running ESS tests at 25

'C. Results are summarized in Table 39. Explanations for the entry nomenclature are given in the

footnotes to the table, where the numbers in the sample codes indicate the temperature of the prolonged

contact, either 35 or 60 0C.

In all cases, the solvents behaved similarly to the controls and furthermore gave ESS results

remarkably close to those obtained in Chapter 3 with pristine solvent. Over a 43-day treatment,

performance remained essentially unchanged for both 35 °C and 60 'C samples. In only one case,

TS60SCB (treatment over scrub solution at 60 'C), did the Dcs value seem high on stripping, but only for

the second strip. This thermal-stability study thus yielded results comparable to those obtained in FY

2001.

6.4 CONCLUSIONS

The results validate the expectation that the optimized solvent would possess adequate thermal

stability. It was clear from the thermal-stability tests on the previous baseline solvent [11] that the solvent

undergoes degradation only when in contact with the acidic scrub and strip solutions, owing to
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Table 39. ESS tests at 25 'C using the high temperature-stressed optimized solvent

Test Dcs

Extract Scrub Scrub Strip Strip Strip Strip Extract Scrub Scrub
#1 #2 #1 #2 #3 #4 #1 #2

TS35PO 14.69 1.096 1.276 0.1065 0.0647 0.0513 0.0486

TS60Pa 13.90 1.101 1.298 0.1164 0.0718 0.0547 0.0485

TS35Sb 13.88 1.110 1.267 0.1344 0.0673 0.0516 0.0472

TS60Sb 13.34 1.165 1.177 0.1109 0.0693 0.0544 0.0475

TS35SCBc 1.063 1.273 0.1018 0.0696 0.0539 0.0483 13.89

TS60SCBc 1.165 1.305 0.1240 0.0971 0.0602 0.0484 13.90

TS35STV 0.1156 0.0699 0.0540 0.0478 13.84 1.180 1.268

TS60ST" 0.1397 0.0724 0.0552 0.0482 13.79 1.107 1.261
rTS35P or TS60P indicates use of pristine solvent, no contact with aqueous phases over the course of

43 days at either 35 'C or 60 *C.
b'TS35S or TS60S indicates use of solvent that was in contact with simulant at O:A = 1:3 (draw #5 to

which was added 1.4 x 10- M Cs) via end-over-end rotation for 43 days at either 35 'C or 60 'C.
CTS35SCB or TS60SCB indicates use of solvent that was contacted with simulant for 30 minutes at

25 °C via end-over-end rotation; the solvent phase was then contacted at O:A = 5:1 with scrub solution
via end-over-end rotation for 43 days at either 35 'C or 60 'C.

dTS35ST or TS60ST indicates use of solvent that was contacted with simulant for 30 minutes at 25 'C
via end-over-end rotation; the solvent phase was then contacted at O:A = 5:1 with scrub solution for 30
minutes t 25 'C via end-over-end rotation; the solvent phase then contacted at O:A = 5:1 with strip
solution for 43 days via end-over-end rotation at either 35 'C or 60 'C.

degradation of the TOA. This effect was only detectable for the elevated-temperature samples (61 °C)

held for 46 days or more. Pristine solvent held for 235 days at 61 'C underwent no noticeable

degradation in performance, which was also true of solvent contacted with the waste simulant for 235

days at 61 'C. The present study reflects almost the same behavior, though the duration of the test (43
days) was insufficient to detect any impact to performance at either temperature. Making the assumption

that only 4.4% of the solvent inventory resides in the scrub and strip sections of the flowsheet at any

given time and that negligible degradation occurs outside of these sections [111], 43 days at the maximum
normal operating temperature of 35 'C corresponds to a minimum of 977 days of solvent lifetime. Thus,

it can be reasonably said that thermal stress should not have a significant impact on the performance of

the optimized solvent.

It also was informative to examine the behavior of the optimized solvent under low-temperature

conditions, which may be encountered during storage or shipping in winter months. The phase separation
that occurs at low temperature does not impair the solvent performance upon warming and remixing.

ESS experiments proved that the cesium extraction performance of the previous-baseline and optimized

solvents is not altered by a cold-temperature conditioning resulting in a phase separation, possibly even a

freezing of these phases. It is clear that solvent stored or shipped under cold conditions should be

remixed at room temperature to ensure good quality results.
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#1 #2 #1 
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Dcs 

Strip Strip 
#2 #3 
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0.0693 0.0544 

0.0696 0.0539 

0.0971 0.0602 

0.0699 0.0540 

0.0724 0.0552 

Strip 
#4 
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0.0472 

0.0475 
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0.0484 

0.0478 

0.0482 

Extract Scrub 

13.89 
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13.84 

13.79 

#1 

1.180 

1.107 

Scrub 
#2 

1.268 

1.261 

"TS35P or TS60P indicates use of pristine solvent, no contact with aqueous phases over the course of 
43 days at either 35°C or 60 °C. 

~S35S or TS60S indicates use of solvent that was in contact with simulant at O:A = 1:3 (draw #5 to 
which was added 1.4 x 10-4 M Cs) via eI)d~over-end rotation for 43 days at either 35 °C or 60 0c. 

cTS35SCB or TS60SCB indicates use of solvent that was contacted with simulant for 30 minutes at 
25 °C via end-over-end rotation; the solvent phase was then contacted at O:A = 5: 1 with scrub solution 
via end-over-end rotation for 43 days at either 35 °C or 60 0c. 

dTS35ST or TS60ST indicates use of solvent that was contacted with simulant for 30 minutes at 25°C 
via end-over-end rotation; the solvent phase was then contacted at O:A = 5: 1 with scrub solution for 30 
minutes t 25°C via end-over-end rotation; the solvent pha~e then contacted at O:A = 5:] with strip 
solution for 43 days via end-over-end rotation at either 35 °C or 60 0c. 
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conditions, which may be encountered during storage or shipping in winter months. The phase separation 

that occurs at low temperature ·does not impair the solvent performance upon warming and remixing. 

ESS experiments proved that the cesium extraction performance of the previous-baseline and optimized 

solvents is not altered by a cold-temperature conditioning resulting in a phase separation, possibly even a 

freezing of these phases. It is clear that solvent stored or shipped under cold conditions should be 

remixed at room temperature to ensure good quality results. 
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7. PHYSICAL-PROPERTIES MEASUREMENTS

7.1 INTRODUCTION

Laboratory-scale physical-property evaluations of the optimized Caustic-Side Solvent Extraction

(CSSX) formulation have been completed to help determine the operating characteristics for design of the

centrifugal contactors used in cesium removal at the Savannah River Site [20]. The properties measured

in these tests were solvent density, viscosity, and dispersion numbers for the solvent against full simulant,

scrub, and strip solutions at temperatures between 15 and 35 'C.

The evaluations included determination of phase separation by gravity settling under conditions

present in the extraction, scrubbing, and stripping sections of the CSSX cascade, measurement of solvent

density, measurements of solvent viscosity at several temperatures, and measurements of solvent surface

tension and the interfacial tension of each solvent/simulant, solvent scrub, and solvent/strip combination.

Results of these tests show that all of the formulations will perform the required separations and will

perform satisfactorily in the contactors.

7.2 EXPERIMENTAL PROCEDURES

7.2.1 Chemicals

The CSSX solvent is a blend of the organic materials listed above., Scrub (0.05 M HNO 3) and strip

(0.001 M HNO3) aqueous solutions were formulated using 1.0 M HNO3, procured from J. T. Baker Co.

and diluted with water that had been deionized using a B arnstead Nanopure B filtration system. Sodium

hydroxide solutions used to wash the solvent were formulated using a standard 0.1 M sodium hydroxide

solution (ACS reagent grade, procured from the J. T. Baker Co.). SRS waste supernatant simulant was
formulated according to SRS procedure [23], but the composition listed in that document for "average"

SRS supernatant simulant was adjusted slightly as shown in Table I to match the new average simulant.
The cesium concentration in the simulant batch used in testing was 0.000143 M. The simulant was

prepared by first combining the ingredients shown below except for the cesium and silica.. These were

added along with the metals and organic components shown in Table 2 to make the complete simulant.
After the materials in Tables 40 and 41 were all combined and allowed to age over a three-day period, the

simulant was filtered through a 0.45-ltm Gelman polypropylene groundwater filter to remove any

precipitates formed. The simulant remained clear after filtration during all remaining testing.
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solution (ACS reagent grade, procured from the 1. T. Baker Co.). SRS waste supernatant simulant was 
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SRS supernatant simulant was adjusted slightly as shown in Table 1 to match the new average simulant. 

The cesium concentration in the simulant batch used in testing was 0.000143 M. The simulant was 

prepared by first combining the ingredients shown below except for the cesium and silica. These were 

added along with the metals and organic components shown in Table 2 to make the complete sirnulant. 

After the materials in Tables 40 and 41 were all combined and allowed to age over a three-day period, the 

simulant was filtered through a O.4S-lAm Gelman polypropylene groundwater filter to remove any 

precipitates formed. The simulant remained clear after filtration during aU remaining testing. 

67 



7.2.2 Determination of Dispersion Number

The purpose of these tests was to determine phase-separation performance of the optimized CSSX

solvent under conditions approximating those present in the extraction, scrubbing, and stripping sections

of the CSSX cascade. Phase-separation performance was quantified in terms of dimensionless dispersion

numbers, determined at temperatures ranging from 15 'C to 35 'C. Prior to phase-separation

determinations, the solvent was equilibrated according to the test condition. Extraction-condition test

solvent was equilibrated under extraction conditions.

Table 40.

Component Avg. SRS'
simulant

(M)

Na' 5.6

Cs' 0.00014

K+ 0.015

OH- 1.91

NO3  2.14

NO2- 0.52

A10 2  0.31

CO 3
2- 0.16

S042 0.15

CI 0.025

F 0.032

P0 4
3- 0.010

C204 2- 0.008

Simulant composition (major components)

New.Avg. SRSb Compound Mol.
waste diluted used Wt.
with H20 (M)

5.6

0.000143 CsC1 168.37

0.0146 KNO3  101.10

2.086 NaOH 40.00

2.039 NaNO 3  84.99

0.494 NaNO2  69.00

0.289 Al(NO3)3"9H20 375.14

0.147 Na2CO3"H20 124.01

0.137 Na 2SO 4  142.04

0.025 NaCl 58.44

0.030 NaF 41.99

0.007 Na2HPO,-7H20 268.09

0.018 Na2C 20 4  134.00

(Sodium

Oxalate)

0.003 Na2SiO 3"9H 20 284.20

0.0002 Na2MoO 4"2H20 241.95

Mass for
new avg.

(g/L)

0.024077

1.47606

81.56

173.295

34.086

108.415

18.2295

19.4595

1.4610

1.2597

1.8766

2.412

0.8526

0.04839

SiO 3
2  0.004

MoO 4
2  0.0002

aWSRC-RP-98-00168,
bWSRC-RP-99-00006

Rev. 1.
Rev. 3.
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solvent under conditions approximating those present in the extraction, scrubbing, and stripping sections 

of the CSSX cascade. Phase-separation performance was quantified in terms of dimensionless dispersion 

numbers, determined at temperatures ranging from IS °c to 35°C. Prior to phase~separation 

determinations, the solvent was equilibrated according to the test condition. Extraction-condition test 

solvent was equilibrated under extraction conditions. 

Table 40. Simulant composition (major components) 

Component Avg. SRSa NewAvg. SRSb Compound Mol. Mass for 
simulant waste diluted used Wt. newavg. 

(M) with H20 (M) (gIL) 

Na+ 5.6 5.6 
Cs+ 0.00014 0.000143 CsCl 168.37 0.024077 
K+ 0.015 0.0146 KN03 101.10 1.47606 

OR 1.91 2.086 NaOH 40.00 81.56 
N03' 2.14 2.039 NaN03 84.99 173.295 
N02' 0.52 0.494 NaN02 69.00 34.086 

AlO2' 0.31 0.289 Al(N03)3 '9H2O 375.14 108.415 

cot 0.16 0.147 Na2C03'H2O 124.01 18.2295 

sot 0.15 0.137 Na2S04 142.04 • 19.4595 

Cl' 0.025 0.025 . NaCl 58.44 1.4610 
p- 0.032 0.030 NaF 41.99 1.2597' 

PO/- 0.010 0,007 Na2HP04'7HP 268.09 1.8766 

c20t 0.008 0.018 Na2C204 134.00 2.412 

(Sodium 

Oxalate) 
Si0

3
2 .. 0.004 0.003 Na2Si03'9H2O 284.20 0.8526 

MoOt 0.0002 0.0002 Na2Mo04'2H20 241.95 0.04839 

. aWSRC-RP-98-00168, Rev. 1. 
bWSRC-RP-99-00006, Rev. 3. 
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Table 41. Materials for full simulant (added trace metals and organic species)

Component Concentration Compound Molecular weight Mass
in simulant used (g/L)

(M)

Cu2" 2.27 x 10-5 CuSO4 .5H 20 249.68 0.00566

Cr60 1.44 x 10-3 Na2 CrO4  161.97 -0.2336

Zn2+ 1.22 x 10-4 Zn(NO,)2-6H 20 297.47 0.0364

Pb 2
+ 1.01 x 10-1 Pb(N0 3)2  331.20 0.00336

Fe3÷ 2.58 x 10-' Fe(NO 3)3 "9HO 404.00 0.01042

Sn 2
+ 2.02 x 10-5 SnCl2'2H 20 225.63 0.00456

Hg 2
+ 2.49 x 10- Hg(N0 3)2"H20 342.61 0.0000854

RhW 2.04 x 10-6 Rh(N0 3)3-2H2 0 324.95 0.000663

Pd2+ 3.85 x 10-6 Pd(N0 3)2  230.43 0.000888

Ag÷ 9.27 x 10-8 AgNO 3  169.87 0.0000157

Ru3÷ 8.11 x 10-6 RuC13  207.43 0.00168

TPB 1.88 x 10-6 Tributylphosphate 266.32 0.0005

DBP 1.19 X 10-4 Dibutylphosphate 210.21 0.025

MBP 1.62 x 10-4 Monobutylphosphate 154.10 0.025

n-Butanol 2.70 x 10-' C4H9OH 74.12 0.002

CHO2- 3.33 x 10-2 NaCHO2  68.01 1.5

(sodium formate)

TMA 1.69 x 10-4 Trimethylamine 59.11 0.01,

Scrub-conditioned solvent was obtained from extraction-equilibrated solvent and was batch

equilibrated with scrub solution .prior to testing. Strip-conditioned solvent was obtained from extraction-

and scrub-equilibrated solvent, and was equilibrated with strip solution prior to testing. Single-batch pre-

equilibrations were used to mitigate errors that might be introduced due to variations in technique that

could affect split-batch operations. Dispersion numbers were determined as described in Chapter 2.

7.2.3 Laboratory Dispersion-Number Procedures

The procedure above was used with the solvent for each extraction, scrub, and strip contact at each

temperature from 15 to 35 'C at 5 'C increments simulating the operations in each step of the CSSX

process. A total of 300 mL of optimized solvent, 1500 mL of simulated SRS waste supernatant (full

recipe), 200 mL of CSSX scrub solution (0.05 M HNO03), and 100 mL of CSSX strip solution (0.001 M

HNO 3) were required for the tests. Glass graduated cylinders (100 mL) with ground glass stoppers, an

electronic stopwatch, a thermometer (LaPine 398-12-53), a refrigerated water bath (VWR model 13270-

615 circulation bath, with 190. watts cooling and operated at about 5 L/min coolant recirculation rate and.

filled with distilled water), and a millimeter scale rule were used. Prior to use, all new or previously used
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Table 41. Materials for full sirnulant (added trace metals and organic species) 

Component Concentration Compound Molecular weight Mass 
in simulant used (giL) 

(M) 

Cu2+ 2.27 X 10-5 CuS04 '5H2O 249.68 0.00566 

Cr6+ 1.44 x 10-3 Na2Cr04 161.97 ·0.2336 

Zn2+ 1.22 x 10-4 Zn(N03)2· 6H20 297.47 0.0364 

Pb2+ 1.01 x 10-5 Pb(N03)2 331.20 0.00336 

Fe3+ 2.58 x 10-5 Fe{N03)3'9H20 404.00 0.01042 

Sn2+ 2.02 x 10-5 SnCI2'2H2O 225.63 0.00456 
Hg2+ 2.49 x 10-7 Hg(N03hH2O 342.61 0.0000854 
Rh3+ 2.04 X 10-6 Rh(N03h·2H2O 324.95 0.000663 

Pd2+ 3.85 x 10-6 
Pd(N°3)2 230.43 0.000888 

Ag+ 9.27 x 10-8 AgN03 169.87 0.0000157 

Ru3+ 8.11 x 10-6 RuCl3 207.43 0.00168 

TPB 1.88 x 10-6 Tributylphosphate 266.32 0.0005 

DBP 1.19 x 10-4 Dibutylphosphate 210.21 0.025 

MBP 1.62 x 10-4 Monobutylphosphate 154.10 OJ)25 

n-Butanol 2.70 x 10-5 C4H9OH 74.12 0.002 

CH02- 3.33 x 10-2 NaCH02 68.01 1.5 

(sodium formate) 

TMA 1.69 x 10-4 Trimethylamine 59.11 0.01 

Scrub-conditioned solvent was obtained from extraction-equilibrated solvent and was batch 
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615 circulation bath, with 190 watts cooling and operated at about 5 Llmin coolant recirculation rate and. 

filled with distilled water), and a millimeter scale rule were used. Prior to use, all new or previously lIsed 
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glassware and plastic vessels were washed by rinsing with tap water three times, rinsing with

demineralized water three times, rinsing with ethanol two times, and rinsing with acetone two times. The

equipment was allowed to air dry or dried with a stream of dry nitrogen or argon before use.

To pre-equilibrate the solvent to extraction conditions, 300 mL of solvent was combined with 936 mL

of supernatant simulant and60 mL of scrub solution in a 2-L flask at room temperature (24.5 °C). The

flask was shaken vigorously for 20 s, held for 10 s, agitated for 20 s, held for 10 s, and agitated for 20 s

again. The dispersion was allowed to separate, the solvent phase was collected, and the aqueous simulant

solution was discarded.

7.3 DISPERSION-NUMBER DETERMINATIONS

7.3.1 Extraction Dispersion-Number Determinations

Extraction dispersion-number determinations were made using the full SRS simulant containing salts,

metals, and organics and with non-radioactive cesium at a cesium concentration of 0.000143 M as shown

in Tables 40 and 41. The tests were begun by placing 17.66 mL of solvent, 3.53 mL of scrub solution,

and 53.81 mL of simulant in each graduated cylinder using Rainin EDP electronic 1 and 10-mL digital

pipettes. The position of the stable interface between organic and aqueous phases and the height of the

liquid column were measured. The cylinders were then placed in the temperature bath. After reaching

the desired test temperature, the solution temperature was measured and each stoppered cylinder was

removed from the bath and manually agitated for 20 s, held still for 10 s, and agitated for another for

another 20 s, and then placed back into the water bath. The time, elapsed between cessation of agitation

and the return of the interface to its original position (i.e., the collapse of the dispersion) was recorded.

The total height of the dispersion column in the graduate at the beginning of the settling period was also

recorded. (If agitated correctly, the dispersion column height should be the height of the liquid column

inside the graduate.) This was repeated two more times, and after the third time, the temperature of the

solution in the graduate was measured again. This procedure was then repeated for 20, 25, 30, and 35 'C

temperatures.

An additional extraction dispersion-number determination was made, again using the full simulant.

The solvent (40 mL) was again pre-equilibrated with simulant (124.9 mL) and 8 mL of scrub solution as

described above. The 17.66 mL of solvent, 3.53 mL of scrub solution, and 53.81 mL of simulant was

added to each of the graduates and the extraction contacts were completed at 15, 20, 25, 30, and 35 'C.

A separate experiment following a similar procedure as that described above was completed using

solvent that was not pre-equilibrated with simulant. The first time this was attempted, at 15 'C, one of the

two graduates, when shaken, had the look of a gel for the dispersion and this took longer to separate. At

20 'C, the other one had the gel-like look and took longer to separate. That graduate continued to have

the gel-look when shaken at the rest of the temperatures and the gel-like dispersion took longer to

separate than the other. When it was separated, though, there was no visual difference between the two

graduates except that in the one that had the gel-like formation, both organic and aqueous were clear as
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soon as the break was, achieved. When the normal shake and break occurred, the tube had foam after

shaking and both phases were slightly cloudy for 30 min to 2 h after break. No data was taken for break

time during this trial. The gel-like formation is shown in the photos in Fig. 17 at various stages of phase

separation.

The graduates were left as they were, and after five days in the graduates, the shakeouts were repeated.

This time, both tubes were clear the first two shakes at 15 'C, but on the third shake, the gel-like

formation returned in the second tube, and it took about a minute to separate. At 20 °C, no gel appeared

in either tube. Then the temperature was increased to 35 'C, and shakeouts continued. On the second

shake, gel-like formation occurred in the second tube. It took slightly longer to separate, but then on the

third shake, both were normal again. At 30 and 25 'C, neither tube had the gel like formations on any

shakeouts. The trigger for the gel-like formation is not known. Sometimes it occurred in one tube, then

the otfher, and most times not at all. It could not be predicted when or at what temperature the material

would behave this way and if it did, whether it would continue. All data are shown in Table 42 and Fig.

18.

7.3.2 Scrubbing-Condition Dispersion-Number Determinations

Solvent for the stripping dispersion number determinations was recovered from the single-batch

extraction-condition equilibration and was determined to be 261.6 mL. It was placed into a clean 500-mL

separatory funnel and a volume of scrub solution equal to one-fifth the solvent volume was added (52.32

mL). The funnel was agitated vigorously for 20 s, held for 10 s, agitated for 20 s, held for 10 s, and

agitated for 20 s again. The temperature of the dispersion was determined (24.5 'C) and the dispersion

was allowed to separate. The solvent phase was collected and the aqueous solution was discarded.
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At the start of settling (gel on left) After about I minute

About 90% complete settling. Completion of settling.

Fig. 17. Gel-like material formed during dispersion-number determinations.
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At the start of settling (gel on left) After about 1 minute 

About 90% complete settling. Completion of settling: 

Fig. 17. Gel-like material formed during dispersion-number determinations. 
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Table 42. Dispersion numbers for extraction with optimized CSSX solvent

Solvent Dispersion height Simulant/solvent Determination
sample (cm) dispersion temperature

number (°C)

Trial 1

15C#1

15C#2

20C#1

20C#2

25C#1

25C#2

30C#l

30C#2

35C#1

35C#2

13.3

13.75

13.3

13.75

13.3

13.75

13.3

13.75

13.3

13.75

Trial 2

0.001013

0.000864

0.001243

0.001070

0.001431

0.001371

0.001581

0.001629

0,001782

0.001909

0.000623

0.000680

0.000872

0.000893

0.001001

0.001212

0.001107

0.001338

0.001226

0.001591

15.6

15.6

20.6

20.6

25.2

25.2

30.0

30.0

34.8

34.8

15.3

15.3

20.2

20.2

25.2

25.2

30.0

30.0

34.9

34.9

15C#1

15C#2

20C#l

20C#2

25C#1

25C#2

30C#1

30C#2

35C#1

35C#2

14.0

13.2

14.0

13.2

14.0

13.2

14.0

13.2

14.0

13.2

Trial 3

15C#1
15C#2

20C#1

20C#2

25C#1

25C#2

30C#1

30C#2

35C#l

35C#2

14.2
14.6

14.2

14.6

14.2

14.6

14.2

14.6

14.2

16.7

0.000451
0.000436

0.000424

0.000438

0.000516

0.000485

0.000632

0.000569

0.000813

0.000664

15.2
15.2 (gel on one

shakeout)

20.1

20.1
25.2

25.2

30.0

30.0

35.0

35.0 (gel on one

shakeout)
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Table 42. Dispersion numbers for extraction with optimized CSSX solvent 

Solvent Dispersion height Simulantlsolvent Determination 
sample (em) dispersion temperature 

number (0C) 

Trial 1 

ISC#1 13.3 0.001013 IS.6 

ISC#2 13.75 0.000864 IS.6 

2OC#1 13.3 0.001243 20.6 

20C#2 13.75 0.001070 20.6 

2SC#1 13.3 0.001431 2S.2 

2SC#2 13.75 0.001371 25.2 

30C#1 13.3 0.001581 30.0 

30C#2 13.75 0.001629 30.0· 

35C#1 13.3 0.001782 34.8 

35C#2 13.75 0.001909 34.8 ----------------------.. -.---------------------------------------------------------------------
Trial 2 

ISC#1 14.0 0.000623 IS.3 

ISC#2 13.2 0.000680 15.3 

20C#1 14.0 0.000872 20.2 

20C#2 13.2 0.000893 20.2 

25C#1 14.0 0.001001 25.2 

25C#2 13.2 0.001212 25.2 

30C#1 14.0 0.001107 30.0 

30C#2 13.2 0.001338 30.0 

35C#1 14.0 0.001226 34.9 

35C#2 13.2 0.001591 34.9 
-----------------------

Trial 3 

15C#1 14.2 0.000451 IS.2 
15C#2 14.6 0.000436 15.2 (gel on one ::;:.-... 

shakeout) 

20C#1 14.2 0.000424 20.1 

20C#2 14.6 0.000438 20.1 

25C#1 14.2 0.0005]6 25.2 

25C#2 14.6 0.000485 25.2 

30C#1 14.2 0.000632 30.0 

30C#2 14.6 0.000569 30.0 

35C#1 14.2 0.000813 35.0 

3SC#2 16.7 0.000664 35.0 (gel on one 

shakeout) 
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Fig. 18. Graph of CSSX solvent extraction equilibration dispersion numbers.

Then, 62.5 mL of recovered solvent was 'placed into each of two clean, 100 nL graduated cylinders

and 12.5 mL of scrub solution (0.05 M HNO3 ) was added to each cylinder. The position of the stable

interface between organic and aqueous phases and the height of the liquid column were measured. They

were then placed in the water bath and equilibrated to the test temperature. After reaching the desired test

temperature, the solution temperature was measured and each stoppered cylinder was removed from the

bath and manually agitated for 20 s, held still for 10 s, agitated for another 20 s, and then placed back into

the water bath. The time from the cessation of agitation to the reestablishment of the interface was

measured as the breaktime. Each equilibration was repeated two times, and then the temperature of the

solution in the graduate was measured after the third equilibration. The temperature of the bath was then

adjusted to the next test temperature and the equilibration process was repeated at 20, 25, 30, and 35 'C.

The scrub-condition.dispersion numbers results are shown in Fig. 19 and in Table 43.

7.3.3 Stripping-Condition Dispersion-Number Determinations

Solvent for the stripping determinations was recovered from the single-batch scrub-condition

equilibration. A total of 130 mL solvent was placed into a clean 500-mL separatory funnel. A volume of
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Then, 62.5 mL of recovered solvent was placed into each of two clean, 100 mL graduated cylinders 

and 12.5 mL of scrub solution (0,05 M HN03) was added to each cylinder, The position of the stable . ~ , . 

interface between organic and aqueous phases and the height of the liquid column were measured, They 

were then placed in the water bath and equilibrated to the test temperature. After reaching the desired test 

temperature, the solution temperature was measured and each stoppered cylinder was removed from the 

bath and manually agitated for 20 s, held still for 10 s, agitated for another 20 s, and then placed back into 

the water bath, The time from the cessation of agitation to the reestablishment of the interface was 

measured as the breaktime. Each equilibration was repeated two times, and then the temperature of the 

solution in the graduate was measured after the third equilibration, The temperature of the bath was then 

adjusted to the next test temperature and the equilibration process was repeated at 20, 25, 30, and 35°C. 

The scrub-condition. dispersion numbers results are shown in Fig. 19 and in Table 43. 
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equilibration. A total of 130 mL solvent was placed into a clean 500-mL separatory funnel. A volume of 
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strip solution equal to one-fifth the solvent volume (26 mL) was added. The funnel was agitated

vigorously for 20 s, held for 10 s, agitated for 20 s, held for 10 s, and agitated for 20 s again. The

temperature of the dispersion was determined (24.5 0 C) and the dispersion was allowed to separate. The

solvent phase was collected and the aqueous solution was discarded.

Then, 62.5 mL of the recovered solvent was placed into each of two clean, 100-mL graduated

cylinders and 12.5 mL of strip solution (0.00 1 M HNO3 ) was added to each cylinder. The position of the

stable interface between organic and aqueous phases and the height of the liquid column was measured.

The cylinders were then placed in the water bath and equilibrated to the test temperature. After reaching

the desired test temperature, the solution temperature was measured and each stoppered cylinder was

removed from the bath and manually agitated for 20 s, held still for 10 s, agitated for another for another

20 s, and then placed back into the water bath. *The time from the cessation of agitation to the

reestablishment of the interface was measured as the breaktime. Each equilibration was repeated two

times,. and then the temperature of the solution in the graduate was measured after the third equilibration.

The temperature of the bath was then adjusted to the next test temperature and the equilibration process

was repeated at 20, 25, 30, and 35 'C. The stripping dispersion number results are shown in Fig. 20 and

in Table 44.

Table 43. Dispersion numbers for scrub with optimized CSSX solvent

Solvent Dispersion height Scrub/solvent Determination
sample (cm) Dispersion temperature

number (°C)

15C#1 14.5 0.000602 15.6

15C#2 14.3 0.000623 15.6

20C#1 14.4 0.000856 20.4

20C#2 14.4 0.000828 20.4

25C#1 14.6 0.001070 25.2

25C#2 14.5 0.001045 25.2

30C#l 14.6 0.001289 29.75

30C#2 14,5 0.001254 29.75

35C#1 14.6 0.001506 34.55

35C#2 14.5 0.001453 34.55
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15C#2 14.3 0.000623 15.6 
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20C#2 14.4 0.000828 20.4 
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Fig. 20. Graph of CSSX solvent strip equilibration dispersion numbers. 
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Table 44. Dispersion numbers for strip with optimized CSSX solvent

Solvent Dispersion height Scrub/solvent Determination
sample (cm) dispersion temperature

number (°C)

15C#1 14.0 0.000686 15.7

15C#2 14.9 0.000779 15.7

20C#l 14.0 0.000813 20.4

20C#2 14.9 0.000915 20.4

25C#1 14.1 0.001080 25.2

25C#2 14.8 0.001190 25.2

30C#1 14.15 0.001189 30.3

30C#2 14.9 0.001400 30.3

35C#1 14.2 0.001398 34.5

35C#2 14.95 0.001620 34.5

7.4 MEASUREMENT OF SOLVENT DENSITIES

The solvent densities were measured using procedures described in Chapter 2. Each flask was filled

using a 500-mL separatory funnel to just below the line and then adjusted to the line with a small transfer

pipette after coming to temperature in the water bath. The actual volume of each flask was calculated

from the weight of the water contained at 20 *C, and the volume at the other test temperatures was

calculated according tor ASTM E542. The density of water at each temperature was measured and then

compared to the published data for water density at those temperatures. The calculated volume was used

in subsequent density determinations of the solvent at each temperature. The results for the flask volume

determinations are shown in Table 45.

For the solvent densities, the same volumetric flasks were emptied and rinsed twice with ethanol,

twice with acetone, and allowed to air dry over night. They were weighed and then filled to the line with

solvent using a separatory funnel. They were then placed in the water bath at 15 'C and allowed to come

to bath temperature. After reaching bath temperature, the levels in each flask were adjusted by adding or

removing (at higher temperatures) solvent using a small pipette. After adjustment of the levels, they

remained in the bath for ten more minutes, then removed and the levels checked again and adjusted if

needed. They were then dried and weighed. After weighing, they were returned to the bath and the

temperature of the bath adjusted to the next test temperature. The results of the solvent density

determinations are shown in Table 46 and Fig. 21.
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Table 45. Water-density determinations

Actual water density at
Temperature temperature

(°C) Flask I Flask 2 Flask 3 (g/cm')

Tare wt. 60.1097 62.3954 61.1582

24.4 Gr. Wt. 159.6757 161.9962 160.7973 0.997197

Net Wt. 99.5660 99.6008 99.6391

density 0.9966 0.9970 .0.9968

deviation 0.00059 0.00018 0.00036

Flask Vo12 4 .4= .99.9046 99.8991 99.9548

15.10 Gr. Wt. 159.9030 162.2013 161.0086 0.999099

Net Wt. 99.7933 99.8059 99.8504

density 0.9990 0.9992 0.9990

deviation 0.00012 -6.1E-05 5.1 E-05

Flask Vol5= 99.8953 99.8898 99.9455

20.00 Gr. Wt. 159.8188 162.0990 160.9174

Net Wt. 99.7091 99.7036 99.7592 0.998204
density 0.9981 0.9981 0.9981

deviation 0.00012 0.00012 0.00012

Flask Vo120= 99.9002 99.8947 99.9504

30.00 Gr. Wt. 159.5551 161.8550 160.6975 0.995647

Net Wt. 99.4454 99.4595 99.5392

density 0.9953 0.9955 0.9958

deviation 0.00030 0.00010 -0.00014

Flask Vol30= 99.9102 99.9047 99.9604

35.10 Gr. Wt. 159.4301 161.6880 160.5176 0.993997

Net Wt. 99.3204 .99.2926 99.3594

density 0.9940 0.9938 0.9939

deviation -4.9E-05 0.00017 6.OE-05

Flask Vo135= 99.9153 99.9097 99.9655

40.15 Gr. Wt. 159.2345 161.5226 160.3544 0.992158

Net Wt. 99.1248 . 99.1272 99.1962

density 0.9920 0.9921 0.9923

deviation 0.00012 4.1 E-05 -9.6E-05

Flask Vo14,= 99.9204 99.9148 99.9705
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Actual water density at 
Temperature temperature 

caC) Flask I Flask 2 Flask 3 (g/cml) 
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Table 46. Optimized-solvent density determinations'

Temperature

(oC)

Tare wt.

15.00 Gr. Wt.

Net Wt.

density

Vol,,=

Average Standard
Flask 1 Flask 2 Flask 3 density deviation Variance

60.1097 62.3954 61.1582

145.9414 148.2582 147.0724

85.8317 85.8628 85.9142

0.8592 0.8596 0.8596 0.8595 0.0002 4.7E-08

99.8952 99.8897 99.9454

20.05 Gr. Wt. 145.5436 147.8496 146.6507

Net Wt. 85.4339 85.4542 85.4925

density 0.8552 0.8554 0.8553 0.8553 0.0001 1.6E-08

Vo120= 99.9002 99.8947 99.9504

25.00 Gr. Wt.

Net Wt.

density

VO125 =

30.00 Gr. Wt.

Net Wt.

density

VO130=

35.00 Gr. Wt.

Net Wt.

density

Vo135=

145.1693 147.4782 146.2873

85.0596 85.0828 85.1291

0.8514 0.8517 0.8517 0.8516 0.00028 2.5E-08

99.9052 99.8997 99.9554

144.7731 147.0728 145.893

84.6634 84.6774 84.7348

0.8474 0.8476 0.8477 0.8476 0.0001 .2. 1E-08

99.9102 99.9047 99.9604

144.366 146.6559 145.496

84.2563 84.2605 84.3378

0.8433 0.8434 0.8437 0.8434 0.0002 4.2E-08

99.9152 99.9096 99.9654

40.15 Gr. Wt. 143.9722 146.2631 145.0803

Net Wt. 83.8625 83.8677 83.9221

density 0.8393 0.8394 0.8395 0.8394 0.0001 7.7E-09

Vo014= 99.9204 99.9148 99.9705

aDensity results are bolded for easier reading.
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Fig. 21. Solvent density versus temperature.

7.5 MEASUREMENT OF SOLVENT VISCOSITIES

The viscosity of the new formulation of solvents was measured as described in Chapter 2. Each test

was begun by adding 16 mL of the solvent to the UL adaptor, installing it on the viscometer, starting the

spindle rotation at 60 rpm, and then setting the temperature bath to 15 'C. After the temperature had

stabilized for several minutes, the viscosity of the sample was measured. The temperature bath was then

adjusted to the next temperature and the system temperature allowed to stabilize before the next reading.

The set of viscosity determinations were made three times. The second set was completed with*'fresh

solvent, and the third set repeated the tests in reverse order with the same solvent after 30 min at 40 'C.
The results of three determinations of the solvent viscosity measurements are shown in Table 47. The

results are given for.the percent torque, the viscosity, and the shear rate at each temperature. The results

are also presented graphically in Figs. 22 and 23. Figure 22 is a plot of the viscosity versus temperature

and Fig. 23 is a plot of the shear stress versus the temperature. The solvent's viscosity decreases with

increasing temperature as expected for this type of liquid.
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7.S MEASUREMENT OF SOLVENT VISCOSITIES 

The viscosity of the new formulation of solvents was measured as described in Chapter 2. Each test 

was begun by adding 16 mL of the solvent to the UL adaptor, installing it on the viscometer, starting the 

spindle rotation at 60 rpm, and then setting the temperature bath to 15 0c. After the temperature had 

stabilized for several minutes, the viscosity of the sample was measured. The temperature bath was then 

adjusted to the next temperature and the system temperature allowed to stabilize before the next reading. 

The set of viscosity determinations were made three times. The second set was completed with' fresh 

solvent, and the third set repeated the tests in reverse order with the same solvent after 30 min at 40 o~. 

The results of three determinations of the solvent viscosity measurements are shown in Table 47. The 

results are given for. the percent torque, the viscosity, and the shear rate at each temperature. The results 

are also presented graphically in Figs. 22 and 23. Figure 22 is a plot of the viscosity versus temperature 

and Fig. 23 is a plot of the shear stress versus the temperature. The solvent's viscosity decreases with 

increasing temperature as expected for this type of liquid. 
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Table 47. Solvent-viscosity determinations'

Temperature Torque Viscosity Shear Stress

Solvent (°C) (%) (cP) (dyn/cm 2)

Optimized 15.05 48.2 4.83 3.53

solvent 20.10 40.9 4.09 2.99

25.00 35.1 3.51 2.57

30.00 30.5 3.07 2.23

35.10 26.8 2.69 1.96

40.10 23.8 2.38 1.73

Repeat 15.05 48.6 4.86 3.55

fresh solvent 20.10 41.2 4.12 3.01

25.08 35.3 3.54 2.59

30.05 30.6 3.07 2.24

35.02 26.9 2.69 1.96

40.10 24.0 2.39 1.74

Repeat 40.10 23.9 2.39 1.74

same solvent 35.08 26.9 2.70 1.98

starting at 30.04 30.6 3.07 2.24

40 0C 25.10 35.1 3.52 2.57

20.10 40.8 4.07 2.99

15.05 48.4 4.84 3.54

"Brookfield LVTDV-II (Serial Number D 15869) ULL Adapter with heating
jacket was used. Precision of viscosity measurement is ±0.1 cP.
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Fig. 22. Solvent viscosity versus temperature.
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Fig 23. Solvent shear stress versus temperature.
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7.6 DISCUSSION AND CONCLUSIONS

7.6.1 Dispersion Numbers

The phase-coalescence behavior of the optimized CSSX solvent in contact with aqueous process

solutions was characterized by dispersion numbers, as needed for centrifugal-contactors design. The

criteria required the solvent dispersion number be greater than or equal to 4 x 104 when contacted with

the waste simulant, scrub, and strip solutions at the baseline flowsheet O:A ratios [20]. Table 48

summarizes the dispersion numbers obtained for optimized solvent contacted with waste simulant and

scrub and strip solutions at 25 'C. It may be seen that these values all meet the criteria. Within the usual

wide variability of such results, the values also compare favorably with the dispersion numbers obtained

for the previous test solvents (portion of the table below the dashed line) taken at ambient laboratory

temperature for solvent selection (see Chapter 2). For extraction contacts, the dispersion numbers

covered the range of dispersion numbers obtained for all of the previous test solvents but were in the

range of acceptability defined in the composition criteria. For the scrub and strip contacts, the optimized

Table 48. Dispersion numbers for CSSX solventextraction, scrub, and stripping

Solvent' Simulant/solvent Scrub/solvent Strip/solvent
dispersion dispersion dispersion
number number number

Optimized solvent trial 1 (#1) 0.00143 0.00107 0.00108
Ontimized solvent trial 1 (#2) 0.00137 0.00104 0.00119
Optimized solvent trial 2 (#1)
Optimized solvent trial 2 (#2)
Optimized solvent trial 3 (#1)
Optimized solvent trial 3 (#2)

Previous baseline solvent

B001107-3-1

B001107-3-2

B001107-3-3

B001107-3-4

B001107-3-5

B001107-3-6

B001107-3-7

B001107-3-8
B001107-3-9

0.00100
0.00121
0.00052

'0.00048

0.00149

0.00075

0.00056

0.00102

0.00102

0.00118

0.00105

0.00125

0.00120
0.00141

0.00096

0.00102

0.00070

0.00052

0.00053

0.00050

0.00059

0.00058

0.00062
0.00041

0.00115

0.00091

0.00078

0.00088

0.00094

0.00088

0.00075

0.00085

0.00054
0.00051

'Optimized solvent was run at 25 'C. Data below the dashed line were collected at
ambient laboratory temperature, as taken from Chapter 2 (Table 10).
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7.6 DISCUSSION AND CONCLUSIONS 

7.6.1 Dispersion Numbers 

The phase-coalescence behavior of the optimized CSSX solvent in contact with aqueous process 

solutions was characterized by dispersion numbers, as needed for centrifugal-contactors design. The 

criteria required the solvent dispersion number be greater than or equal to 4 x 10-4 when contacted with 

the waste simulant, scrub, and strip solutions at the baseline flowsheet O:A ratios [20]. Table 48 

summarizes the dispersion numbers obtained for optimized solvept contacted with waste simulant and 

scrub and strip solutions at 25°C. It may be seen that these values all meet the criteria. Within the usual 

wide variability of such results, the values also compare favorably with the dispersion numbers obtained 

for the previous test solvents (portion of the table below the dashed line) taken at ambient laboratory 

temperature for solvent selection (see Chapter 2). For extraction contacts, the dispersion numbers 

covered the range of dispersion numbers obtained for all of the previous test solvents but were in the 

. range of acceptability defined in the composition criteria. For the scrub and strip contacts, the optimized 

Table 48. Dispersion numbers for CSSX solvent.extraction, scrub, and stripping 

Solventa Simulantlsolvent Scrub/solvent Strip/solvent 
dispersion . dispersion dispersion 

number number number 

Optimized solvent trial 1 (#1) 0.00143 0.00107 0.00108 
Optimized solvent trial 1 (#2) 0.00137 0.00104 0.00119 
Optimized solvent trial 2 (#1) 0.00100 
Optimized solvent trial 2 (#2) 0.00121 
Optimized solvent trial 3 (#1) 0.00052 
Optimized solvent trial 3 (#2) '0.00048 

----------------------------
Previous baseline solvent 0.00149 0.00096 0.00115 

BooI107-3-1 0.00075 0.00102 0.00091 

BooI107-3-2 0.00056 0.00070 0.00078 

Boo1107-3-3 0.00102 0.00052 0.00088 

BooI107-3-4 0.00102 0.00053 0.00094 

BooI107-3-5 0.00118 0.00050 0.00088 

BOOI107-3-6 0.00105 0.00059 0.00075 

BOOI107-3-7 0.00125 0.00058 0.00085 

BOOI107-3-8 0.00120 0.00062 0.00054 
BooI107-3-9 0.00141 0.00041 0.00051 

aOptimized solvent was run at 25°C. Data below the dashed line were collected at 
ambient laboratory temperature, as taken from Chapter 2 (Table 10). 
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solvent gave comparable, if not better, dispersion numbers.

Earlier, a gel-like formation was described that occurred during the extraction contacts using the

optimized solvent. The formation of the gel-like material was not predictable, and it occurred at least

once at each test temperature and in either or both of the two tubes used. Attempts to cause the

occurrence of the gel-like material were inconclusive; no specific triggering event or required condition

was found.

7.6.2 Solvent Density

The density of the optimized solvent is 0.8516 g/cm3 at 25 'C which is comparable to the density at

25.6 'C for the solvent compositions measured previously that are close in composition to the optimized

solvent as shown below in Table 49. The Cs-7SB contributes the most to the changes in total solvent

density among the different formulations and the three formulations with 0.75 M Cs-7SB have densities

very close to the optimized solvent, as expected.

Solvent

Optimized solvent

Original solvent

B001107-3-1

BOO 1107-3-2

B001107-3-3

B001107-3-4

BOO 1107-3-5

B001107-3-6

B001107-3-7

BOO 1107-3-8

BOO 1107-3-9

Table 49. Comparison of CSSX solvent densities

[BOBCalixC6) [Cs-7SB] [TOA]
(M) (M) (M)

-0.007 0.75 0.003

0.010 0.50 0.001

0.010 0.65 0.001
0.008 0.65 0.001

0.010 0.75 0.001

0.008 0.75 0.001

0.006 0.75 0.001

0.008 0.85 0.001

0.006 0.85 0.001

0.008 1.00 0.001

0.006 1.00 0.001

Density at 25 'C
(g/cm3 )

0.8516

0.8100

0.8395

0.8395

0.8531

0.8525

0,8516

0.8644

0.8632

0.8819

0.8951

85

solvent gave comparable, if not better, dispersion numbers. 

Earlier, a gel-like formation was described that occurred during the extraction contacts using the 

optimized solvent. The formation of the gel"like material was not predictable, and it occurred at least 

once at each test temperature and in either or both of the two tubes used. Attempts to cause the 

occurrence of the gel-like material were inconclusive; no specific triggering event or required condition 

was found. 

7.6.2 Solvent Density 

The density of the optimized solvent is 0.8516 g/cm3 at 25°C which is comparable to the density at 

25.6 °C for the solvent compositions measured previously that are close in composition to the optimized 

solvent as shown below in Table 49. The Cs-7SB contributes the most to the changes in total solvent 

density among the different fonnulations and the three formulations with 0.75 M Cs-7SB have densities 

very close to the optimized solvent, as expected. 

Table 49. Comparison of CSSX solvent densities 

[BOBCalixC6] [Cs-7SB] [TOA] Density at 25°C 
Solvent (M) (M) (M) (g/cm3) 

Optimized solvent '0.007 0.75 0.003 0.8516 

Original solvent 0.010 0.50 0.001 0.8100 

BOOll07-3-1 0.010 0.65 0.001 0.8395 

BOO 1107-3-2 0.008 0.65 0.001 0.8395 

B001107-3-3 0.010 0.75 0.001 0.8531 

BOOll07-3-4 0.008 0.75 0.001 0.8525 

BOO 1107-3-5 0.006 0.75 0.001 0.8516 

BOO1107-3-6 0.008 0.85 0.001 0.8644 

BOO 1107-3-7 0.006 0.85 . 0.001 0.8632 

BOO 1107-3-8 0.008 1.00 0.001 0.8819 

BOO1107-3-9 0.006 1.00 0.001 0.8951 
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7.6.3 Solvent Viscosity

• The optimized solventviscosity also compares well with the viscosities measured for the same test

solvents listed above with similar Cs-7SB content as shown in Table 50.

Table 50.

Solvent

Optimized

solvent

B001107-3-

B001107-3-

B001107-3-

Comparison of CSSX solvent viscosities

Temperature Viscosity

(°C) (cP)

15.05 4.83

20.10 4.09

25.00 3.51

30.00 3.07

35.10 2.69

40.10. 2.38

3 20.00 4.31

25.00 3.69
.30.02 3.19

35.08 2.81

40.00 2.49

4 20.00 4.17

25.00 3.61

30.00 3.12

35.00 2.74

40.02. 2.44

5 20.00 4.12

25.00 3.57

30.00 3.11

35.02 2.70

40.02 2.40
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8. CONCLUSIONS

8.1 OVERALL ASSESSMENT

As necessitated by the supersaturation of the previous CSSX baseline solvent by the calixarene

extractant, the purpose of this investigation was to optimize the solvent composition and to measure key

chemical and physical properties related to its performance. This purpose has been fulfilled. Overall, it

may be said that the optimization of the solvent composition has reduced the overall technical risk in

meeting processing requirements using the CSSX process. Experimental results indicate that the changed

solvent composition shifted various process performance measures incrementally, some with minor

compromise and some with real improvement. A greater understanding of solvent properties and process

performance has been obtained, and the precision with which performance can be predicted has been

increased.

8.2 EVALUATION OF RESULTS

The optimization of the solvent composition specifically reduced technical risk by ensuring the

integrity of the solvent with regard to crystallization of BOBCalixC6, to third-phase formation, and to the.

effects of impurities. Based on an established set of criteria [20], a matrix of trial concentrations of the

baseline solvent components was examined toward the objective of a new, optimum solvent composition.

No new constituents were added to the solvent; only the component concentrations were changed. The

results led to a straightforward recommendation of a new baseline solvent having the following

component concentrations in Isopar® L diluent: 0.007 M BOBCalixC6 extractant, 0.75 M Cs-7SB

modifier, and 0.003 M TOA stripping aid. This composition met all of the criteria with regard to

BOBCalixC6 solubility, third-phase formation, cesium batch distribution ratios, calculated flowsheet

robustness, coalescence rate, and solvent density. Acceptable compromises were made in flowsheet

robustness and solvent density, with no impact on process goals. Improved resistance to third-phase

formation allows the process to operate at lower temperatures (as low as 11 °C) compared with the

previous baseline solvent (20 °C), a significant advantage. In addition, the reduction of the concentration

of the expensive BOBCalixC6 extractant implies a reduction in the total materials cost of the solvent by

approximately 16%. Finally, the higher TOA concentration decreases the risk that buildup of minor

anionic species in the solvent could impact stripping performance.

Further data were collected to characterize the performance of the optimized solvent more thoroughly

and to ensure that the optimization procedure did not unexpectedly produce unacceptable changes in

process performance. . Experiments specifically dealt with the temperature dependence of Dc, in

extraction, scrubbing, and stripping (ESS); ESS performance on recycle; partitioning of BOBCalixC6,

Cs-7SB, and TOA to aqueous process solutions; partitioning of organic anions; distribution of metals;

solvent phase separation at low temperatures; solvent stability to elevated temperatures; and solvent
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density and viscosity. In genieral, these system properties were changed only incrementally by solvent

optimization, as judged from data presented earlier [11]. The temperature dependence of cesium

distribution was found to exhibit approximately the same tendency toward decreasing extraction strength

with increasing temperature as the former baseline solvent. This property may be used to advantage to

increase extraction efficiency by cooling the extraction section and to increase stripping efficiency by

warming the stripping section. New parameters were measured for quantifying the temperature

dependence of cesium distribution in extraction, scrubbing, and stripping stages. Better measurements of

the.partitioning of the solvent components now allow a more confident assertion to be made that the

solubility losses of solvent components to the aqueous. phase are acceptable within the goal of a. maximum

of one solvent replacement per year. Some uncertainty remains with regard to the, exact loss rate of the

modifier, but loss of the expensive calixarene was shown to be definitely negligible. Thus, this

conclusion has impact on methods for solvent recovery in that the major expected loss pathway is

entrainment, which may be dealt with by mechanical methods. No changes in qualitative conclusions

regarding the impacts of minor organic or metallic components on process performance have been found

for the optimized solvent. Limited thermal-stability experiments again confirm earlier conclusions

concerning the high stability of the solvent. A thermal-chemical stability of the solvent of more than 977

days at the maximum normal operating temperature of 35 'C is indicated by the data. A more focused

examination of phase stability at low temperatures was necessitated by observation of unusual ESS

behavior on batches of optimized CSSX solvent shipped to other laboratories. It was confirmed from

earlier indications [II] that the solvent splits into two phases on storage at low temperatures, conditions

expected during shipment or outside storage in the winter, necessitating warming to room temperature

and remixing before use. Overall, solvent performance was found to be similar to that of the former

baseline solvent, with no issues raised concerning unexpected phenomena.

8.3 RECOMMENDATIONS FOR FUTURE WORK

8.3.1 Summary Remarks

From the perspective of a year and a half since the previous assessment of needs for research and

development in the area of CSSX chemistry [11], it is instructive to examine current needs. In particular,

Chapter 9 of the previous report enumerated nine areas of possible investigation. These areas were listed

under nine secondary headings similar to those given below. Additional information on potential needs

may be found in FY 2002 program planning [181 and in documentation issued in connection with the

solicitation for design, construction, and commissioning of the SRS Salt Waste Processing Facility [42].

8.3.2 Solvent Composition

The first need identified was for solvent optimization [l1], which has now been fulfilled.

Nevertheless, it may still be worthwhile to pursue additional measurements on BOBCalixC6 solubility

88

density and viscosity. In geqeral, these system properties were changed only incrementally by solvent 

optimization, as judged from data presented earlier [11]. The temperature dependence of cesium 

distribution was found to exhibit approximately the same tendency toward decreasing extraction strength 

with increasing temperature as the former baseline solvent. This property may be used to advantage to 

increase extraction efficiency by cooling the extraction section and to increase stripping efficiency by 

warming the stripping section. New parameters were measured for quantifying the temperature 

dependence of cesium distribution in extraction, scrubbing, and stripping stages. Better measurements of 

thepar:titioning of ~he solvent components now allow a more confident assertion to be made that the 

solubility losses of solvent components to the aqueous phase are acceptable within the goal of a maximum 

of one solvent replacement per year. Some uncertainty remains with regard to the exact loss rate of the 

modifier, but loss of the expensive calixarene was shown to be definitely negligible. Thus, this 

conclusion has impact ·on methods for solvent recovery in that the major expected loss pathway is 

entrainment, which may be dealt with by mechanical methods. No changes in qualitative conclusions 

regarding the impacts of minor organic or metallic components on process performance have been found 

for the optimized solvent. Limited thermal-stability experiments again confirm earlier conclusions 

concerning the high stability of the solvent. A thermal-chemical stability of the solvent of more than 977 

days at the maximum normal operating temperature of 35 °C is indicated by the data. A more focused 

examination of phase stability at low temperatures was necessitated by observation of unusual ESS 

behavior on batches of optimized CSSX solvent shipped to other laboratories. It was confirmed from 

earlier indications [11J that the solvent splits into two phases on storage at low temperatures, conditions 

expected during shipment or outside storage in the winter, necessitating warming to room temperature 

and remixing before use. Overall, solvent performance was found to be similar to that of the former 

baseline solvent, with no issues raised concerning unexpected phenomena. 

8.3 RECOMMENDATIONS FOR FUTURE WORK 

8.3.1 Summary Remarks 

From the perspective of a year and a half since the previous assessment of needs for research and 

development in the area of CSSX chemistry [11], it is instructive to examine current needs. In particular, 

Chapter 9 of the previous report enumerated nine areas of possible investigation. These areas were listed 

under nine secondary headings similar to those given below. Additional information on potential needs 

may be found in FY 2002 program planning [18] and in documentation issued in connection with the 

solicitation for design, construction, and commissioning of the SRS Salt Waste Processing Facility [42]. 

8.3.2 Solvent Composition 

The first need identified was for solvent optimization [11], which has now been fulfilled. 

Nevertheless, it may still be worthwhile to pursue additional measurements on BOBCalixC6 s·olubility 

88 



with resolee to continue tests until true equilibrium is reached. The needed measurement time is perhaps

a year or more. In addition, it would be valuable to understand if the solubility is impacted by variables

such as TOA and aqueous-phase composition. Given the rate of diluent evaporation recently measured

[43], possible questions on the environmental acceptability of hydrocarbon emissions or on the ease of

process control could motivate consideration of the use of less volatile diluents. Finally, alternative

calixarenes are being developed that behave similarly to BOBCalixC6 but have improved solubility [44].

A particularly promising example is calix[4]arene-bis(2-ethylhexylbenzo-crown-6), which has the same

framework structure as BOBCalixC6, but with alternative alkyl groups.

8.3.3 Actinide and Strontium Extraction

It would be an obvious advantage toward an overall footprint reduction in the Salt Processing Facility

if the CSSX process could also remove the traces of actinides and strontium from the waste. Based on

current data, actinides are not significantly extracted by the CSSX solvent [11,40]. A project is under

way to examine whether new solvent-extraction chemistry may be developed to remove actinides and

strontium from alkaline high-level waste such as that stored at the SRS [45]. This might be accomplished

by developing a new solvent and corresponding flowsheet to operate in tandem with the CSSX process.

Or possibly the CSSX solvent chemistry may be augmented in a way that enables it to extract cesium,

actinides, and strontium simultaneously.

8.3.4 Radiation Stability

Testing in FY 2001 on the previous baseline solvent indicated no significant technical risks due to

radiation-induced degradation of the CSSX solvent components [11-14]. In support of this conclusion,

an encouraging review of the literature [46] recently suggested that the rate of degradation of the solvent

components should be no higher than 1% per year. Although these studies reduce the urgency for further

examination of this issue, it remains desirable to pursue, unanswered questions. That same literature

review [46] also suggested that the aging of the solvent under process conditions should yield a complex

mixttre of possible organic degradation products that might not wash out. Only two key degradation

products have so far been identified, dioctylamine and 4-sec-butylphenol [11-141, and these were fairly

predictable. There remain the questions of how these products may further react and whether other, less

obvious, products are also formed. An open issue exists as to the impact of slow degradation processes

that occur after an initial irradiation period [1I]. A further question pertains to whether the effects of

irradiation differ between static batch tests and the dynamic flowsheet in which the solvent cycles

between alkaline and acid conditions. The present report has provided no new data on radiation

degradation, and little new data have become available in the past year. Although the risk from radiolysis

effects appears low, further radiation experiments to provide data on the optimized solvent would be
helpful, especially from the point of view of solvent aging and possible impurity buildup (see section

8.3.7 below).
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8.3.5 Thermal Stability

Static tests continue to show the high chemical and thermal stability of the CSSX, as verified herein

and elsewhere [47] for the optimized solvent. As pointed out above, a recent review [46] suggests the

solvent should have adequate chemical stability in terms of. the rate of breakdown of the solvent

components. Nevertheless, the same general questions remain as were identified above in the case of

radiation stability. Such questions pertain to the reactions of dioctylamine and 4-sec-butylphenol, the

formation of other as-yet unidentified degradation products, the difference between static and dynamic

behavior, and the effects of solvent aging. In particular, it continues to be desirable to understand TOA

degradation, particularly under acidic conditions. Earlier work showed that TOA .is the most easily

degraded solvent component, with deleterious consequences for stripping [11].

8.3.6 Solvent Cleanup

As previously recommended [11], it would be prudent to prepare for the possibility (see below) that

strongly lipophilic- anions accumulate in the solvent and eventually overcome the ability of TOA to

suppress their harmful effect on stripping. In the work reported herein, limited data were collected to

show that the effect of small amounts of dibutylphosphate and dodecanoate was negligible, as expected.

Whereas dibutylphosphate is expected to be removed easily by a sodium hydroxide wash step, surfactants

having more than 12 carbons are sufficiently lipophilic that their removal will be incomplete by washing

[11]. Hence, alternative solvent cleanup methods, such as anion exchange, should be further developed as

a ready solution to potential difficulties.

8.3.7 Minor Species

In simple batch contacting, it was found herein that minor organic and inorganic species pose no

particular recognizable risks based on current knowledge of the waste composition, solvent breakdown

products, the distribution behavior of minor species, and available solvent-cleanup methods. This limited

conclusion agrees with the results of more extensive testing with the previous baseline solvent, including

results from batch tests with waste simulant [II] and from contactor tests with simulant [16,48] and with

real waste [17,49] over a relatively small number of cycles. On the-other hand, experience in solvent-

extraction hydrometallurgy shows that long-term operation generally leads to buildup of species that can

eventually impact the performance of a process [50]. Fortunately, the types of problems that may be

encountered (e.g., poor phase disengagement, interfacial crud, or loss of extraction and stripping

performance) generally yield to acceptable technical solutions. It may be expected that the impact to

schedule and facility cost will decrease the earlier the problems are recognized and dealt with. Thus, the

more that is known regarding the behavior of minor species prior to facility design, the lower the

technical risk will be. Accordingly, contactor tests with long run times using real waste are especially

recommended. Given that the solvent will be cycled approximately 3000 times in a year, tests running at

least 300 cycles would start to be fruitful in revealing potential problems that may be encountered over
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the course of operating a plant for a full year. Thus far, flowsheet tests with real waste have been carried

out for only - 1% of the number of annual cycles. In addition, analysis of the wastes for lipophilic organic

species should continue, as should study of the fate of surfactant species in the flowsheet. Certain metals

such as technetium should be further studied to understand observed behavior in contactor testing. As

pointed out above, it does not appear that actinides [40] nor any metals other than the alkali metals are

extracted to a significant degree by the pristine CSSX solvent [11]. An unanswered question, though, is

how minor waste components distribute when the solvent is aged from extended use and presumably

accumulates organic species that do not wash out. For example, do degradation products or surfactant

species that build up over a year begin to extract other metals? Such questions suggest the need for tests

designed to simulate aging and to reveal how the aged solvent behaves, particularly with regard to the

buildup of minor components and their effects.

8.3.8 Fate of Trimethylamine

Trimethylamine is a minor component expected at low concentrations in the waste feed. Its origin is

thought to be the breakdown of strong-base anion-exchange resins in the waste. In previous tests.

trimethylamine was shown to have the potential to build up in a loop between the extraction and scrub

sections [11]. Although this species was not observed to cause any particular difficulties in batch tests,

more evaluation is needed to definitely establish its fate in the flowsheet and its impacts on process

performance.

8.3.9 Role of Nitrite

It has been recently established that impaired stripping associated with high nitrite concentrations in

certain simulant testing [111 was caused by a surfactant added to the reagent sodium nitrite used to make

the simulants [41]. The presence of nitrite as nitrous acid was also shown not to increase the already low

risk of nitration of solvent components in scrubbing [47]. Hence, the effects of nitrite appear reasonably

minimal. It should be noted, however, that nitrous acid is generated from co-extracted nitrite as the

solvent moves from the extraction section into the scrubbing section. As nitrite is a reactive species

[46,471, its continuous generation in the flowsheet could contribute to more rapid solvent aging effects

than static tests indicate, as nitrous acid quickly dissipates in a static test [47].

8.3.10 Modeling

Progress has been made in modeling the CSSX process using the optimized solvent system, where it

has been possible to predict with reasonable accuracy the cesium distribution ratios on variable aqueous-

feed composition [39]. It is now desirable to factor in the effect of certain minor components, variation of

the concentration of solvent components, and temperature variation. Data on the partitioning of Cs-7SB

and TOA presented in this report together with data on diluent evaporation [42] reveal that variation of

both the relative and absolute concentrations of the solvent components may be expected in normal

process operation. It would therefore be helpful if the effects of such variation were easily predicted.
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Acid extraction by TOA needs to be studied and incorporated into the model, as this phenomenon affects
how the cesium distribution ratio changes from stage to stage in scrubbing and stripping. In terms of

making the model more accessible, a convenient user interface is needed, and the equilibrium model must
be incorporated into a flowsheet model.
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Appendix A

PREDICTED Dc, VALUES USING THE log VERSUS log RELATIONSHIPS BETWEEN Dc,

VALUES AND BOBCalixC6 AND Cs-7SB MODIFIER CONCENTRATIONS

Process step
K

Extraction

Scrub no. I

Scrub no. 2

Strip no. I

Strip no. 2

Strip no. 3

Strip no. 4

Extraction

Scrub no. I

Scrub no. 2

Strip no. I

Strip no. 2

Strip no. 3

Strip no. 4

Extraction

Scrub no. 1

Scrub no. 2

Strip no. 1

Strip no. 2

Strip no. 3

Strip no. 4

Table A.1. Predicted Dc, values
Dc.,

[Cs-7SB] = 0.70 M [Cs-7SB] = 0.75 M [Cs-7SB] = 0.80 M
[BOBCalixC6] = 6.5 mM

12.76 13.08 13.40

1.16 1.22 1.28

1.21 1.26 1.31

0.91 0.096 0.101

0.054 0.057 0.059.

0.043 0,045 0.047

0.037 0.039 0.041

[BOBCalixC6] = 7.0 mM

13.77 14.13 14.48

1.26 1.32 1.38

1.30 1.35 1.40

0.099 0.104 0.109

0.059 0.062 0.065

0.047 0.049 0.051

0.040 0.043 0,045

[BOBCalixC6] = 7.5 mM

14.78 15.18 15.56

1.35 1.42 1.49

1.39 1.45 1.50

0.106 0.112 0.117

0.060 0.070 0.070

0.051 0.053 0.055

0.044 0.046 0.048
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D-12 WSRC-RP-92-1360

Results from the final solutions using the steps outlined above are shown below-

~ D.4.2 Interactiom with the Sediment

The composition of the pore fluid in equilibrium with the grout phases, as described in
Sect. D.3, was reacted with mineral phases in the unsaturated zone. Reaction of the
evolved pore solution (Table D.3-3) with CO2 in the unsaturated zone reduces the pH
from 13.78 to 732.

The pore fluid changed very little after reacting with the soil minerals.. A small
amount of diaspore was precipitated, reducing the aluminum concentration in the
interstitial fluid. Presence of an iron oxide or iron hydroxide phase has very little effect
on the precipitated phases or intensive parameters (Le., pH, Eh). Further, the specific

* composition of the iron phase did not substantially change the composition of the reacted
solution or the composition or quantity of the precipitated minerals. A small amount of
the iron phase dissolved, adding iron to the reacted solution. This is present almost
totally as ferric iron. The amount of dissolved iron varies according to what iron phase
is chosen.

The composition of the pore solution after reacting with unsaturated zone minerals
and CO2 is presented in Table D.4-1, along with the amount of the precipitated phase.
Speciation of the pore solution is presented in Table D.4-2

In' summary, reaction with iron minerals increased the concentration of iron in
solution from nearly zero to 3 ppb. The concentration of the three primary pollutants,
•Tc,, tritium, and nitrate do not substantially change in the inmtetitial fluid during
communication with the unsaturated zone minerals. The precipitation of diaspore
(AIO*OH), would attenuate tritium to a small degree, but the amount is insignificant.
The concentration of all three pollutants will decrease in the interstitial fluid due to the
dilution by naturally occurring water present in the vadose zone.
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1. OOE-01
3. 20E+03
5. OOE+02
3. 20E+03
5. OOE+02
4. 50E+02
3. 20E+03
5. OOE+02
2. 70E+02
1. 50E+02
3.20E+03
5. OOE+02
3. 20E+03
5. 00E+402
8. OOE+02
3.20E+03
5. OOE+02
8. OOE+02
3.20E+03
5. OOE+02
8. OOE+02
3. 20E+03
5. OOE+02
2. 70E+02
1. 50E+02
8. OOE+02
5. 50E+02
4 .50E+02

3.20E+03
5. OOE+02
8 OOE+02
8. OOE+02
3. 20E+03
8. OOE+02

'6. OOE+02
1. 60E+02
6. OOE+02
1 60E+02

1. 50E+01
8. OOE+02
3.70E+02
1. 50E+01
5. OOE+02
5.50E+01
3.60E+01
1. 30E+02
1. OOE+01
1.OOE-01
3.20E+03
5. OOE+02
3.20E+03
5. OOE+02
4.50E+02
3.20E+03
5. OOE+02
2.70E+02
1. 50E+02
3.20E+03
5. 00E+02
3.20E+03
5. OOE+02
8. OOE+02
3.20E+03
5. OOE+02

.8. OOE+02
3.20E+03
5. OOE+02
8. OOE+02
3.20E+03
5. OOE+02
2. 70E+02
1.50E+02
8. OOE+02
5.50E+02
4.50E+02
3.20E+03
5. OOE+02
8. OOE+02
8. OOE+02
3.20E+03
8. OOE+02
6. OOE+02
1. 60E+02
6. OOE+02
1.60E+02

5. OOE+01
1. 60E+03
6.50E+03
5. OOE+01
9. 1OE+03
2.70E+02
7. 60E+01
6.70E+02
1. 10E+02
1. OOE-01
5. 80E+03
9. 10E+03
5. 80E+03
9. 10E+03
2. 40E+03
5. 80E+03
9.10E+03
5. 50E+02
3. OOE+03
5.80E+03
9. 10E+03
5.80E+03
9. 10E+03
1. 60E+03
5. 80E+03

9. 10E+03
1. 60E+03
5. 80E+03
9.10E+03
1. 60E+03
5. 80E+03
9. 10E+03
5. 50E+02
3. OOE+03
1. 60E+03
2. 70E+03
2. 40E+03
5. 80E+03
9. 10E+03
1. 60E+03
1. 60E+03
5. 80E+03
1. 60E+03
3. 30E+03
9. OOE+02
3. 30E+03
9. OOE+02

5. OOE+03
2. 00E+03
5. OOE+03
5. OOE+03
5. OOE+01
5. 50E+01
1. OOE-01
1. OOE+03
1. OOE+00
1. OOE+03
5. OOE+03
5. OOE+01
5. OOE+03
5. OOE+01
5. OOE+03
5. OOE+03
5. OOE+01
5. OOE+02
5.OOE+02
5.0OE+03
5.0OE+01
5.OOE+03
5. OOE+01
2. OOE+03
5. OOE+03
5. OOE+01
2. OOE+03
5. OOE+03
5.OOE+01
2. OOE+03
5. OOE+03
5. OOE+01
5. OOE+02
5. OOE+02
2. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+01
2. OOE+03
2. 00E+03
5.OOE+03
2. OOE+03
5. OOE+03
5. OOE+02
5. OOE+03
5. OOE+02

5. OOE+03
2. OOE+03
5. OOE+03
5.O0E+03
5. 00E+01
5.50E+01
1.00E-01
1. OOE+03
1. OOE+00
1. OOE+03
5. OOE+03
5. OOE+01
5. OOE+03
,5. OOE+01
5. OOE+03
5. OOE+03
5. OOE+01
5. OOE+02
5.60E+02
5.OOE+03
5. OOE+01
5. OOE+03
5. OOE+01
2.OOE+03
5. OOE+03
5. OOE+01
2. OOE+03
5. OOE+03
5. OOE+01
2.OOE+03
5. OOE+03
5. OOE+01
5. OOE+02
5. OOE+02
2. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5.OOE+01
2. OOE+03
2.00E+03
5. OOE+03
2. OOE+03
5. OOE+03
5. OOE+02
5. OOE+03
5. OOE+02
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PUS-242 l.SOE+Ol l.SOE+Ol S.OOE+Ol S.OOE+03 S.OOE+03 
U-238 8,OOE+02 8.00E+02 l.60E+03 2.00E+03 2.00E+03 

Pu-244 3.70E+02 3.70E+02 6.S0E+03 S.OOE+03 S.OOE+03 
PUS-244 l.S0E+Ol l.SOE+Ol S.OOE+Ol S.OOE+03 S.OOE+03 

Ra-226 S·.OOE+02 S.OOE+02 9.l0E+03 . S.OOE+Ol S.OOE+Ol . 
Rb-87 S.SOE+Ol S.SOE+Ol 2.70E+02 S.SOE+Ol S.SOE+Ol 
Se-79 3.60E+Ol 3.60E+Ol 7.60E+Ol l.OOE-Ol l.OOE-Ol 
Sn-l26 l.30E+02 l.30E+02 6.70E+02 l.OOE+03 l.OOE+03 
Sr-90 1.00E+Ol l.OOE+Ol l.lOE+02 l.OOE+OO l.OOE+OO 
Tc-99 l.OOE-Ol l.OOE-Ol l.OOE-Ol l.OOE+03 1. OOE+03 < Th-228 3.20E+03 3.20E+03 S.80E+03 S.OOE+03 S.OOE+03 

Ra-224 S.OOE+02 S.OOE+02 9.l0E+03 S.OOE+Ol S.OOE+Ol 
Th-229 3.20E+03 3.20E+03 S.80E+03 S.OOE+03 S.OOE+03 

Ra-22S S.OOE+02 S.OOE+02 9.l0E+03 S.OOE+Ol .S.OOE+Ol 
Ac-22S 4.S0E+02 4.S0E+02 2.40E+03 S.OOE+03 S.OOE+03 

Th-230 3.20E+03 3.20E+03 S.80E+03 S.OOE+03 S.OOE+03 
Ra-226 S.OOE+02 S.OOE+02 9.l0E+03 S.OOE+Ol S.OOE+Ol 
Pb-2l0 2.70E+02 2.70E+02 S.SOE+02 S.OOE+02 S.OOE+02 
Po-2l0 l.SOE+02 l.SOE+02 3.00E+03 S.OOE+02 S.OOE+02 

Th-232 3.20E+03 3.20E+03 S.80E+03 S.OOE+03 S.OOE+03 
Ra-228 S.OOE+02 S.OOE+02 9.l0E+03 S.OOE+Ol S.OOE+Ol 
Th-228 3.20E+03 3.20E+03 S.80E+03 S.OOE+03 S.OOE+03 
Ra-224 S.OOE+02 S.OOE+02 9.l0E+03 S.OOE+Ol S.OOE+Ol 

U-232 8.00E+02 8.00E+02 l.60E+03 2.00E+03 2.00E+03 
Th-228 3.20E+03 3.20E+03 S.80E+03 5.00E+03 5.00E+03 
Ra-224 S.OOE+02 S.OOE+02 9.l0E+03 S.OOE+Ol 5.00E+Ol 

U-233 8.00E+02 .8.00E+02 l.60E+03 2.00E+03 2.00E+03 
Th-229 3.20E+03 3.20E+03 S.80E+03 S.OOE+03 S.OOE+03 
Ra-22S S.OOE+02 S.OOE+02 9.l0E+03 S.OOE+Ol S.OOE+Ol 

U-234 8.00E+02 8.00E+02 1. 60E+03 2.00E+03 2.00E+03 
Th-230 3.20E+03 3.20E+03 S.80E+03 5.00E+03 5.00E+03 
Ra-226 S.OOE+02 S.OOE+02 9.l0E+03 5.00E+Ol 5.00E+Ol 
Pb-21 0 2.70E+02 2.70E+02 5.50E+02 5.00E+02 5.00E+02 
Po-2l0 l.SOE+02 l.SOE+02· 3.00E+03 S.OOE+02 5.00E+02 

U-235 8.00E+02 8.00E+02 1.60E+03 2.00E+03 2.00E+03 
Pa-231 5.50E+02 5.50E+02 2.70E+03 5.00E+03 5.00E+03 
Ac-227 4.S0E+02 4.50E+02 2.40E+03 5.00E+03 5.00E+03 
Th-227 3.20E+03 3.20E+03 5.80E+03 5.00E+03 . 5.00E+03 
Ra-223 5.00E+02 5.00E+02 9.l0E+03 5.00E+Ol 5.00E+Ol 

U-236 8.00E+02 8.00E+02 l.60E+03 2.00E+03 2.00E+03 
U-238 8.00E+02 . 8.00E+02 l.60E+03 2.00E+03 2.00E+03 

Th-234 3.20E+03 3.20E+03 S.80E+03 5.00E+03 5.00E+03 
U-234 8.00E+02 8.00E+02 l.60E+03 2.00E+03 2.00E+03 

Zr.-93 '6.00E+02 6.00E+02 3.30E+03 S.OOE+03 5.00E+03 
Nb-93in . l.60E+02 l.60E+02 9.00E+02 S.OOE+02 5.00E+02 

Zr-9S 6.00E+02 6.00E+02 3.30E+03 5.00E+03 5.00E+03 
Nb-95 l.60E+02 l.60E+02 9.00E+02 5.00E+02 5.00E+02 
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TbeD-I- Cmlcsft~ =Itos por Mid -oqntm dgMM
the mml do *a hybdrain calcwlam and apddum wish
mkitec CAN* CS-H VA, and CFU. "th is cakualated by

.--- q-, dbdu wirh Tcyr,% a da ud an the tot

species
Na•

co.•

NO"
NO,

Owr

Sm?+

AP+

pH

Total N as NO;

Demit

High sulfide

Stoichiometxic

139,000
12,800'

15.00036.800

L159000

32.900
1

1

11

9,800

400

13.97

209,000

1.26

HS (MgfL) ore pPdL)

10

0.003

2.4 x 10" f

46,3W
I II I Il I I iI I
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- TIIhIc D.3-3. CaIc:"Ia-. aJaaoae. pam fIaid OM._lioa .... MINT.BO. .... the JaUIIa of tbo hJdatioa cak:u1atfoIII ..... cq .. iIhiuID willa 
aIdte. <;AD. CS-B ... &ad c,m.. "Tc. calc"lated bJ 

.lIIlIilll equilibrium wIda TCJS,.. • dcIcribcd ill the tat 

Spec:iea mrJL lIS (JIl&IL) "Tc (pOlL) 

N.+ 139,000 

co,J. 12,800" 

sol 1$,000 

NOj 36JIOO 
N~' 159,000 

ow 32,900 

cr· 1 

Si~ 1 
AIS+ 11 

X+ 9,800 

NH'+ 400 

pH 13.97 

Total N.u NOi 209,000 

DeDaity 1.26 

High sulfide 10 24)( 10-& ( 

Stoic:biometric 0.003 46)00 
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MW TC-A% phase Is vey isoluble, limiding the TcOj concentatkm in pore fluids to vay
low acamo. To calculate the concentration of TcO1 in the pore fluid, the
concentration of HS is needed. Angus and Olasser (1985) report aqueous sulfide
concentration for slag cement ore fluids of up to 1100 mg/L for a mixture containing
97.5% ulag. For a mxtu containing 50% slag (simnar to the salttone m) 12 mt/L
sulfide was reported (Angus and Glasser 19M3). This value was used i conjunction vwth
the pore fluid to calculate concentrations of technetu. Addionaly, a technumet
concentration was calculated by assuming that technetium and sulfide occurred in
solution insoi hiortnic proportions (Le, 2e4 The second concentration of technetium
is higher, and the total msfide concentration is much lower. The resulting concentrations
of sulfde and technet•m are presented in Table D.3-3.

Using the higher TcO, concentration foim Table D3-3, K4 values for techetum
can be calculated. The total loading of "rc in saltstone is 25, pg From the
hydration calculation& the volume of pore fluid per gram of sultstouc is 0.306 mL
(57.8 mMLS8.7 g). A total of 14 pCi (46,M00 pCi/L x 0.00306 L) of technetium occurs
in the 0.306 mL of pore fluid. The remaining 24,986 pCI occurs in the 0.614 g of the
solid matrik, with a concentration of 40,700 pCI/g. Although the technetium concen-
tration is limited by the solubility of TcS.. the solid and aqueous concentration can be
used to estimate a IK of 880 ml.g [(40,700 pCi/g)I(46.3 pCh/mL)] for "'rc in saltstone.

Technetium concentrations are insensitive to the variations in the total sWlt
concentration or to the selection of solid cement phases used in the equilibrium
calculations. The sensitivity of technetium concentration to pH and sulfide concentration
can be evaluated by examining the stoichiometry of the dissolution reaction

(3)
Te,, + 81-20 = 2TcO, + 7HS" + 9H*

(4)
loglTCO41 ]= 0.5logQ - 3.5log[HSM" + "4.pH

where log Q is a conditional equi'ibrium quotient (constant at constant ionic strength)
and brackets denote molal concentration. Examination of the coefcients in equation
(4) indicates that the concentration of TcO4 decreases by a factor of 3,200 for each
10 fold increase in HS concentration. An increase of pH by 1 unit results in an increase
in TcOT concentration by a factor of 32,000.

For the case in which technetium and sulfur are related by stoichiometry, log [ITc0 4 ]
is directly proportional to pH. Because the aqueous concentration of TcO4 Is propor-
tional to pH, the value of K, for wTc in salistone calculated above will also be dependent
on ptL The dependency is calculated using this proportional relationship and the Kr of
880 in mL/g and is given by.

(5)
log Kd = 16.94 -pH

Rev. 0
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1be T~ .. pbue II very imoJubIc, limiting tho TeO,· CODCeIlttatioD ill pore 0uidI to very 
low c:lC)CICa1CratioDa. To eakuJace the CDDCeO.tradoa of TeO,· m the pore fluid. lbc 
coaceaCration of. lIS" • aeedcd. Aap aocI Olasaer (t98S) report aqueous .ulfide 
COQCIeIItIatioll fot alag CCIDCDt ore Ouida of up to 1100 mBfL for • miIturc coataiu1n, 
91.5,..... For. mhtuIe coataiDiDl ~ .. (1imDar to abe sallItoDe mk) 11 ~ 
aul8de was rcpodCd (Aagus and G1asaer 1985). 'lbia value was used ill conjunctioQ wlth 
the pore fhdcI to caIct.J.tc c:oacentradooa of techaetium. Additionally, a ICCbnetiwn 
CODCCIltradon WII calculated by auumiDa that ~Imctium aDd auJfkIe occurred ill 
aolutioD in ItOic:biomctric proportioDl (tc., 2:7). 1bc secodd coacentratioo ofta:hDetium 
is hf&hcr, and the total auJlide cooc:eotratioD is Dluch lower. The resulting CODCCGtratious 
of aulfIda aad tecbDetfum are presented in Table D.3-3. 

UIiDs tho higher TeO. CODCCQtration from Table D.3-3, ~ vaJuea for technetium 
can be calc:uJated. The total loadina of "Tc in saltstone is 2S,OOO pOI.. From the E-(-­
hydration calcuJadoas the wlwJle of pore flulcl per gram of I8ltstoue is 0.306 JDL 
(57.8 mlJ188.1 a). A total of 14 pC (46.000 pCiIL x 0.000306 L) oftechDctium occ:urs 
in abe Cl.306 mL of pore Ouid. Tho remaining 24,986 pCi occun in the 0.614 g of the 
solid matrix. with a c:ow::entratioo of 40,700 pCi/g. Although the technetium concen-
tration is limited by the .IOlubility of Tc.aS,.. the solid and aqueoua co~tration. can be 
used to cadmau: a Ie. of 880 mUg [(40,700 pCtlg)l(46.3 pCImL)1 for 99>J'c in aaltatone. 

Technetium concentrations are iDsensitive to the variations in the total salt 
concentration or to the selection DC solid cement phases used in the equili'brium 
aJcuJations. The sensitivity of technetium concentration to pH and sulfide coocentration 
can be evaIuated by examining the stoichiometry' of the dissolution reaction 

(3) 
T~.. + Slip = ncO. + ms' + 9H+ 

(4) 
los (T<:Oi) = 0.5 log Q - 3.5 log £HSl + 4-' pH 

where loa Q II a conditional ~uih"brium quotient '(constant at constant ionic strength) 
and bncketa denote molal concentration. F;mninatioD oC the coeffidenu in equation 
(4) indicatca that the concentration of TcOi decreases by a fador of3.200 for each 
to fold increase in lIS" coac:entration. An inc:rcase of pH by 1 unit results in an increase 
in TeO. cooccntntion by a factor of 32,000.. 

For the case in which technetium and sulfur are related by stoichiometry, log rreOil 
it dircetJy proponional tapH. Because the aqueous concentration ofTcO~' is propor­
tional to pH, the value of K.. for "Tc in aalUtone calculated above will also be dependent 
OD plL The dependency is cak:ulated using this proportional relationship and the K.. of 
880 in mlJ, and is aiven by: . 

(S) 
log Kd = 16.94 - pH 

:RcY.C) 
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that the same solid phase in each case was ultimately determining the solubility
limit. Sn solubilities were not affected by the range of redox conditions examin-
ed. Solubility results presented in a later paper (BAYLISS et al. 1991) suggest
that cassiterite (SnO2) may be the solubility limiting phase with a solubility limit
in the range 10" to 10" M, I.e. a different, and lower solubility limit than in their
earlier paper.

It appears from this work that tetravalent Sn Is stable under repository conditi-
ons. By analogy with the tetravalent actinides and Zr, plus the tendency of Sn4+
to form very strong hydroxy complexes, significant sorption for Sn on cementi-
tious materials is to be expected. On this basis and the measurements of
BAYLISS et al. (1989), we have selected a conservative Rd(Sn) of I m3 kg-1 for
regions I and I falling to 10-1 m3 kg-" in region III (see section 5.1) with no redox
dependency.

5.2.10 Technetium

Sorption data for Tc on cementitious materials are sparse. Under oxidising
conditions, distribution ratios of TcO4 in the range 10-3 to 10-2 m3 kg-v have
been reported (see for example ALLARD et al. 1985). We have selected a
value of 10-3 m3 kg-i for regions I and II and zero for region Il1.

Under "reducinge conditions technetium Is present as hydrolysed Tc (IV) spe-
cies and the solubility limit over technetium dioxide has been measured to be
-10-7 M (PILKINGTON 1990). In some recent work, using-Tc (IV) at trace levels
(< 10-11 M) and sodium dthionite as reducing agent, distribution ratios of -5
m3 kg-1 have been reported (BAYLISS et al. 1991). For similar reasons as those
given for Sn1 Tc might be expected to sorb strongly under reducing conditions
at high pH. As a conservative value we select a distribution ratio under reducing
conditions of 1 m3 kg-1 for region I and II, fairing to 10-1 m3 kg-' in region III (see
section 5.1).

5.2.11 Selenium, Palladium and Molybdenum

No sorption data at all could be found for Se, Pd and Mo in cement systems.

Under the redox and pH range appropriate to the repository Se and Mo are
likely to exist predominantly as anionic species (SeO42 -/SeO3

2 -/HSe- and
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that the same solid phase in ea,ch case "was ultimately determining the solubility 
limit. Sn solubilities were not affected by the range of redox conditions examin­
ed. Solubility results presented in a later paper (SA YLISS et aI. 1991) suggest 
that cassiterite (Sn02) may be the solubility limiting phase with a solubility limn 
in the range 1 ~ to 1 ()-6 M, i.e. a different, and lower solubility limit than in their 
earlier paper. 

It appears from this work that tetravalent Sn is stable under repository conditi­
ons. By analogy with the tetravalent actinides and Zr, plus the tendency of Sn4+ 
to form very "strong hydroxy complexes~significant sorption for Sn on cementi­
tious materials is to be expected. On this basis and the measurements of 
BA YUSS et aI. (1989), we have selected a conservative Rcs(Sn) of 1 m3 kg-1 for 
regions I and II falling to 10-1 m3 kg-1in region III (see section 5.1) with no redox 
dependency. " 

5.2.10 Technetium 

Sorption data for T c on cementitious materials are _sparse. Under oxidising 
concfrtions, distribution ratios of TcO.- in the" range 1()-3 to 1crz m3 kg-1 have 
been reported (see for example ALLARD" et aI. 1985). We have selected a 
value of 1()-3 m3 kg-1 for regions I and II and zero for region III. 

Under ·reducing~ conditions technetium is present as hydrolysed Tc (IV) spe­
cies arid the .sOItJbilttytimit over technetium dioxide has been measured robe 
-10-7 M (PIlKINGTON 1990). In some recentwork.'usiflg-Tc (IV) at1racelevels (f---­
« 10-11 M) and sodium arthionite as reducing agent, distribution" ratios of':"5 
m3 kg-' have been reported (BAYLISS et aI. 1991). For similar reasons as those " 
given for S'\. Tc might be expected to sorb strongly under reducing conditions 
at high pH. As a conservative value we select a distribution ratio under reducing 
conditions of 1 m3 kg-1 for region I and II, falling to 10-1 m3 kg-1 in region III (see 
section 5.1). 

5.2.11 Selenium, Palladium and Molybdenum 

No sorption data at ali could be fou'nd for Se, Pd and Mo in cement systems. 

Under the redox and pH rang~ appropriate to the repository Se and Mo are 
likely to exist predominantly as anionic species (SeOl-lSe03

2-IHSe- and 



RESPONSE TO RAI COMMENT 61
ROADMAP TO REFERENCES

REFERENCED DOCUMENT *EXCERPT LOCATION REMARK
This Response has no associated
references.

*Excerpt Locations:
1. Excerpt included in response: The excerpt is included within the text of the response or is appended to the response.
2. Excerpt enclosed following response: The excerpt is enclosed on a separate sheet or sheets following the response.
3. Representative excerpt(s) enclosed following response: Representative excerpts from a document that is wholly or largely

.applicable are enclosed following the response.
4. Other

APPROVED for Release for
Unlimited (Release to Public)

7/14/2005

REFERENCED DOCUMENT 
This Response has no associated 
references. 

*.Excerpt Locations: 

RESPONSE TO RAI COMMENT 61 
ROADMAP TO REFERENCES 

*EXCERPT LOCATION REMARK 

1. Excerpt included in response: The excerpt is included within the text of the response or is appended to the response. 
. 2. Excerpt enclosed following response: The excerpt is enclosed on a separate sheet or sheets following the response. 

3. Representative excerpt(s) enclosed folloWing response: Representative excerpts from a~ocument that is wholly or largely 
"applicable are enclosed following the response. 

4. Other 

7/14/2005 

APPROVED for Release for 
Unlimited (Release to PubliC) 



RESPONSE TO RAI COMMENT 62
ROADMAP TO REFERENCES

REFERENCED DOCUMENT *EXCERPT LOCATION REMARK
Cook et al. 2002 Other Referenced as a document that did not

include dose from use of contaminated
groundwater.

Cook et al. 2005: Figure 2-1 Excerpt included in response as Figure
62-1.

Table A-Il Excerpt included in response as Table
A-11.

Section A3.3.1 Excerpt enclosed following response Section A.3.3.1
d'Entremont & Drumm 2005 Excerpt included in response as Table

62-1.
Rosenberger et al. 2005 Excerpt included in response as Table Included Section 8.3.3 of the PODD to

62.3. show the sensitivity scenario in its entirety.
Additional Excerpt enclosed following
response

*MMES 1992 Other Referenced as a document that did not
include dose from use of contaminated

_ _groundwater.
Simpkins 2004 - LADTAP XL program Other An SRS implementation of the NRC

computer code.

*Excerpt Locations:
1. Excerpt included in response: The excerpt is included within the text of the response or is appended to the response.
2. Excerpt enclosed following response: The excerpt is enclosed on a separate sheet or sheets following the response.
3. Representative excerpt(s) enclosed following response: Representative excerpts from a document that is wholly or largely

applicable are enclosed following the response.
4. Other APPROVED for Release for

7/15/2005 Unlimited (Release to Public)

REFERENCED DOCUMENT 
Cook et al. 2002 

Cook et al. 2005: Figure 2-1 

Table A-II 

Section A3.3.1 
d'Entremont & Drumm 2005 

Rosenberger et al. 2005 

'MMES 1992 

Simpkins 2004 - LADT AP XL program 

*Excerpt Locations: 

RESPONSE TORAI COMMENT 62 
ROADMAP TO REFERENCES 

*EXCERPT LOCATION 
Other 

Excerpt included in response as Figure 
62-1. -
Excerpt included in response as Table 
A-II. 
Excerpt enclosed following res}Jonse 
Excerpt included in response as Table 
62-1. 
Excerpt included in response as Table 
62.3. 
Additional Excerpt enclosed following 
response 

Other 

Other 

REMARK 
Referenced as a document that did not 
include dose from use of contaminated 
groundwater. 

Section A.3.3.1 

-
Included Section 8.3.3 of the POOD to 
show the sensitivity scenario in its entirety. 

Referenced as a document that did not 
include dose from use of contaminated 
groundwater. 
An SRS implementation of the NRC 
computer code. 

1. Excerpt included in response: The excerpt is included within the text of the response or is appended to the response. 
2. Excerpt enclosed following response: The excerpt is enclosed on a separate sheet or sheets following the response. 
3. Representative excerpt(s) enclosed following response: Representative excerpts from a document that is wholly or largely 

applicable are enclosed following the response. 
4. Other 

7/15/2005 

APPROVED for Release for 
Unlimited (Release to PubliC) 



WSRC-TR-2005-00074
Revision 0

KEY WORDS: Performance Assessment
Low-level Radioactive Waste Disposal

SPECIAL ANALYSIS:
REVISION OF SALTSTONE VAULT 4 DISPOSAL LIMITS (U)

PREPARED BY:
James R. Cook

Elmer L. Wilhite
Robert A. Hiergesell

Gregory P. Flach

MAY 26, 2005

Anmiual
,IrecipiaJo\

...o .... ..... . S t

Westinghouse Savannah River Company
Savannah River Site
Aiken, SC 29808

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

SRNL
SAVANNAH EVER NATIOUAL LAMDATR

WSRC-TR-2005-00074 
Revision 0 

KEY WORDS: Performance Assessment 
Low-level Radioactive Waste Disposal 

SPECIAL ANALYSIS: 
REVISION OF SALTS TONE VAULT 4 DISPOSAL LIMITS (U) 

PREPARED BY: 
James R. Cook 

Elmer L. Wilhite 
Robert A. Hiergesell 

Gregory P. Flach 

MAY 26, 2005 

, . 

Westinghouse Savannah River Company 
Savannah River Site 
Aiken, SC 29808 

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

RUlIOff·to.suri"ace 
:itre'am:Oor~nver 

SRNL 
: . . 

SAVANNAH RIVER .ATIONAL LABORATORY 



May 26, 2005 A-54' WSRC-TR-2005-00074

A.3.3 Transport Model

A.3.3.1 Source Terms

For each of the contaminants and all daughters, the source terms are expressed as the fractional
release to the water table calculated by the unsaturated-zone modeling. The fractional release has
the unit of mole/year/mole of parent. The time history of each component is used as the source
term. The amount released is assumed to be evenly distributed to the total volume of the 12
source cells listed in Table A-12. Based on the grid coordinates, the volumes of all these cells are
calculated (Table A-13). The total volume is 6.1215x10s ft3.

Table A-13
Source Node Locations and Volumes

I J K XC YC ZC VOL
13 13 14 21350.0 11750.0 230.110 5 -1200E+04
13 14 14 21350.0 11850.0 230.650 5.0900E+04

13 15 14 21350.0 11950.0 231.306 5.0525E+04
14 12 14 21450.0 11650.0 229.997 5.1250E+04
14 13 14 21450.0 11750.0 230.353 5.1100E+04
14 14 14 21450.0 11850.0 230.822 5.0850E+04
14 15 14 21450.0 11950.0 231.405 5.0500E+04
15 10 14 21550.0 11450.0 229.486 5.1525E+04
15 11 14 21550.0 11550.0 229.935 5.1250E+04
15 12 14 21550.0 11650.0 230.340 5.1050E+04
15 13 14 21550.0 11750.0 230.699 5.0925E+04
16 11 14 21650.0 11550.0 230.306 5.1075E+04

TOTAL 6.1215E+05

The fractional release is divided by the total volume to obtain the concentration increments in the
source nodes in mole/ ft3/mole parent. However, because fractional release is often a very small
number, within PORFLOW we multiply it by 1012i6.1215x105 ft3 = 1.6336×106. The
concentration unit in PORFLOW saturated-zone computation is, therefore, pico-mole/ft3/mole
parent. This multiplication factor is the same for every contaminant. PORFLOW has a
"SCALE" command so that users can apply it to each fractional release time history. In
PORFLOW 5.97.0, the~scaling is performed by the code if a user enters "TOTAl VOLUme" in
the SOURce command. The-source-tehms are read by a PORFLOW input file.

The flux terms exiting the bottom of the unsaturated zone model was processed using a Fortran
program to truncate the fluxes less than 10-20 times the peak flux such that only the significant
part of the output flux profile was utilized to generate the input source terms for the saturated
zone model.
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8.3.3 Potential Water Usage Inside the 100 meter Buffer Zone Sensitivity

8.3.3.1 Potential Water Usage Inside the 100 meter Buffer Zone Sensitivity Scenario
Description

The intruder analyses in the 1992 PA and subsequent 2002 SA and 2005 SA did not
include dose from use of contaminated groundwater. Additionally, the intruder analyses
argued that the physical integrity of a Saltstone vault would prevent drilling through it for
10,0.00 years. To determine the dose to a hypothetical inadvertent intruder who is
presumed to drill a well near, but not through, a Saltstone vault, and use the water for a
variety of purposes (e.g., drinking, irrigating a garden), the following analysis was
conducted.

The groundwater modeling in the Vault 4 SA (Cook et al., 2005) did not monitor
groundwater concentrations at points nearer than 100 feet from a vault. Therefore,
groundwater concentrations immediately under a vault were estimated by assuming that
the maximum radionuclide flux leaving the vadose zone in a year was contained in the
volume of water in the first layer of the model nodes in the saturated zone below the
vault. This is conservative because the groundwater concentrations are from the water
directly below the vaults, does not account for concentration dilution within the water
table, and uses all of the activity released in a year in that volume of water. Figure 4.2
presents the upper portion of the model (i.e. the vadose zone). The flux to the water table
.is the amount of contaminant crossing into the water table indicated at the 0 foot
elevation in Figure 4-2. These groundwater concentrations were used to calculate, for
each radionuclide, the all-pathways dose from use of the water.

The peak radionuclide flux over 10,000 years was obtained from Table A-Il of Cook et
al., 2005 (The tables and pertinent text from Cook et al., 2005 are reproduced in
Appendix E.). The volume of the first layer of groundwater model nodes below Vault 4
is 1.73E7 L. Since the porosity of the soil is 0.42, the volume of water in the first layer of
groundwater model nodes below Vault 4 is 7.27E6 L.

The radionuclide composition of salt waste for disposal in the Saltstone Disposal Facility
has recently been revised (d'Entremont and Drumm, 2005). The revised projected
inventory of radionuclides in Vault 4 is shown in Table 8-6.

Table 8-7 shows the peak fractional radionuclide flux from the vadose zone, the peak
fractional radionuclide concentration, the revised projected inventory in Vault 4, and the
estimated maximum concentration in groundwater under Vault 4 using the radionuclide
inventory in Table 8-6.
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Table 8-6 Projected Vault 4 Radionuclide Inventory

Radionuclide Curies Radionuclide: Curies Radionuclide Curies
H-3 2.43EE+03 Cs-137 1.20E+06 Np-237 5.76E-01
C-14 6.88E+OI Ba-137m 1.13 E+06 Pu-238 3.69E+03

Na-22 2.59E+02 Ce- 144 3.46E-01 Pu-239 3.36E+O1
AI-26 1.03E+00 Pr-144 3.46E-0 I Pu-240 8.39E+00
Ni-59 3.46E-01 Pm- 147 2.93E+02 Pu-241 !.72E+02
Co-60 4.46E+O1 Sm-151 3.04E+02 Pu-242 9.32E-03
Ni-63 8.77E+01 Eu-152 1.48E+00 Am-241 1.44E+01
Se-79 1.96E+O0 Eu-154 8.1OE+O I Am-242m 7.52E-03
Sr-90 5.29E+03 Eu-155 1.72E+01 Pu-244 9.38E-06
Y-90 5.29E+03 Ra-226 2.44E-01 Am-243 6.22E-03

Nb-94 1.02E-03 Ra-228 6.41 E-06 Cm-242 6.21 E-03
Tc-99 7.16E+02 Ac-227 1.37E-06 Cm-243 2.88E-03

Ru- 106 4.82E+01 Th-229 2.79E-03 Cm-244 3.16E+00
Rh-106 4.82E+01 Th-230 1.49E-03 Cm-245 3.03E-04
Sb- 125 2.05E+02 Pa-231 3.80E-06 Cm-247 5.55E-13

Te-125m 4.98E+01 Th-232 6.41E-06 Cm-248 5.79E-13
Sn-126 9.56E+00 U-232 9.52E-03 Bk-249 4.23E-20
Sb-126 1.33E+00 U-233 9.82E-01 Cf-249 3.21E-12

Sb-126m 9.50E+00 U-234 6.59E+00 Cf-251 2.47E-01
1-129 4.40E-01 U-235 7.41 E-02 Cf-252 3.56E-15

Cs-134 2.40E+03 U-236 1.42E-01
Cs-135 4.14E+00 U-238 1.61E-01
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H-3 2.43E+03 Cs-137 l.20E+06 

C-14 6.88E+01 Ba-137m I.I3E+06 
Na-22 2.59E+02 Ce-l44 3.46E-01 
AI-26 I. 03 E+OO Pr-144 3.46E-01 
Ni-59 3.46E-OI Pm-147 2.93E+02 
Co-60 4.46E+01 Sm-151 3.04E+02 
Ni-63 8.77E+OI Eu-152 1.48E+OO 
Se-79 I. 96E+OO Eu-154 8.IOE+01 
Sr-90 5.29E+03 Eu-155 I. 72E+O 1 
Y-90 5.29E+03 Ra-226 2.44E-OI 

Nb-94 1.02E-03 Ra-228 6.4IE-06 
Tc-99 7.16E+02 Ac-227 1.37E-06 

Ru-106 4.82E+01 Th-229 2.79E-03 
Rh-106 4.82E+OI Th-23 0 1.49E-03 
Sb-125 2.05E+02 Pa-23 I 3.80E-06 

Te-125m 4.98E+01 Th-232 6.41E-06 
Sn-126 9.56E+OO U-232 9.52E-03 
Sb-126 1.33E+00 U-233 ·9.82E-Ol 

Sb-126m 9.50E+00 U-234 6.59E+OO 
1-129 4.40E-OI U-235 7.41E-02 

Cs-134 2.40E+03 U-236 1.42E-01 
Cs-135 4.14E+OO U-238 1.61E-Ol 

Saltstone Perfonnance Objective Demonstration Document 

88 

Radionuclide Curies 
Np-237 5.76E-OI 
Pu-238 3.69E+03 
Pu-239 3.36E+01 
Pu-240 8.39E+00 
Pu-24 I I. 72 E+02 
Pu-242 9.32E-03 
Am-24 I I.44E+OI 

. Am-242m 7.52E-03 
Pu-244 9.38E-06 

Am-243 6.22E-03 
Cm-242 6.2IE-03 
Cm-243 2.88E-03 
Cm-244 3.16E+00 
Cm-245 3.03E-04 
Cm-247 5.55E-13 
Cm-248 5.79E-13 
Bk-249· 4.23E-20 
Cf-249 3.2IE-12 
Cf-251 2.47E-OI 
Cf-252 3.56E-15 

CBU-PIT -2005-00146 

Rev. 0 

June 2005 



Table 8-7 Estimated Peak Radionuclide Concentrations Below Saltstone Vault 4
Peak Fractional Peak Fractional Projected

Flux Concentration Inventory Estimated Peak
Nuclide Daughter Ci/yr/Ci- pCi/L/Ci Ci/Vault 4 Concentration, pCi/L
Am-243 1.43E-32 1.96E-27 6.22E-03 1.22E-29

Np-239 4.53E-36 6.22E-31 3.87E-33
Pu-239 4.53E-27 6.22E-22 3.87E-24
Pu-5-239 1.65E-30 2.27E-25 1.41E-27

C-14 3.44E-24 4.73E-19 6.88E+01 3.25E-17
Cm-245 1.24E-38 1.70E-33 3.03E-04 5.15E-37

Pu-241 4.48E-40 6.15E-35 1.86E-38
Pu5-241 1.75E43 2.40E-38 7.27E-42
Am-241 2.32E-37 3.19E-32 9.67E-36
Np-237 3.96E-24 5.44E-19 1.65E-22

Cs-135 _1.10E-14 1.51E-09 4.14E+00 6.25E-09
Cs-137 1.42E-41 1.95E-36 1.20E+06 2.34E-30
H-3 4.03E-13 5.54E-08 2.43E+03 1.35E-04
1-129 1.29E-07 1.77E-02 4.40E-01 7.79E-03
Nb-94 3.33E-21 4.57E-16 1.02E-03 4.67E-19
Ni-59 2.37E-18 3.26E-13 3.46E-01 1.13E-13
Np-237 7.25E-24 9.96E-19 5.76E-01 5.74E-19
Pu-238 _5.59E-42 7.68E-37 3.69E+03 2.83E-33

Pu5-238 2.07E-45 2.84E-40 1.05E-36
U-234 4.13E-26 5.67E-21 2.09E-17

Pu-239 7.75E-27 1.06E-21 3.36E+O1 3.56E-20
Pu5-239 2.81E-30 3.86E-25 1.30E-23
U-235 1.83E-27 2.51 E-22 8.43E-21

Pu-240 3.59E-27 4.93E-22 8.39E+00 4.14E-21
Pu5-240 1.30E-30 1.79E-25 1.50E-24
U-236 5.85E-27 8.04E-22 6.75E-21

Pu-241 3.93E-68 5.40E-63 1.72E+02 9.28E&61
Pu5-241 1.64E-71 2.25 E-66 3.87E-64
Am-241 4.OOE-39 5.49E-34 9.45E-32
Np-237 7.25E-24 9.96E-19 1.71E-16

Pu-242 1.OIE-26 1.39E-21 9.32E-03 1.29E-23
Pu5-242 3.68E-30 5.05E-25 4.71 E-27
U-238 1.26E-28 1.73E-23 1.61E-25

Se-79 7.11 E-07 9.77E-02 1.96E+00 1.91E-0 I
Sn-126 2.03E-22 2.79E-17 9.56E+00 2.67E-16
Sr-90 4.32E-19 5.93E-14 5,29E+03 3.14E-10
Tc-99 5.61E-20 7.71E-15 7.16E+02 5.52E-12
Th-232 3.13E-36 4.30E-31 6.41E-06 2.76E-36

Ra-228 * 9.13E-45 1.25E-39 8.04E-45
Th-228 4.74E-46 6.51E-41 4.17E-46
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Sn-126 2.03E-22 2.79E-17 9.56E+OO 
Sr-90 4.32E-19 5.93E-14 5.29E+03 
Tc-99 5.61E-20 7.71E-15 7.16E+02 
Th-232 3.13E-36 4.30E-31 6.41E-06 

Ra-228 I 9. 13E-45 1.25E-39 
Th-228 4.74E-46 6.51E-41 
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Table 8-7 Estimated Peak Radionuclide Concentrations Below Saltstone Vault 4
Peak Fractional Peak Fractional Projected

Flux Concentration Inventory Estimated Peak
Nuclide Daughter Ci/yr/Ci? pCi/ILCi Ci/Vault 4 Concentration, pCi/L

Ra-224 1.59E-47 2.18E-42 1.40E-47
U-232 2.38E-48 3.27E-43 9.52E-03 3.11 E-45

Th-228 1.66E-50 2.28E-45 2.17E-47
Ra-224 5.58E-52 7.66E-47 7.30E-49

U-233 4.45E-26 6.11E-21 9.82E-01 6.OOE-21
Th-229 5.04E-29 6.92E-24 6.80E-24
Ra-225 1.79E-33 2.46E-28 2.42E-28

U-234 4.52E-26 6.2 1E-21 6.59E+00 4.09E-20
Th-230 3.58E-29 4.92E-24 3.24E-23
Ra-226 2.86E-23 3.93E-18 2.59E-17
Pb-210 7.72E-25 1.06E- 19 6.99E- 19
Po-210 2.36E-26 3.24E-21 2.14E-20

U-235 4.65E-26 6.39E-21 7.41E-02 4.73E-22
Pa-321 1.09E-30 1.50E-25 1.11 E-26
Ac-227 8.86E-34 1.22E-28 9.02E-30
Th-227 2.93E-37 4.02E-32 2.98E-33
Ra-223 1.15E-36 1.58E-31 1.17E-32

U-236 4.65E-26 6.39E-21 1.42E-01 9.07E-22
U-238 4.65E-26 6.39E-21 1.61E-01 1.03E-21

Th-234 1.72E-37 2.36E-32 3.80E-33
U-234 .7.12E-32 9.78E-27 1.57E-27

8.3.3.2 Results From Potential Water Usage Inside the 100 meter Buffer Zone
Sensitivity

The dose from all-exposure pathways (e.g., drinking water, eating crops irrigated by
groundwater) from the use of groundwater under Saltstone Vault 4 is shown in Table 8-8.
The dose was calculated from the peak groundwater concentrations using the LADTAP
XL program (Simpkins 2004b), which is an SRS implementation of the NRC code. The
total dose is calculated to be 0.27 mrem/year. This total dose is very conservative in that
it assumes that the peak groundwater concentrations for each radionuclide are coincident
in time.
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Table 8-8. Peak All-Pathways Dose from Use of Groundwater Below Saltstone Vault 4

Peak All-Pathways Dose,
Nuclide mnrem/year

H-3 1. 17E-08
C-14 3.45E-17
Ni-59 1.50E-16
Se-79 2.56E-01
Sr-90 1.66E-10
Nb-94 1.43E-18
Tc-99 6.44E- 13
Sn-126 2.86E-16
1-129" 1.05E-02
Cs-135 2.73E-09
Cs-137 7.24E-30
Th-232 2.78E-35
U-232 2.84E-45
U-233 5.02E-21
U-234 1.92E-16
U-235 3.65E-22
U-236 6.90E-22
U-238 7.21E-22
Np-237 7.04E-18
Pu-238 1.66E-17
Pu-239 4.54E- 19
Pu-240 5.72E-20
Pu-241 2.10E-15
Pu-242 1.55E-22
Am-243 4.88E-23
Cm-245 2.02E-21

Total 2.67E-01
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8.0 Sensitivity Analysis and Uncertainty Analysis

The objective of the performance assessment calculations is to quantitatively estimate the
system performance for comparison to the performance objectives of 10 CFR 61, Subpart
C. The sensitivity analyses identify the assumptions and parameters that affect the
quantitative estimate of performance by evaluating the effects of changing the values of
input variables or changing model structures. The uncertainty analysis provides a tool for
understanding, in quantitative terms, the effect of parameter and model uncertainties.
These uncertainties are described by considering a reasonable range of conditions,
processes, or events to test the robustness of the SDF in comparison to the performance
objectives.

The sensitivity and uncertainty analysis has been expanded for the current radiological
composition of the waste to demonstrate that compliance with the performance objectives
of 10 CFR 61, Subpart C can be reasonably assured.

8.1 Sensitivity of Groundwater Model Parameters

The result of the all-pathways analysis in this PODD is dose (mrem/yr). Therefore,
factors that affect the estimation of dose are the focus of the sensitivity and uncertainty
analysis discussed in this section. These factors include those that influence the
transportation of radionuclides through saturated and unsaturated media (soil, concrete,
saltstone, etc).

A series of Saltstone Vault 4 sensitivity calculations were performed using PORFLOW
(ACRI, 2002) to quantify the impact of key model parameter settings on groundwater
contaminant concentrations and dose at the 100 meter compliance hypothetical well using
a time frame at the conclusion of institution control (IC) through 10,000 years. Four
radionuclides, H-3, C-14, Se-79, and 1-129; were chosen as the limiting cases for this
sensitivity analysis because the 2005 SA shows that these radionuclides are the major
contributor to the dose when all pathways are considered. Parameters for the scenarios
are identified in Tables 8-1 and 8-2 and are described in detail in the following sections.

8.1.1 Key Model Parameters

8.1.1.1 Infiltration rates through the upper geosynthetic clay liner

The changes in infiltration rates through the upper GCL are reflected by different land
use scenarios. Three land use scenarios were modeled. The nominal case assumes the
land use scenario of a 100 year institutional control (IC) period, which is bamboo cover,
followed by development of a pine forest cover. The second land use scenario is a
continuous bamboo cover. The third land use scenario is a 100 year institutional control
followed by farming and eventually development of a pine forest cover. These different
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land use scenarios impact the effectiveness and longevity of the Vault 4 closure cap,
identified as the infiltration rate. The different infiltration rates also impact the hydraulic
properties of the lower drainage layer and the vault base drainage layer due to transport
and accumulation of silt in the drainage layers. Base case (nominal), lower and upper
bounding infiltration through the upper GCL is provided by Phifer (2005). Higher
infiltration rate through the upper GCL results in higher transport rates of silt through the
drainage layers and more rapid accumulation of silt.

8.1.1.2 Saltstone Waste Form and the Vault Concrete Parameters

The fundamental concept of the SDF is the controlled radionuclide release. Due to the
low hydraulic conductivity and low molecular diffusion in cementitious materials,
contaminant leaching from the SDF is very slow. The hydraulic conductivities represent
the ease through which the water will pass through the material. There are two parts to
the hydraulic conductivity, the initial saturated hydraulic conductivity and the hydraulic
conductivity rate. The hydraulic conductivity rates are expressed in terms of a
degradation rate constant (c). The rates at which the hydraulic conductivities of the
Saltstone waste form and the Saltstone vault concrete increase over time were varied
around the values used in the 2005 SA (the 2005 SA value is considered the nominal
value). The higher the hydraulic conductivity, the higher the degradation rate constant,
and the faster the degradation of the material occurs.

The initial saturated hydraulic conductivity of the material used in the 2005 SA is
identified as Ksat. For the Saltstone waste form the Ksat is 10-12 cm/sec. For the vault
concrete Ksat is 10"11 cm/sec. For the sensitivity analysis, the Ksat's were varied by an
order of magnitude about these values.

For the purposes of this sensitivity analysis, the relative permeability was set to unity thus
forcing the vault and saltstone grout to be saturated through the analysis period.

For the purposes of this sensitivity analysis, the molecular diffusion coefficients were
varied by an order of magnitude about the values used in the 2005 SA.

For the purposes of this sensitivity analysis, the distribution coefficients (Kd) were set to
zero for these species in the vadose and aquifer transport simulations. (H-3 is zero in the
base case.)

8.1.2 Scenario Description and Input Parameters

Table 8-1 summarizes the scenario runs and the corresponding sensitivity setting of each
key modeling parameter. Scenario run I represents the nominal or base case for each
contaminant species. The nominal designation shown in Tables 8-1 and 8-2 refer to the
value of the model parameter setting used in the 2005 SA. The sensitivity runs include
scenario runs 2 through 19. The paragraphs following the tables discuss what the
different scenario runs represent and a basis for selection of the parameter setting.
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C Table 8-1. Sensitivity Scenarios and Settings for Infitration, Vadose Zone
Concrete and Saltstone Hydraulic Conductivity.

Vadose Zone Vadose Zone Vadose Zone Vadose Zone

Concrete Saltstone Distribution Concrete Saitstone
Run Infiltration Hydraulic Hydraulic Coefficient Diffusion Diffusion

Coeffcient Coefficient
Conductivity Conductivity Cecn Cecn(Dm) (Dm)

I IC to Pine Forest Nominal Nominal Nominal Nominal Nominal

2 Continuous Nominal Nominal Nominal Nominal Nominal
Bamboo Cover

3 IC to Farm to Pine Nominal Nominal Nominal Nominal Nominal
Forest

4 IC to Pine Forest a= 1.0 Nominal Nominal Nominal Nominal

5 IC to Pine Forest a = 2.0 Nominal Nominal Nominal Nominal

6 IC to Pine Forest 0.1 xKsat Nominal Nominal Nominal Nominal

7 IC to Pine Forest I 0xKsat Nominal Nominal Nominal Nominal

8 IC to Pine Forest Nominal a = 0.5 Nominal Nominal Nominal

9 IC to Pine Forest Nominal a = 1.5 Nominal Nominal Nominal

10 IC to Pine Forest Nominal 0.1 xKsat Nominal Nominal Nominal

11 IC to Pine Forest Nominal lOKsat Nominal Nominal Nominal

IC to Farm to Pine
12 Forest a = 2.0 a = 1'5 Nominal Nominal Nominal

13 IC to Pine Forest I,= I k4= 1 Nominal Nominal Nominal

14 IC to Pine Forest Nominal Nominal Nominal 0.I xDu Nominal

15 IC to Pine Forest Nominal Nominal Nominal 1OxDM Nominal

16 IC to Pine Forest Nominal Nominal Nominal Nominal 0. 1 xDM

17 IC to Pine Forest Nominal Nominal Nominal Nominal 10xDN.

18 IC to Pine Forest Nominal Nominal Nominal 10xD,u 1 0xD.

19 IC to Pine Forest Nominal Nominal 0 Nominal Nominal

IC - Institutional Control
a = degradation rate constant
k, = relative permeability
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Table 8-1. Sensitivity Scenarios and Settings for Infiltration, Vadose Zone 
Concrete and Saltstone Hydraulic Conductivity. , 
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The sensitivity of the all-pathways dose to land use and closure cover degradation is
captured in Sensitivity Scenario Runs 2 and 3. The sensitivity to different land use
scenarios above the Vault 4 is captured by Sensitivity Scenario Runs 2 and 3. The
nominal case (Sensitivity Scenario Run 1) assumes a 100 year institutional control
(bamboo cover) period followed by development of a pine forest cover. Sensitivity
Scenario Run 2 is a land use scenario with a 'continuous bamboo cover. Sensitivity
Scenario Run 3 is a land use scenario with a 100 year institutional control followed by
farming and eventually development of a pine forest cover. Figure C- I in Appendix C
shows the infiltration rate through the upper GCL, for the three different land use
scenarios. The different infiltration rates also impact the hydraulic properties of the
lower drainage layer and the vault base drainage layer due to transport and accumulation
of silt in the drainage layers. Higher infiltration rate through the upper GCL results in
higher transport rates of silt through the drainage layers and more rapid accumulation of
silt. The variation over time of the saturated horizontal conductivity of the lower
drainage layer and the vault base drainage layer is shown in Appendix C, Figures C-2 and
C4A, respectively. Similarly, the variation over time of the saturated vertical conductivity
of the lower drainage layer and the vault base drainage layer is shown in Appendix C,
Figures C-3 and C-5, respectively. In both cases, there is a substantial reduction 'in the
performance, of the horizontal drainage layers over time due to the accumulation of silt.

The-sensitivity of the all-pathways dose to the degradation of the concrete vault is
captured in Sensitivity Scenario Runs .4, 5, 6, and 7. Sensitivity Scenario Runs 4 and 5
address the rate at which the concrete vault saturated hydraulic conductivity increases
with time due to degradation of the concrete as. the result of chemical attack or cracking.
The nominal variation over time for the saturated hydraulic conductivity of the concrete
vault is assumed to increase by three orders of magnitude after the 100 year IC period
through 10,000 years as shown in Appendix C, Figure C-6. The functional form for the
increase in conductivity over time is documented in the 2005 SA and is based on
engineering judgment. Sensitivity Scenario Runs 4 and 5 increase the concrete vault
conductivity by two and four orders of magnitude, respectively. In Sensitivity Scenario
Runs 6 and 7, the concrete vault saturated hydraulic conductivity sensitivity is addressed.
The increase in concrete vault saturated hydraulic conductivity over time, due to
degradation, is taken from the 2005 SA and is used as the nominal rate. For the
Sensitivity Scenario runs, the concrete vault saturated hydraulic conductivity is varied by
an order of magnitude about the nominal value over the entire simulation period
Appendix C, Figure C-7 shows the nominal condition and the sensitivity values.

The sensitivity of the all-pathways dose to the degradation of the Saltstone waste form is
captured in Sensitivity Scenario Runs 8, 9, 10, and 11. Sensitivity Scenario Runs 8 and 9
address the rate at which the Saltstone saturated hydraulic conductivity increases with
time due to degradation of the Saltstone waste form as the result of chemical attack or
cracking. The nominal variation over time for the Saltstone waste form is assumed to
increase by two orders of magnitude after the 100 year IC period through 10,000 years, as
is shown in Appendix C, Figure C-8. Sensitivity Scenario Runs 7 and 8 increase the

Saltstone Performance Objective Demonstration Document CBU-PIT-2005-00 146

74 Rev. 0

June 2005

The sensitivity of the all-pathways dose to land use and closure cover degradation is 
captured in Sensitivity Scenario Runs 2 and 3. The sensitivity to different land use 
scenarios above the Vault 4 is captured by Sensitivity Scenario Runs 2 and 3. The 
nominal case (Sensitivity Scenario Run I) assumes a 100 year institutional control 
(bamboo cover) period followed by development of a pine forest cover. Sensitivity 
Scenario Run 2 is a land use scenario with a ,continuous bamboo cover. Sensitivity 
Scenario Run 3 is a land use scenario with a 100 year institutional control followed by 
farming and eventually development of a pine forest cover. Figure C-I in Appendix C 
shows the infiltration rate through the upper GeL for the three different land use 
scenarios. The different infiltration rates also impact the hydraulic properties of the 
lower drainage layer and the vault base drainage layer due to transport and accumulation 
of slit in the drainage layers. Higher infiltration rate through the upper GCL results in 
higher transport rates of silt through the drainage layers and more rapid accumulation of 
silt. The variation over time of the saturated horizontal conductivity of the lower 
drainage layer and the vault base drainage layer is shown in Appendix C, Figures C-2 and 
C-4, respectively. Similarly, the variation over time of the saturated vertical conductivity 
of the lower drainage layer and the vault base drainage layer is shown in Appendix C, 
Figures C-3 and C-S, respectively. In both cases, there is a substantial reduction in the 
perfonnance of the horizontal drainage layers over time due to the accumulation of silt. 

The-sensitivity of the all-pathways dose to the degradation of the concrete vault is 
captured in Sensitivity Scenario Runs.4, 5, 6, and 7. Sensitivity Scenario Runs 4 and 5 
address the rate at which the concrete vault saturated hydraulic conductivity increases 
with time due to degradation of the concrete as, the result of chemical attack or cracking. 
The nominal variation over time for the saturated hydraulic conductivity of the concrete 
vault is assumed to increase by three orders of magnitude after the 100 year Ie period 
through 10,000 years as shown in Appendix C, Figure C-6. The functional fonn for the 
increase in conductivity over time is documented in the 2005 SA and is based on 
engineering judgment. Sensitivity Scenario Runs 4 and 5 increase the concrete vault 
conductivity by two and four orders of magnitude, respectively. In Sensiti~ity Scenario 
Runs 6 and 7, the concrete vault saturated hydraulic conductivity sensitivity is addressed. 
The increase in concrete vault saturated hydraulic conductivity over time, due to 
degradation, is taken from the 2005 SA and is used as the nominal rate. For the 
Sensitivity Scenario runs, the concrete vault saturated hydraulic conductivity is varied by 
an order of magnitude about the nominal value over the entire simulation period 
Appendix C, Figure C-7 shows the nominal condition and the sensitivity values. 

The sensitivity of the all-pathways dose to the degradation of the Saltstone waste form is 
captured in Sensitivity Scenario Runs 8, 9, 10, and 11. Sensitivity Scenario Runs 8 and 9 
address the rate at which the Saltstone saturated hydraulic conductivity increases with 
time due to degradation of the Saltstone waste fonn as the result of chemical attack or 
cracking. The nominal variation over time for the Saltstone waste fonn is assumed to 
increase by two orders of magnitude after the 100 year IC period through 10,000 years, as 
is shown in Appendix C, Figure C-8. Sensitivity Scenario Runs 7 and 8 increase the 

Saltstone Performance Objective Demonstration Document 

74 

CBU-PIT -2005-00146 

Rev. 0 

June 2005 



( conductivity by one and three orders of magnitude, respectively. In Sensitivity Scenario
Runs 10 and 11, the Saltstone waste form saturated hydraulic conductivity is varied by an
order of magnitude about the nominal value over the entire simulation period. The
nominal rate of increase in conductivity, due to degradation over time, is used. Appendix
C, Figure C-9 shows the nominal condition and the sensitivity values.

The sensitivity of the all-pathways dose to combination effect of high filtrations with
degraded horizontal drain performance is captured in Sensitivity Scenario Run 12.
Sensitivity Scenario Run 12 is a combined sensitivity based on s Sensitivity Scenario
Runs 3, 5 and 9. A high infiltration rate with degraded horizontal drain performance
(Sensitivity Scenario Run 3) is combined with highest rate increase in saturated hydraulic
conductivity of the concrete vault and Saltstone over time.

The sensitivity of the all-pathways dose to uncertainties in the water retention curves for
the concrete vault and Saltstone is captured in Sensitivity Scenario Run 13. The relative
permeability (k,) of the concrete vault and the Saltstone waste form was set to unity in
Sensitivity Scenario Run 13. This was done to address uncertainties in the water
retention curves for the concrete vault and Saltstone.

The sensitivity of the all-pathways dose to uncertainties in the diffusion coefficient for
each radionuclide as they pass through the Saltstone waste form and the concrete vault
are captured in Sensitivity Scenario Runs 14, 15, 16, 17, 18, and 19. The nominal values
of the molecular diffusion coefficients for each species in the concrete vault are shown in
Table A-9 of the 2005 SA (Cook et al., 2005). The molecular diffusion coefficients for
each species in the concrete yault were varied an order of magnitude about their nominal
values for Sensitivity Scenario Runs 14 and 15. The molecular diffusion coefficients for
each species in the Saltstone waste form were varied an order of magnitude about their
nominal values shown in Table A-9 of the 2005 SA (Coo et al, 2005). Sensitivity
Scenario Runs 16 and 17 address this sensitivity. Sensitivity Scenario Run 18 is a
combined sensitivity run of Sensitivity Scenario Runs 15 and 17. The molecular
diffusion coefficients for each species are an order of magnitude higher than nominal for
both the concrete vault and the Saltstone waste form in this scenario.

A distribution coefficient of zero was used through out the vadose and aquifer zone
transport simulations for C-14, 1-129 and Se-79 for Scenario 19. This case is not
considered credible, but it does show the importance of the distribution coefficient in the
model calculations.
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8.1.3 Sensitivity Results

The predicted peak fractional fluxes to the water table and peak concentrations for C-14,
H-3, 1-129 and Se-79 are shown in Appendix C, Tables C-I to C-4, respectively. All the
radionuclides except H-3 appear to show the logical trend of lower/higher peak
concentration with lower/higher sensitivity setting for a given parameter.

In Appendix C, Table C-2, the nominal case (scenario 1) for H-3 has a higher peak
concentration than scenario 3 as a result of a higher infiltration rate over the first 800
years.

The H-3 peak concentration appears to be insensitive to changes in the concrete vault and
Saltstone saturated hydraulic conductivity over the ranges assumed in the sensitivity
analysis.

8.1.3.1 Sensitivity Results Expressed as Dose from All Pathways

The peak fractional concentrations and the revised inventory of radionuclides in Vault 4
were used to calculate peak radionuclide concentrations over 10,000 years. The peak
concentrations were input to the LADTAP program (Simpkins, 2004a) to calculate the all
pathways dose for each of the scenarios. The resulting doses are shown in Table 8-2.
The doses range from 0.02 mrem/year for scenario 2 (decreased infiltration due to
continuous bamboo cover) to 38 mrem/year for scenario 19 (an incredible case in which
all radionuclide distribution coefficients set to zero).
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C
Table 8-2. AH-Pathways Doses from the Sensitivity Scenarios.

Scenario Dose
Run (mrem/year)

I 5.12E-02

2 2.12E-02

3 2.81E-01

4 3.31 E-02

5 5.42E-02

6 3.36E-02

7 5.39E-02

8 3.97E-02

9 2.47E-01

10 4.OOE-02

II 2.57E-01

12 4.18E+O0

13 1.87E-01

14 3.66E-02

15 1.83E-01

16 4.16E-02

17 6.74E-02

18 7.15E-01

19 3.78E+01
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considered in terms of the indefinite future and evaluated for at least a 500-year timeframe. The
500-year timeframe corresponds to the period when the hazard from moderately high-activity,
short- and intermediate-lived radionuclides contained in Classes B and C waste is greatest, and
when the ensuing need for achieving long-term stability of engineered features, such as multi-
layered covers, concrete vaults, high-integrity waste containers (HICs), stabilized waste forms,
and intruder barriers toClass C waste is greatest. The main design function of these engineered
features is to limit infiltration of water into the waste so as to minimize leaching of radionuclides
into the environment, and to provide protection to an inadvertent intruder. Part 61 requires
stability lifetimes on the order of 300 to 500 years for B/C Class waste forms, HICs, and intruder
barriers. The timeframe previously recommended for considering design bases, natural events,
or phenomena for engineered barrier performance was 500 years (NRC, 1982). As discussed in
Section 3.2.2 ("Role of Engineered Barriers"), service lives for engineered barriers, on the-order
of a few hundred years, are still considered credible, if justified by adequate technical analyses
and data.

Beyond the specified service life for engineered barriers,'0 and into "the indefinite future," the
focus of peiformance is on the continued isolation of long-lived radionuclides in the waste. At
this time, the performance of the "physical" constituents of the engineered barriers can no longer
be assumed and reliance must be placed primarily on the engineered barrier's "chemical
characteristics" as well as the site's natural (geologic) qualities to continue to limit environmental
releases of long-lived radionuclides. In evaluating site suitability, the PAWG suggests refraining
from excessive speculation about the extremely distant future, and recommends limiting
evaluations of the natural site's geologic evolution to the next 10,000 years. This 10,000-year
timeframe is the time period of regulatory concern recommended by the PAWG (see Section
3.2.3, "Timeframe for LLW Performance Assessment Analyses"). All significant conditions,
processes, and events that are of concern to the ability of the engineered disposal system and
natural site to meet the performance objectives need to be considered. However, it is not
necessary to demonstrate that the stability of natural site features, including those primarily
intended for achieving stability of engineered barriers, will continue to be met beyond 500
years.'

3.2.1.2 Site Conditions in Performance Assessment Models
At the time scale appropriate to assessing LLW disposal, natural site conditions may range from
being relatively static to highly dynamic, depending on the influence of processes that are driven
by the forces of tectonics and climate. Natural events occurring at a site, which at times may be
catastrophic, are tangible manifestations of these active processes. However, as stated above,
Part 61 emphasizes selecting sites based on geologic stability, waste isolation, long-term
performance, and defensible modeling. Therefore, it should be possible to develop a set of
reasonably anticipated natural conditions, processes,. and events to be represented in site

to As determined by the LLW disposal facility developer, with adequate technical justification.

10 CFR 61 .7(a)(2) requires that in selecting a disposal site, "...site characteristics should be considered in
terms of the indefinite future and evaluated for at least a 500-year timefrarne...."
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conceptual models (e.g., distribution of infiltration to account for variation in rainfall, and a
service life for concrete that bounds the impact of degradation processes). The overall intent is
to discourage excessive speculation about future events and the PAWG does not intend for
analysts to model long-term transient or dynamic site conditions, or to assign probabilities to
natural occurrences.' 2 In developing this "reference natural setting," changes in vegetation,
cycles of drought and precipitation, and erosional and depositional processes should be
considered; future events should include those that are known to occur periodically at the site
(e.g., storms, floods, and earthquakes). It must be emphasized that the goal of the analysis is not
to accurately predict the future, but to test the robustness of the disposal facility against a
reasonable range of potential outcomes. Accordingly, the parameter ranges and model
assumptions selected for the LLW performance assessment should be sufficient to capture the
variability in natural conditions, processes, and events.

Consistent with the above, consideration given to the issue of evaluating site conditions that may
arise from changes in climate or the influences of human behavior should be limited so as to
avoid unnecessary speculation. It is possible that, within some disposal site regions, glaciation or
an interglacial rise in sea level could occur in response to changes in global climate. These
events are envisaged as broadly disrupting the disposal site region to the extent that the human
population would leave affected areas as the ice sheet or shoreline advances. Accordingly, an
appropriate assumption under these conditions would be that no individual is living close enough
to the facility to receive a meaningful dose. In addition, the hazard from the inventory remaining
in typical LLW after about 500 years is expected to be relatively low. The PAWG believes that
an applicant could use similar reasoning to explain how potential effects of glaciation will not
render a disposal site unacceptable. Therefore, the PAWG recommends that new site conditions
that may arise directly from significant changes to existing natural conditior processes, and
events do not need to be quantified in LLW performance assessment modeli:.,.

For disposal sites where the impacts of global climate change consist primarily of changes from
present-day meteorologic patterns, ascertaining the nature, timing, and magnitude of related
meteorological processes and events (i.e., regional consequences) and their effects on disposal
site performance is highly uncertain. However, a key aspect of an LLW performance assessment
is determining how variations in precipitation result in varying rates of percolation into disposal
units and of recharge to the water table. The PAWG recommends using historical and current
weather data, and other site information (e.g., field tests) to establish a broad range of infiltration

By virtue of the siting guidelines found at Section 61.50. developers need to size LLW dispkrsal facilities in geologic

settings that are essentially stable (quiescent) or. altematively, in areas te which active features. events, and processes
will not stzntficantly affect the ability of the site and design to meet the Subpart C performance objectives. In practical

terms, the effect the Section 61.50 requirements have on the LLW performance assessment scceano selection
methodology is thai. after site characterization, the candidate site be defined in terms of its cxpec!ed oteoloeic evolution.

where all likely scenarios are accounted for in the performance assesstr.ent model and treated equally, with a probability
of ( I Y. If the results of site characterization conclude that. geologically, there is the ,otcnttal for los,-prohability

scenarios - say on the order of l0F per year. in frequency of occurrence, or lower - they can be considered unimporoant
and thus screened out of the site model (and the subsequent analysis). In this fashion, uncertainty in the future system
state of the disposal system is accounted for in the analysis.
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rates that may be used to simulate both wetter and drier conditions than the current average.
Sensitivity analyses performed as part of the LLW performance assessment will provide some
insight into the effects that such variations could have on the dose calculations. The PAWG
believes that the treatment of infiltration in this manner will allow an analyst to consider the
effects of broad variations in weather, without-the need for speculating on how climate might
change.

Given the uncertainty in projecting the site's biological environment beyond relatively short
periods of a few hundred years, it is sufficient to assume that current biological trends remain
unchanged throughout the period of analyzed performance. Similarly, consideration of societal
changes would result in unnecessary speculation and should not be included in performance
assessments. With respect to human behavior, it may be assumed that current local land-use
practices and other human behaviors continue unchanged throughout the duration of the analysis.
For instance, it is reasonable to assume that current local well-drilling techniques and/or water
use practices will be followed at all times in the future. Finally, the disruptive actions of an
inadvertent intruder do not need to be considered when assessing releases of radioactivity off-
site.

Assurance about site performance into the far future is also provided by limiting the amounts of
long-lived radionuclides that may be disposed of at an LLW disposal facility, including those
shown by analysis to be significant only after tens of thousands of years have passed. The effect
of placing inventory limits on long-lived radionuclides is to mitigate, given what is foreseeable
today, the potential consequences of waste disposal to generations in the distant future. See
Section 3.2.3 for a discussion of timeframes for dose calculations in LLW performance
assessments and inventory limits on long-lived radionuclides.

3.2.2 Role of Engineered Barriers

The term engineered barrier as defined in Section 61.2 means "... a man-made structure or device
that is intended to improve the land disposal facility's ability to meet the performance objectives
in Subpart C .... As such, engineered barriers are usually designed to inhibit water from
contacting waste, limit release of radionuclides from disposal units, or mitigate doses to potential
human intruders. Materials composing the "physical" constituents of the engineered barriers
may range from purely (geo)synthetic membranes to natural soils to concrete vaults that are
reconfigured to impart some characteristic or property enabling it to perform as an engineered
barrier. Examples of physical engineered barriers are surface drainage systems and cover
systems, concrete vaults, HICs, backfills, infills, etc. Engineered barriers improve LLW
disposal facility performance by physically limiting the amountof water that can contact
disposed-of waste and/or chemically retarding the release of radionuclides to the environment.
Specific features to include as engineered barriers, and how they should be designed are site-
specific decisions left to the discretion of the disposal facility developer. Although engineered
barriers may be used to improve facility performance, it is nonetheless expected that the disposal
characteristics of the site itself will meet the suitability requirements of 10 CFR 61.50.
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The conclusion of this quick study is that there is no impact of plume interaction from Vault I for
nitrate beyond the 100-ft point of assessment and the 1,000-year time of assessment. There
appears to be an impact beyond the 100-m perimeter of Vault 4. However, the interaction only
increases nitrate concentrations by about 25%. The Sum-of-Fractions of the 10,000-year
groundwater limits is only 0.004. Applying a 25% reduction factor to all 10,000-year
groundwater limits would only increase the Sum-of-Fractions to 0.005. The potential for plume
interaction will be quantified in the upcoming Saltstone PA revision and will be included, as
appropriate, in limits determined therein.

7.5.2 Peak Fractional Contaminant Flux of 1-129 to the Water Table

The fractional contaminant flux of 1-129 to the water table at 10,000 years is 1.29E-07
mole/yr/mole as shown in Table A- 11. The flux is predominantly the diffusive component of the
total flux and quickly rising beyond 10,000 years (Figure 7-16). To capture the peak of the flux,
the simulation run time was extended to 70,000 years. As shown in Figure 7-17, the flux curve
has an inflection point before 30,000 years and approaches a peak at 70,000 years. The peak
fractional contaminant flux of 1-129 to the water table at 70,000 years is 3.83E-06 mole/yr/mole
which is a factor of 30 greater than the value at 10,000 years. This result is helpful in
understanding the behavior of the SDF over extremely long times but results calculated over such
time frames are not appropriate for establishing disposal limits. However, even if the 10,000-year
disposal limit for 1291 based on the groundwater pathway were decreased by a factor of 30 (i.e., to
7.3 Ci), the projected Vault 4 inventory of 1291 would be only about 10% of that limit.

7.5.3 Inadvertent Intruder Post-Drilling Scenario

In the inadvertent intruder analysis, which is presented in Section 3 and Appendix B, the long-
term durability of the Saltstone waste form and the concrete vault are assumed to prevent drilling
a well through a disposal vault. To explore the sensitivity of the analysis results to this
assumption, an alternate scenario, termed the post-drilling scenario, was assessed.

The post-drilling scenario is based on the assumption that a person could drill a well through a
disposal vault. For this sensitivity analysis, the assumption is that drilling through a vault first
becomes credible at 1,000 years after closure. The post-drilling scenario is assessed from 1,000
years after closure to 10,000 years after closure. In the post-drilling scenario, the subsurface
material exhumed during drilling includes some of the Saltstone waste. This material is assumed
to be mixed with soil in a garden and the intruder is exposed to the waste through a variety of
pathways (e.g. direct radiation, ingesting food stuffs grown in the garden). The limits derived
from the post-drilling analysis are presented in Table B-5.

The post-drilling limits are generally smaller (i.e., more restrictive) than the resident limits, which
are presented in Table 3-2. If the post-drilling scenario were to be considered credible, the sum-
of-fractions of the 10,000-year limits would increase from 0.22 to 0.31.
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-- 7.5.4 Agricultural Scenario Following Failure of Erosion Barrier

In the inadvertent intruder analysis, which is presented in Section 3 and Appendix B, the long-
term persistence of the erosion barrier is assumed to preclude the Agricultural Scenario by
maintaining a distance greater than that required to excavate a basement (10 ft.). To explore the
sensitivity of the analysis results to this assumption, an alternate scenario in which the erosion
barrier was assumed to erode at the same rate as the other cover material was assessed. The
disposal limits derived from this study for a 10,000-year assessment period are shown in Table 7-
9. Table 7-10 shows a comparison of these limits with the projected Vault 4 inventory.

The Sum-of-Fractions for these limits is 1.49, which, if the scenario were considered credible,
would indicate non-compliance with the intruder performance measure. However, the erosion
barrier is constructed of material sized to remain in place during a rainfall event with a 10,000-
year recurrence interval calculated using an extreme-value distribution (i.e., 3.3 inches of rain in a
15 minute time span, [Weber 1998]). Thus, the scenario is not credible.

Table 7-9. Intruder-Based Radionuclide Disposal Limits for Vault 4 -
Agriculture Scenario Following Failure of Erosion Barrier
with Transient Calculation for 100 - 10,000 Years

Radionuclide
C- 14
Al-26
CI-36
Ar-39
K-40
Ca-41
Ni-59
Ni-63
Se-79
Rb-87
Sr-90
Zr-93
Nb-94
Mo-93
Tc-99
Pd- 107
Ag-108m
Sn-121m
Sn-126
1-129
Cs-135
Cs-137
Sm-151
Eu- 152
Pb-2 10
Bi-207

Time of Limit
(Years)

3275
3275
3275
1132
3275
3275
3275
1280
3275
3275
1132
3275
1132
1720
3275
3275
1132
1132
1132
3275
3275
1132
1132
3275
1150
1132

Concentration
Limit

(uCi/m3)
1.64E+04
4.37E+01
1.43E+02
1.63E+07
5.84E+02
6.90E+04
2.43E+06
8.72E+10
1.33E+05
8.50E+04
2.11E+16
2.61E+06
8.18E+01
1.31E+06
1.39E+04
4.89E+06
5.177E+02
5.67E+11
6.48E+01
2.07E+03
1.37E+05
4.82E+13
9.5 1E+ 11
4.12E+17

5.15E+12

Inventory
Limit

(Ci/Unit)
1.30E+03
3.44E+00
1.13E+01
1.29E+06
4.60E+01
5.44E+03
1.91E+05
6.87E1+09
1.05E+04
6.70E1+03
1.66E+15
2.06E+05
6.45E+00
1.03E+05
1.09E+03
3.85E+05
4.07E+01
4.47E+10
5.11E+00
1.63E+02
1.08E+04
3.79E+12
7.50E+ 10
3.25E+16
9.56E+18
4.06E+11
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would indicate non-compliance with the intruder performance measure. However, the erosion 
barrier is constructed of material sized to remain in place during a rainfall event with a I O~OOO­
year recurrence interval calculated using an extreme-value distribution (Le., 3.3 inches ofrain in a 
15 minute time span, [Weber 1995]). Thus, the scenario is not credible. 

Table 7-9. Intruder-Based Radionuclide Disposal Limits (or Vault 4-
Agriculture Scenario Following Failure of Erosion Barrier 
with Transient Calculation (or 100 -10,000 Years 

Concentration Inventory 
Time of Limit Limit Limit 

Radionuclide (Years} {uCi/m3} {Ci/Unit} 
C-14 3275 1.64E+04 1.30E+03 
Al-26 3275 4.37E+Ol 3.44E+00 
CI-36 3275 1.43E+02 1. 13E+Ol 
Ar-39 1132 1.63E+07 1.29E+06 
K-40 3275 5.S4E+02 4.60E+Ol 
Ca-41 3275 6.90E+04 5.44E+03 
Ni-59 3275 2.43E+06 1.91E+05 
Ni-63 12S0 S.72E+IO 6.S7E+09 
Se-79 3275 1.33E+05 1.05E+04 
Rb-S7 3275 S.50E+04 6.70E+03 
Sr-90 1132 2.11E+16 1. 66E+ 1 5 

'Zr-93 3275 2.6lE+06 2.06E+05· 
Nb-94 1132 . S.lSE+Ol 6.45E+OO· 
Mo-93 1720 1.31E+06 1.03E+05 
Tc-99 3275 1.39E+04 1.09E+03 
Pd-l07 3275 4.S9E+06 3.S5E+05 
.Ag-I0Sm 1132 5. 17E+o2 A.07E+Ol 
Sn-121m 1132 5.67E+11 4.47E+I0 
Sn-126 1132 6.4SE+Ol 5.IIE+OO 
1-129 3275 2.07E+03 1.63E+02 
Cs-135 3275 1.37E+05 1.0SE+04 
Cs-137 1132 4.S2E+13 3.79E+12 
Sm-151 1132 9.5 IE+ II 7.50E+1O 
Eu-152 3275 4.12E+17 3.25E+16 
Pb-210 1150 9.56E+lS' 
Bi-207 1132 5.l5E+l2 4.06E+l1 
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) Table 7-9. Intruder-Based Radionuclide Disposal Limits for Vault 4 -
Agriculture Scenario Following Failure of Erosion Barrier
with Transient Calculation for 100 - 10,000 Years

Concentration

Radionuclide
Ra-226
Ac-227
Th-229
Th-230
Th-232
Pa-231
U-232
U-233
U-234
U-235
U-236
U-238
Np-237
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Pu-244
Am-241
Am-242m
Am-243
Cm-242
Cm-243
Cm-244
Cm-245
Cm-246
Cm-247
Cm-248
Bk-249
Cf-249
Cf-250
Cf-251
Cf-252

Time of Limit
(Years)

1132
1132
1132
9080
3275
3275
1132

10000
10000
10000
3275
10000
10000
10000
3275
3275
1132
3275
10000
1132
1132
1132
10000
3275
3275
3275
3275
10000
3275
1132
1132
3275
1132
3275

Limit
(uCl/m3)
1.11 E+02
1.18E+18
4.5 1E+02
6.25E+01
4.39E+01
1.87E+02
6.34E+06
5.70E+02
8*03E+02
4.64E+02
1.50E+04
4.01E+03
3.13E+02
2.28E+06
5.65E+03
7.28E+03
1.33E+06
5.44E+03
3.37E+02
4.55E+04
8.32E+05
8.88E+02
4.49E+08
4.48E+06
2.63E+06
1.37E+03
8.01E+03
2.85E+02
1.37E+03
1.33E+06
3.43E+03
2.91 E+06
3.02E+03
1.87E+08

Inventory
Limit

(Ci/Unit)
8.76E+00
9.32E+1 6

3.55E+01
4.92E+00
3.46E+00
1.48E+01
5.00E+05
4.49E+01
6.33E+01
3.66E+01
1. 18E+03
3.16E+02
2.47E+0 1
1.80E+05
4.45E+02
5.73E+02
1.05E+05
4.28E+02
2.65E+0 1
3.58E+03
6.56E+04
7.00E+01
3.53E+07
3.53E+05
2.07E+05
1.08E+02
6.3 1E+02
2.24E+01
1.08E+02
1.05E+05
2.70E+02
2.29E+05
2.38E+02
1.47E+07
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--'--~). Table 7-9. Intruder-Based Radionuclide Disposal Limits for Vault 4-
Agriculture Scenario FoUowing Failure of Erosion Barrier 
with Transient Calculation for 100 -10,000 Years 

Concentration Inventory 
. Time of Limit Limit Limit 

Radionuclide (Years) (uClImJ) (CilUnit) 
Ra-226 1132 l.lIE+02 S.76E+00 
Ac-227 1132 l.lSE+IS 9.32E+16 
Th-229 1132 4.51E+02 3.55E+OI 
Th-230 90S0 6.25E+OI 4.92E+00 
Th-232 3275 4.39E+OI 3.46E+OO 
Pa-23 I 3275 I.S7E+02 1.4SE+OI 
U-232 1132 6.34E+06 5.00E+05 
U-233 10000 5.70E+02 4.49E+Ol 
U-234 10000 S:03E+02 6.33E+Ol 
U-235 10000 4.64E+02 3.66E+OI 
U-236 3275 1.50E+04 1.ISE+03 
U-23S 10000 4.0IE+03 3.l6E+02 
Np-237 10000 J.13E+02 2.47E+OI 
Pu-238 10000 2.2SE+06 1.80E+05 
Pu-239 3275 5.65E+03 4.45E+02 
Pu-240 3275 7.28E+03· 5.73E+02 
Pu-24 I 1132 1.33E+06 1.05E+05 
Pu-242 3i75 5.44E+03 4.28E+02 
Pu-244 10000 3.37E+02 2.65E+OI 
Am-241 1132 4.55E+04 3.58E+03 
Am-242m 1132 8.32E+05 6.56E+04 
Am-243 1132 S.SSE+02 7.00E+Ol 
Cm-242 10000 4.49E+OS 3.53E+07 
Cm-243 3275 4.48E+06 3.53E+05 
Cm-244 3275 2.63E+06 2.07E+05 
Cm-245 3275 1.37E+03 I.OSE+02 
Cm-246 3275 S~01E+03 6.31E+02 
Cm-247 10000 2.S5E+02 2.24E+OI 
Cm-24S 3275 1.37E+03 1.0SE+02 
Bk-249 1132 1.33E+06 1.05E+05 
Cf-249 1132 3.43E+03 2.70E+02 
Cf-250 3275 2.9IE+06 2.29E+05 
Cf-25 I 1132 3.02E+03 2.3SE+02 
Cf-252 3275 1.87E+08 1.47E+07 
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Table 7-10. Comparison of 10,000-Year Agriculture
Scenario Limits with Projected Inventory

Radionuclide
Am-241
Am-242m
Am-243
C-14
Cf-251
Cm-243
Cm-244
Cm-245
Cs-135
Cs-137
Eu-152
1-129
Nb-94
Ni-59
Ni-63
Np-237
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Se-79
Sm- 151
Sn-126
Sr-90
Tc-99
Th-232
U-232
U-233
U-234
U-235
U-236
U-238

Limit,
Ci

3.58E+03
6.56E+04
7.OOE+ 01
1.30E+03
2.388E+02
3.53E+05
2.07E+05
1.08E+02
1.08E+04
3.79E+12
3.25E+16
1.63E+02
6.45E+00
1.91E+05
6.87E+09
2.47E+01
1.80E+05
4.45E+02
5.73E+02
1.05E+05
4.28E+02
1.05E+04
7.50E+10
5.11 E+00
1.66E+15
I .09E+03
3.46E+00
5.OOE+05
4.49E+01
6.33E+01
3.66E+01
1.18E+03
3.16E+02

Estimated
Inventory, Ci

4.93E+02
3.3 1E+02
1.30E-03

4.44E+00
2.47E-01
8.06E-02
4.19E+02
7.91E-02
2.29E-02
1.25E+06
5.14E-03
8.09E-01
9.91E-04
3.35E+00
4.23E+00
7.23E-01
3.33E+03
4.20E+01
7.74E+01
1.55E+03
1.56E-01
1.99E+00
9.29E-04
2.65E+00
1.24E+05
9.82E+01
3.62E-03
9.46E+00
1.46E+01
6.53E+00
7.91E-02
1.85E-01
3.611E-01

Sum-of-Fractions

Fraction
of Limit
1.38E-01
5.05E-03
1.86E-05
3.43E-03
1.04E-03
2.28E-07
2.02E-03
7.33E-04
2.12E-06
-3.29E-07
1.58E-19
4.96E-03
1.54E-04
1.75E-05
6.15E-10
2.93E-02
1.85E-02
9.43E-02
1.35E-01
1.48E-02
3.64E-04
1.89E-04
1.24E-14
5.19E-01
7.47E- 1I
8.98E-02
1.05E-03
1.89E-05
3.25E-01
1.03E-01
2.16E-03
1.57E-04
1.14E-03
1.49E+00
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> Table 7-10. Comparison of 10,OOO-Year Agriculture 
Scenario Limits with Projected Inventory 

Limit, Estimated Fraction 
Radionuclide Ci Inventory! Ci - of Limit 
Am-241 3.58E+03 4.93E+02 1.38E-Ol 
Am-242m 6.56E+04 3.31E+02 5.05E~03 
Am-243 7.00E+Ol 1.30E-03 1.86E-05 
C-14 1.30E+03 4.44E+OO 3.43E-03 
Cf-251 2.38E+02 2.47E-Ol I.04E-03 
Cm-243 3.53E+05 8.06E-02 2.28E-07 
Cm-244 2.07E+05 4. 19E+02 2.02E-03 
Cm-245 1.08E+02 7.91E-02 7.33E-04 
Cs-135 1.08E+04 2.29E-02 2. 12E-06 
Cs-137 3.79E+12 1.25E+06 -3.29E-07 
Eu-152 3.25E+16 5.14E-03 1.58E-19 
1-129 1.63E+02 8.09E-Ol 4.96E-03 
Nb-94 6.45E+OO 9.91E-04 1.54E-04 
Ni-59 1.91E+05 3.35E+OO 1.75E-05 
Ni-63 6.87E+09 4.23E+OO 6.15E-1O 
Np-237 2.47E+Ol 7.23E-Ol 2.93E-02 
Pu-238 1.80E+05 3.33E+03 1.85E-02 
Pu-239 4.45E+02 4.20E+Ol 9.43E-02 
Pu-240 5.73E+02 7.74E+Ol 1.35E-Ol 
Pu-241 1.05E+05 1.55E+03 1.48E-02 
Pu-242 4.28E+02 1.56E-OI 3.64E-04 
Se-79 1.05E+04 1.99E+00 1. 89E-04 
Sm-151 7.50E+1O 9.29E-04 1.24E-14 
Sn-126 5.11E+00 2.65E+00 5.19E-Ol 
Sr-90 1.66E+15 1.24E+05 7.47E-ll 
Tc-99 L09E+03 9.82E+Ol 8.98E-02 
Th-232 3.46E+00 3.62E-03 1.05E-03 
U-232 5.00E+05 9.46E+00 1.89E-05 
U-233 4.49E+Ol 1.46E+Ol 3.25E-Ol 
U-234 6.33E+OI 6.53E+00 1.03E-Ol 
U-235 3.66E+Ol 7.9IE-02 2.16E-03 
U-236 1. 18E+03 1.85E-OI 1. 57E-04 
U-238 3.16E+02 3.6IE-OI 1. 14E-03 

Sum-of-Fractions 1.49E+OO 
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-> Table B-5. Intruder-Based Radionuclide Disposal Limits for Vault 4 -
Post-Drilling Scenario with Transient Calculation for 1000 - 10000 Years

Concentration Inventory
Radionuclide Time of Limit Limit Limit

(Years) (AtCi/m 3) (Ci/Unit)
Ac-227 1000 3.93E+17 3.10E+1 6
Th-228 1000 ......
Th-229 1000 1.85E+04 1.46E+03
Th-230 9090 2.46E+03 1.94E+02
Th-232 1000 5.03E+03 3.96E+02
Pa-231 1000 4.21E+03 3.32E+02
U-232 1000 2.73E+08 2.15E+07
U-233 10000 2.32E+04 1.83E+03
U-234 10000 2.67E+04 2.10E+03
U-235 10000 1.83E+04 1.45E+03
U-236 1000 1.33E+05 1.05E+04
U-238 10000 1.26E+05 9.95E+03
Np-237 10000 3.69E+03 2.91E+02
Pu-238 10000 7.55E+07 5.95E+06
Pu-239 1000 5.12E+04 4.04E+03
Pu-240 1000 5.53E+04 4.36E+03
Pu-241 1000 5.81 E+06 4.58E+05
Pu-242 1000 5.25E+04 4.14E+03
Pu-244 10000 2.92E+04 2.30E+03
Am-241 1000 1.98E+05 1.56E+04
Am-242m 1000 2.16E+06 1.70E+05
Am-243 1000 4.14E+04 3.26E+03
Cm-242 10000 1.49E+10 1.17E+09
Cm-243 1000 4.21E+07 3.32E+06
Cm-244 1000 2.OOE+07 1.58E+06
Cm-245 1600 2.51E+04 1.98E+03
Cm-246 1000 5.67E+04 4.46E+03.
Cm-247 10000 2.59E+04 2.04E+03.
Cm-248 1000 1.34E+04 1.05E+03
Bk-249 1000 7.5 1E+07 5.92E+06
Cf-249 1000 1.94E+05 1.53E+04
Cf-250 1000 2.06E+07 1.62E+06
Cf-251 1000 7.91E+04 6.23E+03
Cf-252 1000 1.82E+09 1.43E+08
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I 

--~) Table B-5. Intruder-Based Radionuclide Disposal Limits for Vault 4 -
Post-Drilling Scenario with Transient Calculation for 1000 -10000 Years 

Concentration Inventory 
Radionuclide Time of Limit Limit Limit 

(Years) (l1CUm3) (CilUnit) 
Ac-227 1000 3.93E+17 3.10E+16 
Tb-228 1000 
Th-229 1000 1. 85E+04 1.46E+03 
Tb-230 9090 2.46E+03 1.94E+02 
Th-232 1000 5.03E+03 3.96E+02 
Pa-231 1000 4.21E+03 3.32E+02 
U-232 1000 2.73E+082.15E+07 
U-233 10000 2.32E+04 1.83E+03 
U-234 10000 2. 67E+04 2.10E+03 
U-235 10000 1.83E+04 1.45E+03 
U-236 1000 1.33E+05 1. 05 E+04 
U-238 10000 1.26E+05 9.95E+03 
Np-237 10000 ' 3.69E+03 2.91E+02 
Pu-238 10000 7.55E+07 5.95E+06 
Pu-239 1000 5. 12E+04 4.04E+03 
Pu-240 1000 5.53E+04 4.36E+03 
Pu-241 1000 5.81E+06 4.58E+05 
Pu-242 1000 5.25E+04 4.l4E+03 
Pu-244 10000 2.92E+04 2.30E+03 
Am-241 1000 1.98E+05 1. 56E+04 
Am-242m 1000 2. 16E+06 1.70E+05 
Am-243 1000 4. 14E+04 3.26E+03 
Cm-242 100001.49E+1O 1.l7E+09 
Cm-243 1000 ·4.21E+07 3.32E+06 
Cm-244 1000 2.00E+07 1.58E+06 
Cm-245 1600 2.51E+04 1.98E+03 
Cm-246 1000 5.67E+04 4.46E+Ol 
Cm-247 10000 2.59E+04 2.04E+03, 
Cm-248 1000 1.34E+04 1.05E+03 
Bk-249 1000 7.51E+07 5'.92E+06 
Cf-249 1000 1.94E+05 1.53E+04 
Cf-250 1000 2.06E+07 1.62E+06 
Cf-251 1000 7.91E+04 6.23E+03 
Cf-252 1000 1. 82E+09 1.43E+08 
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BA LIMIT CALCULATIONS

After the radionuclide- and scenario-specific dose coefficients have been determined, the
concentration limit for each radionuclide based on each scenario can be calculated by:

DL. H
DCis

(Eq. B-10)

Where

DLi.= the disposal limit for radionuclide i (pCi /cm 3)

H = Effective dose equivalent (0. 1 rem/year), and

DCis = radionuclide- and scenario- specific dose coefficient (rem*cm 3/.Ci*year).

The concentration limits can be converted to disposal unit limits in curies using appropriate unit
conversions to express the limit in units of Ci/m 3 (in this case, (p Ci /cm 3 is equivalent to Ci/m 3)
and then multiplying by the volume of the disposal unit (78,800 m 3 for Vault 4).

B.5 RESULTS

The parameters specific to Vault 4 used in the intruder analysis are given in Table B-2.

Table B-2. Intruder Parameters for Vault 4
Resident Geometry Factor 0.6 Cook et al. 2002
Post-Drilling Geometry Factor I Cook et al. 2002
Waste Volume (M3

) 78800 Cook et al. 2002
Resident Analysis Start Time (yr) 100
Post-Drilling Analysis Start Time (yr) 1000
Resident Shielding Thickness (cm) 100

Transient Layer Model (Surface to Top of Waste) (Phifer and Nelson 2004)

Erosion Rate
Layer Thickness (m) Description (mm/yr)

1
2
3
4

0.9144
0.3048
2.7178
0.5080

Soil cover (36")
Erosion barrier (12")
Soil backfill (107")
Concrete/Grout Min (20")

1.4
1.00E-10

1.4
1.4

Degradation
Time (yr)

0
0
0

1000

The results of the analysis of the resident scenario for the period 100 to 1,000 years and 100 to
10,000 years are presented in Tables B-3 and B-4, respectively. Table B-5 gives the results for the
post-drilling scenario for the period 1,000 to 10,000 years. In Tables B-3 through B-5 the entry "-
--" in the Time of Limit column means that the dose calculation is always zero so there is no
limit. For cases where there is a time given, there may be an entry "---" in one or both of the limit
columns. In this case the entry "---" indicates a limit value greater than or equal to the threshold
value of IE+20.
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B.4 LIMIT CALCULATIONS 

After the radionuclide- and scenario-specific dose coefficients have been detennined, the 
concentration limit for each radionuclide based on each scenario can be calculated by: 

H 
DL.=-, -

I DC
iS 

(Eq. B-I0) 

where 

DL j = the disposal limit for radionuclide i (!lCi /cm3
) 

H = Effective dose eq~ivalent (0.1 rem/year), and 

DC js = radionuclide- and scenario- specific dose coefficient (rem*cm3/!lCi*year). 

The concentration limits can be converted to disposal unit limits in curies using appropriate unit 
conversions to express the limit in units of Cilm3 (in this case, (!lCi fcm3 is equivalent to Cilm3

) 

and then multiplying by the volume of the disposal unit (78,800 m3 for Vault 4). 

B.5RESULTS 

The parameters specific to Vault 4 used in the intruder analysis are given in Table B-2. 

Table B-2. Intruder Parameters for Vault 4 
Resident Geometry Factor 0.6 Cook et al. 2002 
Post-Drilling Geometry Factor 1 Cook et al. 2002 
Waste Volume (m3

) 78800 Cook et aI. 2002 
Resident Analysis Start Time (yr) 100 
Post-Drilling Analysis Start Time (yr) 1000 
Resident Shielding Thickness (cm) 100 

Transient Layer Model (Surface to Top of Waste) (Phifer and Nelson 2004) 

Erosion Rate 
Layer 

1 
2 
3 
4 

Thickness (m) 
, 0.9144 

0.3048 
2.7178 
0.5080 

Description 
Soil cover (36") 
Erosion barrier (12") 
Soil backfill (107") 
Concrete/Grout Min (20") 

, (mm/yr) 
1.4 

1.00E-I0 
1.4 
1.4 

Degradation 
Time(yr) 

o 
o 
o 

1000 

The results of the analysis of the resident scenario for the period 100 to 1',000 years and 100 to 
10,000 years are presented in Tables B-3 and B-4, respectively. Table B-5 gives the results for the 
post-drilling scenario for the period 1,000 to 10,000 years. In Tables B-3 through B-5 the entry "­
_." in the Time of Limit column means that the dose calculation is always zero so there is no 
limit. For cases where there is a time given, there may be an entry " ... " in one or both of the limit 
columns. In this case the entry " .. ~" indicates a limit value greater than or equal to the threshold 
value of lE+20. 
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Table A- 8: Interim Strategy Saltstone Batches Total Activity

Ci Batch 0 Batch 1 Batch 2 Batch 3 Batch 4 Batch 5 Batch 6 Batch 7 Batch 8 Batch 9
H-3 1.OOE+01 3.48E+02 2.82E+02 7.38E+02 2.69E+02 2.70E+02 1.77E+02 1.03E+02 3.99E+02 1.48E+02
C-14 3.01E-02 9.59E+00 4.96E+00 1.30E+01 8.85E+00 8.80E+00 1.02E+01 9.67E+00 7.02E+00 9.72E+00.
Co-60 1.50E-02 1.01E+01 2.90E+00 7.60E+00 7.48E+00 7.41E+00 1.82E+00 5.30E+00 4.11E+00 5.36E+00

•Ni-59 4.04E-07 3.30E-02 3.31E-03 5.43E-03 6.15E-02 6.05E-02 2.14E-02 1.46E-01 1.17E-02 1.35E-01
Ni-63 4.66E-02 1.14E+01 7.04E+00 1.84E+01 1.23E+01 1.22E+01 4.41E+00 1.68E+01 9.97E+00 1.66E+01
Se-79 1.50E-05 2.03E-01 1.22E-01 2.011E-01 1.84E-01 1.81E-01 7.911E-01 2.78E-02 4.35E-01 1.12E-01
Sr-90 4.69E-03 1.64E+03 1.13E+02 1.85E+02 1.13E+03 1.12E+03 2.48E+02 7.86E+02 1.36E+02 7.39E+02
Y-90 4.69E-03 1.64E+03 1.13E+02 1.85E+02 1.13E+03 1.12E+03 2.48E+02 7.86E+02 1.36E+02 7.39E+02
Nb-94 1.18E-10 5.34E-06 9.63E-07 1.58E-06 5.27E-06 5.19E-06 6.22E-06 6.53E-06 3.42E-06 6.60E-06
Tc-99 5.55E-03 6.77E+01 4.54E+01 7.46E+01 6.27E+01 6.17E+01 2.93E+02 6.05E+00 1.61E+02 3.78E+01
Ru-106 3.83E-04 4.64E+00 3.13E+00 5.15E+00 4.39E+00 4.32E+00 2.02E+01 7.03E-01 1.11E+01 2.86E+00
Rh-1 06 3.83E-04 4.64E+00 3.13E+00 5.15E+00 4.39E+00 4.32E+00 2.02E+01 7.03E-01 1.11E+01 2.86E+00
Sb-125 1.55E-03 1.97E+01 1.27E+01 2.09E+01 1.96E+01 1.93E+01 8.20E+01 7.29E+00 4.51 E+01 1.56E+01
Sn-126 7.57E-05 9.37E-01 6.19E-01 1.02E+00 8.68E-01 8.54E-01 4.OOE+00 1.02E-01 2.20E+00 5.33E-01
1-129 6.1OE-03 3.66E-02 2.60E-02 4.44E-02 3.42E-02 3.37E-02 1.59E-01 3.76E-03 2.91 E-02 2.11E-02
Cs-134 1.83E-02 4.64E+02 3.13E+02 5.15E+02 4.30E+02 4.23E+02 1.69E+02 4.03E+01 9.27E+01 2.59E+02
Cs-135 6.22E-02 7.88E-01 5.32E-01 8.74E-01 7.31E-01 7.19E-01 2.86E-01 6.85E-02 1.57E-01 4.40E-01
Cs-137 1.91E+01 2.31E+05 1.56E+05 2.56E+05 2.14E+05 2.111E+05 8.40E+04 2.01E+04 4.62E+04 1.29E+05
Ba-137m I.80E+01 2.19E+05 1.48E+05 2.43E+05 2.03E+05 2.OOE+05 7.95E+04 1.90E+04 4.37E+04 1.22E+05
Ce-144 9.97E-07 1.21E-02 8.16E-03 1.34E-02 5.17E-02 5.08E-02 5.27E-02 1.42E-01 2.90E-02 1.35E-01
Pr-144 9.97E-07 1.21E-02 8.16E-03 1.34E-02 5.17E-02 5.08E-02 5.27E-02 1.42E-01 2.90E-02 1.35E-01
Pm-147 6.45E-04 3.29E+01 5.28E+00 8.68E+00 5.011E+01 4.93E+01 3.41E+01 1.03E+02 1.88E+01 9.72E+01
Eu-154 1.53E-04 2.78E+01 1.25E+00 2.06E+00 1.72E+01 1.69E+01 8.09E+00 5.36E+00 4.45E+00 5.75E+00
Th-232 1.24E-06 8.44E-07 6.65E-07 1.83E-06 6.50E-07 6.53E-07 2.26E-07 2.72E-07 5.40E-08 3.69E-07
U-232 1.43E-10 No Data No Data No Data 1.15E-05 1.133E-05 1.10E-09 4.01E-05 4.49E-09 3.64E-05
U-233 1.1OE-07 2.66E-02 3.32E-01 5.66E-01 2.05E-02 2.06E-02 7.14E-03 8.58E-03 1.70E-03 1.16E-02
U-234 1.56E-08 6.83E-02 1.09E+00 1.81E+00 4.34E-02 4.32E-02 7.62E-03 9.16E-03 1.82E-03 1.24E-02
U-235 2.05E-04 9.12E-04 1.07E-03 2.15E-03 6.30E-04 6.27E-04 1.21E-04 2.61E-04 2.89E-05 3.02E-04
U-236 2.56E-04 1.67E-02 3.67E-02 6.48E-02 1.02E-02 1.01 E-02 1.40E-03 1.70E-03 3.34E-04 2.29E-03
U-238 1.09E-02 2.70E-03 2.81E-03 6.96E-03 6.03E-03 5.98E-03 7.16E-04 1.47E-02 1.72E-04 1.37E-02
Np-237 4.01E-08 1.43E-01 8.66E-02 1.63E-01 8.25E-02 8.16E-02 6.32E-03 7.64E-03 1.51E-03 1.03E-02
Pu-238 2.87E-02 7.93E+02 6.27E+02 1.15E+03 4.82E+02 4.77E+02 3.80E+01 1.19E+02 9.07E+00 1.29E+02
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Table A- 8: Interim Strategy Saltstone Batches Total Activity 

Ci Batch 0 Batch 1 Batch 2 Batch 3 Batch 4 Batch 5 Batch 6 Batch 7 
H-3 1.00E+01 3.48E+02 2.82E+02 7.38E+02 2.69E+02 2.70E+02 1.77E+02 1.03E+02 
C-14 3.01E-02 9.59E+OO 4.96E+OO 1.30E+01 8.B5E+OO 8.BOE+OO 1.02E+01 9.67E+OO 
Co-60 1.50E-02 1.01E+01 2.90E+OO 7.60E+OO 7.48E+OO 7.41E+OO 1.82E+OO· 5.30E+OO 

. Ni-S9 4.04E-07 3.30E-02 3.31E-03 S.43E-03 6.15E-02 6.05E-02 2.14E-02 1.46E-01 
Ni-63 4.66E-02 1.14E+01 7.04E+OO 1.B4E+01 1.23E+01 1.22E+01 4.41E+OO 1.68E+01 
Se-79 1.S0E-OS 2.03E-01 1.22E-01 2.01E-01 1.B4E-01 1.B1E-01 7.91E-01 2.78E-02 
Sr-90 4.69E-03 1.64E+03 1.13E+02 1.8SE+02 1.13E+03 1.12E+03 2.48E+02 7.86E+02 
V-90 4.69E-03 1.64E+03 1.13E+02 1.BSE+02 1.13E+03 1.12E+03 2.4BE+02 7.86E+02 
Nb-94 1.1BE-10 S.34E-06 9.63E-07 1.5BE-06 5.27E-06 5.19E-06 6.22E-06 6.S3E-06 
Tc-99 S.55E-03 6.77E+01 4.54E+01 7.46E+01 6.27E+01 6.17E+01 2.93E+02 6.05E+OO 
Ru-106 3.83E-04 4.64E+OO 3.13E+OO 5.1SE+OO 4.39E+OO 4.32E+OO 2.02E+01 7.03E-01 
Rh-106 3.83E-04 4.64E+OO 3.13E+OO 5.1SE+OO 4.39E+OO 4.32E+OO 2.02E+01 7.03E-01 
Sb-125 1.55E-03 1.97E+01 1.27E+01 2.09E+01 1.96E+01 1.93E+01 8.20E+01 7.29E+OO 
Sn-126 7.57E-05 9.37E-01 6.19E-01 1.02E+OO 8.68E-01 B.54E-01 4.00E+OO 1.02E-01 
1-129 6.10E-03 3.66E-02 2.60E-02 4.44E-02 3.42E-02 3.37E-02 1.S9E-01 3.76E-03 
Cs-134 1.83E-02 4.64E+02 3.13E+02 S.15E+02 4.30E+02 4.23E+02 1.69E+02 4.03E+01 
Cs-135 6.22E-02 7.8BE-01 5.32E-01 8.74E-01 7.31E-01 7.19E-01 2.86E-01 6.85E~02 
Cs-137 1.91E+01 2.31E+OS 1.56E+05 2.S6E+OS 2.14E+OS 2.11E+05 8.40E+04 2.01E+04 
Ba-137m 1.BOE+01 2.19E+05 1.4BE+05 2.43E+05 2.03E+OS 2.00E+05 7.95E+04 1.90E+04 
Ce-144 9.97E-07 1.21E-02 B.16E-03 1.34E-02 5. 17E-02 5.08E-02 5.27E-02 1.42E-01 
Pr-144 9.97E-07 1.21E-02 B.16E-03 1.34E-02 S.17E-02 5.08E-02 5.27E-02 1.42E-01 
Pm-147 6.4SE-04 3.29E+01 5.2BE+OO 8.68E+OO 5.01E+01 4.93E+01 3.41E+01 1.03E+02 
Eu-154 1.S3E-04 2.78E+01 1.2SE+OO 2.06E+OO 1.72E+01 1.69E+01 B.09E+OO 5.36E+OO 
Th-232 1.24E-06 S.44E-07 6.6SE-07 1.83E-06 6.50E-07 6.S3E-07 2.26E-07 2.72E-07 
U-232 1.43E-10 No Data No Data No Data 1.1SE-OS 1.13E-05 1.10E-09 4.01E-OS 
U-233 1.10E-07 2.66E-02 3.32E-01 5.66E-01 2.0SE-02 2.06E-02 7.14E-03 B.SBE-03 
U-234 1.56E-OS 6.S3E-02 1.09E+OO 1.81E+OO 4.34E-02 4.32E-02 7.62E-03 9.16E-03 
U-235 2.05E-04 9.12E-04 1.07E-03 2.15E-03 6.30E-04 6.27E-04 1.21E-04 2.61E-04 
U-236 2.S6E-04 1.67E-02 3.67E-02 6.4BE-02 1.02E-02 1.01E-02 1.40E-03 1.70E-03 
U-238 1.09E-02 2.70E-03 2.81E-03 6.96E-03 6.03E-03 S.9BE-03 7.16E-04 1.47E-02 
Np-237 4.01E-OB 1.43E-01 B.66E-02 1.63E-01 B.2SE-02 B.16E-02 6.32E-03 7.64E-03 
Pu-238 2.87E-02 7.93E+02 6.27E+02 1.1SE+03 4.82E+02 4.77E+02 3.80E+01 1.19E+02 
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Batch 8 Batch 9 
3.99E+02 1.48E+02 
7.02E+OO 9.72E+OO. 
4.11E+OO 5.36E+OO 
1.17E-02 1.35E-01 
9.97E+OO 1.66E+01 
4.35E-01 1.12E-01 
1.36E+02 7.39E+02 
1.36E+02 7.39E+02 
3.42E-06 6.60E-06 
1.61E+02 3.78E+01 
1.11E+01 2.86E+OO 
1.11E+01 2.B6E+OO 
4.51E+01 1.56E+01 
2.20E+OO S.33E-01 
2.91E-02 2.11E-02 
9.27E+01 2.S9E+02 
1.57E-01 4.40E-01 
4.62E+04 1.29E+OS 
4.37E+04 1.22E+05 
2.90E-02 1.35E-01 
2.90E-02 1.3SE-01 
1.SSE+01 9.72E+01 
4.4SE+OO 5.75E+OO 
5.40E-08 3.69E-07 
4.49E-09 3.64E-OS 
1.70E-03 1.16E-02 
1.82E-03 1.24E-02 
2.89E-05 3.02E-04 
3.34E-04 2.29E-03 
1.72E-04 1.37E-02 
1.S1E-03 1.03E-02 
9.07E+OO 1.29E+02 
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Ci Batch 0 Batch 1 Batch 2 Batch 3 Batch 4 Batch 5 Batch 6 Batch 7 Batch 8 Batch 9
Pu-239 1,82E-01 2.08E+00 2.57E+00 6.05E+00 4.91E+00 4.86E+00 5.58E-01 1.22E+01 1.35E-01 1.14E+01
Pu-240 1.97E-03 7.08E-01 5.59E-01 1.54E+00 1.28E+00 1.28E+00 1.90E-01 2.81 E+00 4.56E-02 2.65E+00
Pu-241 2.89E-05 1.24E+01 9.81E+00 2.70E+01 2.70E+01 2.67E+01 3.34E+00 6.48E+01 8.03E-01 6.05E+01
Pu-242 1.09E-09 7.93E-05 6.26E-05 1.72E-04 2.08E-04 2.06E-04 2.13E-05 5.40E-04 5.14E-06 5.01E-04
Am-241 1.16E-02 1.98E+00 5.OOE-01 8.22E-01 2.10E+00 2.07E+00 3.23E+00 2.67E+00 1.78E+00 2.78E+00
Ar-242m 3.52E-08 1.94E-03 2.88E-04 4.74E-04 1.21E-03 1.19E-03 1.86E-03 3.71E-05 1.02E-03 2.39E-04
Cm-244 1.34E-03 3.12E-01 2.OOE-01 3.29E-01 2.84E-01 2.79E-01 1.29E+00 2.65E-02 7.11E-01 1.66E-01
Cm-245 2.41 E-09 3.05E-05 1.97E-05 3.24E-05 2.78E-05 2.74E-05 1.27E-04 2.54E-06 7.01 E-05 1.63E-05
Na-22 3.40E-04 3.24E+01 2.78E+00 4.58E+00 3.74E+01 3.68E+01 7.56E+01 6.45E+01 9.89E+00 6.04E+01
AI-26 2.18E-06 1.25E-01 1.78E-02 2.93E-02 1.42E-01 1.40E-01 3.16E-01 2.27E-01 6.33E-02 2,18E-01
Te-125m 3.79E-04 4.82E+00 3.1OE+00 5.10E+00 4.78E+00 4.70E+00 2.OOE+01 1.78E+00 1.10E+01 3.82E+00
Sb-126 1.06E-05 1.31E-01 8.67E-02 1.43E-01 1.22E-01 1.20E-01 5.60E-01 1.43E-02 3.08E-01 7.46E-02
Sb-126m 7.57E-05 9.37E-01 6.19E-01 1.02E+00 8.68E-01 8.54E-01 4.OOE+00 1.02E-01 2.20E+00 5.33E-01
Sm-1 51 7.23E-04 7.91 E+01 5.92E+00 9.73E+00 5.87E+01 5.77E+01 3.82E+01 4.46E+01 2.10E+01 4.46E+01
Eu-152 3.50E-06 3.82E-01 2.86E-02 4.71E-02 2.84E-01 2.79E-01 1.85E-01 2.16E-01 1.02E-01 2.16E-01
Eu-155 4.09E-05 4.47E+00 3.34E-01 5.50E-01 3.32E+00 3.26E+00 2.16E+00 2.52E+00 1.19E+00 2.52E+00
Ra-226 3.51E-14 1.18E-01 2.45E-06 4.07E-06 6.37E-02 6.27E-02 1.72E-08 2.07E-08 4.1OE-09 2.80E-08
Ra-228 1.24E-06 8.44E-07 6.65E-07 1.83E-06 6.50E-07 6.53E-07 2.26E-07 2.72E-07 5.40E-08 3.69E-07
Ac-227 4.67E-08 2.08E-07 2.44E-07 4.91 E-07 1.44E-07 1.43E-07 2.76E-08 5.95E-08 6.59E-09 6.88E-08
Th-229 3.14E-10 7.57E-05 9.43E-04 1.61E-03 5.84E-05 5.86E-05 2.03E-05 2.44E-05* 4.85E-06 3.31E-05
Th-230 4.30E-12 3.30E-04 3.OOE-04 4.98E-04 1.80E-04 1.77E-04 2.1OE-06 2.53E-06 5.02E-07 3.43E-06
Pa-231 1.30E-07 5.78E-07 6.79E-07 1.36E-06 3.99E-07 3.97E-07 7.66E-08 1.65E-07 1.83E-08 1.91 E-07
Pu-244 3.47E-06 3.63E-07 2.86E-07 7.88E-07 9.52E-07 9.43E-07 9.73E-08 2.47E-06 2.35E-08 2.29E-06
Am-243 1.17E-08 1.28E-03 9.57E-05 1.57E-04 9.48E-04 9.33E-04 6.18E-04 7.21E-04 3.40E-04 7.21E-04
Cm-242 2.89E-08 1.61E-03 2.36E-04 3.88E-04 1.01E-03 9.90E-04 1.53E-03 3.04E-05 8.40E-04 1.96E-04
Cm-243 6.84E-09 7.48E-04 5.60E-05 9.21E-05 5.55E-04 5.46E-04 3.62E-04 4.22E-04 1.99E-04 4.22E-04
Cm-247 1.32E-18 1.44E-13 1.08E-14 1.77E-14 1.07E-13 1.05E-13 6.97E-14 8.13E-14 3.83E-14 8.14E-14
Cm-248 1.37E-18 1.50E-13 1.12E-14 1.85E-14 1.11E-13 1.10E-13 7.26E-14 8.48E-14 4.OOE-14 8.48E-14
Bk-249 1.OOE-25 1.1OE-20 8.22E-22 1.35E-21 8.14E-21 8.01E-21 5.31E-21 6.19E-21 2.92E-21 6.20E-21
Cf-249 7.62E-18 8.33E-13 6.23E-14 1.02E-13 6.18E-13 6.08E-13 4.03E-13 4.70E-13 2.22E-13 4.70E-13
Cf-251 2.61E-19 2.85E-14 2.13E-15 3.51E-15 2.11E-14 2.08E-14 1.38E-14 1.61E-14 7.58E-15 1.61E-14
Cf-252 8.46E-21 9.25E-16 6.92E-17 I1.14E-16 6.86E-16 6.75E-16 4.47E-16 5.22E-16 2.46E-16 5.22E-16
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Ci Batch 0 Batch 1 Batch 2 Batch 3 Batch 4 Batch S 
Pu-239 1.S2E-01 2.0SE+OO 2.57E+OO 6.05E+OO 4.91E+OO 4.S6E+OO 
Pu-240 1.97E-03 7.0SE-01 5.59E-01 1.54E+OO 1.2SE+OO 1.2SE+OO 
Pu-241 2.S9E-05 1.24E+01 9.B1E+OO 2.70E+01 2.70E+01 2.67E+01 
Pu-242 1.09E-09 7.93E-OS 6.26E-OS 1.72E-04 2.0SE-04 2.06E-04 
Am-241 1.16E-02 1.9SE+OO S.OOE-01 8.22E-01 2.10E+OO 2.07E+OO 
A~242m 3.52E-OB 1.94E-03 2.S8E-04 4.74E-04 1.21E-03 1.19E-03 
Cm-244 1.34E-03 3.12E-01 2.00E-01 3.29E-01 2.S4E-01 2.79E-01 
Cm-245 2.41E":09 3.05E-05 1.97E-OS 3.24E-OS 2.78E-05 2.74E-05 
Na-22 3.40E-04 3.24E+01 2.7SE+OO 4.5BE+OO 3.74E+01 3.6BE+01 
AI-26 2.18E-06 1.25E-01 1.78E-02 2.93E-02 1.42E-01 1.40E-01 
Te;.125m 3.79E-04 4.S2E+OO 3.10E+OO 5.10E+OO 4.78E+OO 4.70E+OO 
Sb-126 1.06E-05 1.31E-01 B.67E-02 1.43E-01 1.22E-01 1.20E-01 
Sb-126m 7.57E-05 9.37E-01 6.19E-01 1.02E+OO 8.68E-01 8.54E-01 
Sm-151 7.23E-04 7.91E+01 5.92E+OO 9.73E+OO 5.B7E+01 5.77E+01 
Eu-152 3.50E-06 3.B2E-01 2.S6E-02 4.71E-02 2.B4E-01 2.79E-01 
Eu-155 4.09E-05 4.47E+OO 3.34E-01 S.50E-01 3.32E+OO 3.26E+OO 
Ra-226 3.51E-14 1.1BE-01 2.45E-OS 4.07E-06 S.37E~02 6.27E-02 
Ra-22S 1.24E-06 S.44E-07 6.65E-07 1.B3E-06 6.50E-07 6.53E-07 
Ac-227 4.S7E-OS 2.0SE-07 2.44E-07 4.91E-07 1.44E-07 1.43E-07 
Th-229 3.14E-10 7.57E-05 9.43E-04 1.S1E-03 S.B4E-05 5.B6E-05 
Th-230 4.30E-12 3.30E-04 3.00E-04 4.98E-04 1.80E-04 1.77E-04 
Pa-231 1.30E-07 5.78E-07 6.79E-07 1.36E-06 3.99E-07 3.97E-07 
Pu-244 3.47E-06 3.63E-07 2.SSE-07 7.BBE-07 9.52E-07 9.43E-07 
Am-243 1.17E-OS 1.2SE-03 9.57E-05 1.57E-04 9.4BE-04 9.33E-04 
Cm-242 2.B9E-08 1.61E-03 2.36E-04 3.BBE-04 1.01E-03 9.90E-04 
Cm-243 6. 84E-09 7.4SE-04 5.S0E-05 9.21E-05 5.55E-04 5.46E-04 
Cm-247 1.32E-1B 1.44E-13 . 1.0BE-14 1.77E-14 1.07E-13 1.05E-13 
Cm-24S 1.37E-1S 1.50E-13 1.12E-14 1.B5E-14 1.11E-13 1.10E-13 
Bk-249 1.00E-25· 1.10E-20 B.22E-22 1.35E-21 8.14E-21 8.01E-21 
Cf-249 7.62E-1S B.33E-13 6.23E-14 1.02E-13 6.1SE-13 6.0BE-13 
Cf-2S1 2.61E-19 2.85E-14 2.13E-15 3.51E-15 2.11E-14 2.0BE-14 
Cf-252 B.46E-21 9.25E-16 6.92E-17 1.14E-16 6.B6E-16 6.75E-16 

Radionuclide Concentrations in Saltstone 

Page 290f40 

Batch 6 Batch 7 
S.58E-01 1.22E+01 
1.90E-01 2.S1E+OO 
3.34E+OO 6.4BE+01 
2.13E-05 5.40E-04 
3.23E+OO 2.67E+OO 
1.86E-03 3.71E-05 
1.29E+OO 2.6SE-02 
1.27E-04 2.54E-06 
7.56E+01 6.45E+01 
3.16E-01 2.27E-01 
2.00E+01 1.78E+OO 
S.60E-01 1.43E-02 
4.00E+OO 1.02E-01 
3.S2E+01 4.46E+01 
1.B5E-01 2.16E-01 
2.16E+OO 2.52E+OO 
1.72E-OB 2.07E-OB 
2.2SE-07 2.72E-07 
2.76E-OB 5.95E-OB 
2.03E-05 2.44E-OS· 
2.10E-06 2.53E-06 
7.66E-08 1.6SE-07 
9.73E-OS 2.47E-OS 
6.18E-04 7.21E-04 
1.53E-03 3.04E-05 
3.62E-04 4.22E-D4 
6.97E-14 B.13E-14 
7.26E-14 8.48E-14 
S.31 E-21 6.19E-21 
4.03E-13 4.70E-13 
1.3BE-14 1.61E-14 
4.47E-16 S.22E-16 

Batch S Batch 9 
1.35E-01 1.14E+01 
4.S6E-02 2.65E+OO 
B.03E-01 6.05E+01 
5.14E-06 5.01E-04 
1.7SE+OO 2.7SE+OO 
1.02E-03 2.39E-04 
7.11E-01 1.66E-01 
7.01E-05 1.63E-05 
9.B9E+OO 6.04E+01 
6.33E-02 2.1BE-01 
1.10E+01 3.82E+OO 
3.0BE-01 7.46E-02 
2.20E+OO 5.33E-01 
2~ 10E+01 4.46E+01 
1.02E-01 2.16E-01 
1.19E+OO 2.S2E+OO 
4.10E-09 2.BOE-OS 
5.40E-OB 3.69E-07 
6.59E-09 6.SSE-OS 
4.85E-06 3.31E-05 
5.02E-07 3.43E-06 
1.83E-08 1.91E-07 
2.35E-OB 2.29E-06 
3.40E-04 7.21E-04 
B.40E-04 1.96E-04 
1.99E-04 4.22E-04 
3.B3E-14 B.14E-14 
4.00E-14 8.4BE-14 
2.92E-21 6.20E-21 
2.22E-13 4.70E-13 
7.58E-15 1.61E-14 
2.46E-16 5.22E-16 
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Table A- 9: Interim Strategy Saltstone Batches Concentrations
Ci/gal Batch 0 Batch 1 Batch 2 Batch 3 Batch 4 Batch 5 Batch 6 Batch 7 Batch 8 Batch 9
H-3 1.34E-05 2.79E-04 3.63E-04 4.10E-04 2.36E-04 2.38E-04 1.23E-04 8.411E-05 2.85E-04 1.20E-04
C-14 4.01E-08 7.67E-06 6.40E-06 7.21E-06 7.77E-06 7.75E-06 7.06E-06 7.89E-06 5.01E-06 7.90E-06
Co-60 2.OOE-08 8.04E-06 3.74E-06 4.22E-06 6.56E-06 6.53E-06 1.26E-06 4.32E-06 2.93E-06 4.36E-06
Ni-59 5.39E-13 2.64E-08 4.27E-09 3.02E-09 5.39E-08 5.33E-08 1.48E-08 1.20E-07 8.39E-09 1.1OE-07
Ni-63 6.21E-08 9.1OE-06 9.09E-06 1.02E-05 1.07E-05 1.07E-05 3.07E-06 1.37E-05 7.12E-06 1.35E-05
Se-79 2.00E-11 1.63E-07 1.58E-07 1.12E-07 1.61E-07 1.59E-07 5.50E-07 2.27E-08 3.11E-07 9.13E-08
Sr-90 6.25E-09 1.31E-03 1.46E-04 1.03E-04 9.94E-04 9.83E-04 1.72E-04 6.42E-04 9.74E-05 6.01E-04
Y-90 6.25E-09 1.31E-03 1.46E-04 1.03E-04 9.94E-04 9.83E-04 1.72E-04 6.42E-04 9.74E-05 6.01E-04
Nb-94 1.57E-16 4.27E-12 1.24E-12 8.80E-13 4.62E-12 4.57E-12 4.32E-12 5.33E-12 2.44E-12 5.37E-12
Tc-99 7.40E-09 5.41E-05 5.86E-05 4.15E-05 5.50E-05 5.43E-05 2.04E-04 4.94E-06 1.15E-04 3.07E-05
Ru-106 5.10E-10 3.71E-06 4.04E-06 2.86E-06 3.85E-06 3.81E-06 1.41E-05 5.74E-07 7.95E-06 2.33E-06
Rh-106 5.10E-10 3.71E-06 4,04E-06 2.86E-06 3.85E-06 3.81E-06 1.41E-05 5.74E-07 7.95E-06 2.33E-06
Sb-125 2.07E-09 1.58E-05 1.64E-05 1.16E-05 1.72E-05 1.70E-05 5.70E-05 5.95E-06 3.22E-05 1.27E-05
Sn-126 1,01E-10 7.50E-07 7.99E-07 5.66E-07 7.62E-07 7.53E-07 2.78E-06 8.34E-08 1.57E-06 4.33E-07
1-129 8.14E-09 2.93E-08 3.35E-08 2.46E-08 3.OOE-08 2.97E-08 1.10E-07 3.07E-09 2.08E-08 1.72E-08
Cs-134 2.45E-08 3.71E-04 4.04E-04 2.86E-04 3.77E-04 3.73E-04 1.17E-04 3.29E-05 6.62E-05 2.11E-04
Cs-1 35 8.29E-08 6.31E-07 6.86E-07 4.86E-07 6.41E-07 6.34E-07 1.99E-07 5.60E-08- 1.12E-07 3.58E-07
Cs-137 2.54E-05 1.85E-01 2.01E-01 1.42E-01 1.88E-01 1.86E-01 5.83E-02 1.64E-02 3.30E-02 1.05E-01
Ba-137m 2.40E-05 1.75E-01 1.90E-01 1.35E-O1 1.78E-01 1.76E-01 5.52E-02 1.55E-02 3.12E-02 9.93E-02
Ce-144 1.33E-12 9.72E-09 1.05E-08 7.45E-09 4.53E-08 4.48E-08 3.66E-08 1.166E-07 2.07E-08 1.10E-07
Pr-144 1.33E-12 9.72E-09 1-05E-08 7.45E-09 4.53E-08 4.48E-08 3.66E-08 1.166E-07 2.07E-08 1.1OE-07
Pm-147 8.60E-10 2.64E-05 6.81E-06 4.82E-06 4.40E-05 4.35E-05 2.37E-05 8.42E-05 1.34E-05 7.90E-05
Eu-1 54 2.04E-10 2.22E-05 1.62E-06 1.14E-06 1.51E-05 1.49E-05 5.62E-06 4.38E-06 3.18E-06 4.68E-06
Th-232 1.65E-12 6.75E-13 8.58E-13 1.02E-12 5.70E-13 5.75E-13 1.57E-13 2.22E-13 3.86E-14 3.OOE-13
U-232 1.91E-16 No Data No Data No Data 1.01E-11 9.95E-12 7.63E-16 3.28E-11 3.21E-15 2.96E-11
U-233 1.47E-13 2.13E-08 4.28E-07 3.15E-07 1.80E-08 1.82E-08 4.96E-09 7.01E-09 1.22E-09 9.46E-09
U-234 2.08E-14 5.46E-08 1.40E-06 1.00E-06 3.81E-08 3.81E-08 5.29E-09 7.48E-09 1.30E-09 1.01E-08
U-235 2,73E-10 7.30E-10 1.38E-09 1.20E-09 5.52E-10 5.52E-10 8.39E-11 2.13E-10 2.06E-11 2.45E-10
U-236 3.41E-10 1.33E-08 4.74E-08 3.60E-08 8.95E-09 8.92E-09 9.70E-10 1.38E-09 2.38E-10 1.86E-09
U-238 1.45E-08 2.16E-09 3.63E-09 3.86E-09 5.29E-09 5.27E-09 4.97E-10 1.20E-08 1.23E-10 1.11 E-08
Np-237 5.34E-14 1.14E-07 1.12E-07 9.03E-08 7.24E-08 7.19E-08 4.39E-09 6.24E-09 1.08E-09 8.41E-09
Pu-238 3.82E-08 6.35E-04 8.08E-04 6.39E-04 4.23E-04 4.20E-04 2.64E-05 9.75E-05 6.48E-06 1.05E-04
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Table A- 9: Interim Strategy Saltstone Batches Concentrations . 

Ci/gal Batch 0 Batch 1 Batch 2 Batch 3 Batch 4 Batch 5 Batch 6 Batch 7 
H-3 1.34E-05 2.79E-04 3.S3E-04 4.10E-04 2. 36E-04 2.3BE-04 1.23E-04 B.41E-OS 
C-14 4.01E-OB 7.67E-06 6.40E-06 7.21E-06 7.77E-06 7.7SE-06 7.06E-06 7.B9E-06 
Co-GO 2.00E-OB B.04E-OS 3.74E-OS 4.22E-06 S.S6E-06 6.S3E-OS 1.2SE-OS 4.32E-06 
Ni-S9 S.39E-13 2.64E-OB 4.27E-09 3.02E-09 S.39E-OB S.33E-OB 1.4BE-OB 1.20E-07 
Ni-63 6.21E-08 9.10E-06 9.09E-OS 1.02E-OS 1.07E-OS 1.07E-OS 3.07E-OS 1.37E-OS 
Se-79 2.00E-11 1.63E-07 1.SBE-07 1.12E-07 1.61E-07 1.S9E-07 S.SOE-07 2.27E-OB 
Sr-90 6.2SE-09 1.31E-03 1.46E-04 1.03E-04 9.94E-04 9.B3E-04 1.72E-04 6.42E-04 
Y-90 6.2SE-09 1.31E-03 1.4SE-04 1.03E-04 9.94E-04 9.B3E-04 1.72E-04 S.42E-04 
Nb-94 1.S7E-16 4.27E-12 1.24E-12 B.BOE-13 4.62E-12 4.S7E-12 4.32E-12 S.33E-12 
Tc-99 7.40E-09 S.41E-OS S.B6E-OS 4.1SE-OS S.SOE-OS S.43E-OS 2. 04 E-04 4.94E-06 
Ru-106 S.10E-10 3.71E-06 4.04E-06 2.BSE-06 3.8SE-06 3.81E-06 1.41E-OS S.74E-07 
Rh-106 S.10E-10 3.71E~OS 4.04E-06 2.BSE-OS 3.BSE-06 3.B1E-06 1.41E-OS S.74E-07 
Sb-12S 2.07E-09 1.SBE-OS 1.64E-OS 1.1SE-05 1.72E-05 1.70E-OS S.70E-05 S.9SE-06 
Sn-126 1.01E-10 7.S0E-07 7.99E-07 S.66E-07 7.62E-07 7.S3E-07 2.7BE-06 B.34E-08 
1-129 8.14E-09 2.93E-08 3.3SE-08 2.46E-08 3.00E-08 2.97E-08 1.10E-07 3.07E-09 
Cs-134 2.4SE-08 3.71E-04 4.04E-04 2.86E-04 3.77E-04 3.73E-04 1.17E-04 3.29E-OS 
Cs-13S 8.29E-08 6.31E-07 6.B6E-07 4.86E-07 S.41E-07 6.34E-07 1.99E-07 S.SOE-08-
Cs-137 2.54E-OS 1.8SE-01 2.01E-01 1.42E-01 1.88E-01 1.8SE-01 S.83E-02 1.64E-02 
Ba-137m 2.40E-OS 1.7SE-01 1.90E-01 1.3SE-01 1.78E-01 1.76E-01 S.S2E-02 1.SSE-02 
Ce-144 1.33E-12 9.72E-09 1.0SE-OB 7.4SE-09 4.S3E-OB 4.48E-08 3.S6E-08 1.16E-07 
Pr-144 1.33E-12 9.72E-09 1.0SE-08 7.4SE-09 4.S3E-08 4.48E-08 3.6SE-08 1.16E-07 
Pm-147 B.60E-10 2.64E-OS 6.81E-OS 4. 82 E-06 4.40E-OS 4.3SE-OS 2.37E-OS 8.42E~OS 
Eu-154 2.04E-10 2.22E-OS 1.62E-06 1.14E-OS 1.S1E-OS 1.49E-OS S.S2E-OS 4.38E-06 
Th-232 1.6SE-12 6.7SE-13 S.S8E-13 1.02E-12 S.70E-13 S.7SE-13 1.S7E-13 2.22E-13 
U-232 1.91E-16 No Data No Data No Data 1.01E-11 9.9SE-12 7.63E-16 3.28E-11 
U-233 1.47E-13 2.13E-OS 4.28E-07 3.1SE-07 1.S0E-OS 1.B2E-08 4.96E-09 7.01E-09 
U-234 2.0SE-14 S.46E-08 1.40E-OS 1.00E-06 3.B1E-OB 3.B1E-OB S.29E-09 7.4SE-09 
U-23S 2.73E-10 7.30E-10 1.3SE-09 1.20E-09 S.S2E-10 S.S2E-10 B.39E-11 2.13E-10 
U-236 3.41E-10 1.33E-OS 4.74E-08 3.60E-08 8.95E-09 8.92E-09 9.70E-10 1.3BE-09 
U-238 1.4SE-OB 2.16E-09 3.63E-09 3.B6E-09 5.29E .. 09 5.27E-09 4.97E-10 1.20E-08 
Np-237 5.34E-14 1.14E-07 1.12E-07 9.03E-08 7.24E-OB 7.19E-OB 4.39E-09 6.24E-09 
Pu-238 3.B2E-OB 6.35E-04 8.0BE-04 6.39E-04 4.23E-04 4.20E-04 2.64E-05 9.7SE-05 
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Batch B Batch 9 
2.BSE-04 1.20E-04 
S.01E-06 7.90E-06 
2.93E-06 4.36E-OS 
B.39E-09 1.10E-07 
7.12E-06 1.3SE-OS 
3.11E-07 9.13E-08 
9.74E-OS 6.01E-04 
9.74E-OS 6.01E-04 
2.44E-12 S.37E-12 
1.1SE-04 3.07E-OS 
7.9SE-06 2.33E-06 
7.9SE-06 2.33E-OS 
3.22E-05 1.27E-OS 
1.S7E-OS 4.33E-07 
2.08E-08 1.72E-08 
S.S2E-OS 2.11E-04 
1.12E-07 3.S8E-07 
3.30E-02 1.0SE-01 
3.12E-02 9.93E-02 
2.07E-08 1.10E-07 
2:07E-08 t.10E-07 
1.34E-OS 7.90E-OS 
3.1SE-OS 4.6SE-OS 
3.86E-14 3.00E-13 
3.21E-1S 2.9SE-11 
1.22E-09 9.4SE-09 . 
1.30E-09 1.01E-OB 
2.06E-11 2.4SE-10 
2.38E-10 1.86E-09 
1.23E-10 1.11E-OB 
1.0BE-09 B.41E-09 
S.4BE-OS 1.05E-04 

CBU-PIT -2005-00013 
Rev. 3 
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Ci/gal Batch 0 Batch 1 Batch 2 Batch 3 Batch 4 Batch 5 Batch 6 Batch 7 Batch 8 Batch 9
Pu-239 2.42E-07 1.67E-06 3.32E-06 3.36E-06 4.31 E-06 4.29E-06 3.88E-07 9.98E-06 9.61 E-08 9.25E-06
Pu-240 2.63E-09 5.67E-07 7.21E-07 8.56E-07 1.13E-06 1.12E-06 1.32E-07 2.30E-06 3.26E-08 2.15E-06
Pu-241 3.85E-1 1 9.95E-06 1.27E-05 1.50E,05 2.37E-05 2.36E-05 2132E-06 5.29E-05 5.73E-07 4.92E-05
Pu-242 1.45E-15 6.35E-11 8.07E-11 9.58E&11 1.83E-10 1.82E-10 1.48E-11 4.41E-10 3.67E-12 4.07E-10
Am-241 1.54E-08 .1.59E-06 6.45E-07 4.57E-07 1.85E-06 1.82E-06 2.24E-06 2.18E-06 1.27E-06 2.26E-06
Am-242m 4.70E-14 1.55E-09 3.72E-10 2.63E-10 1.06E-09 1.05E-09 1.29E-09 3.03E-11 7.32E-10 1.94E-10
Cm-244 1.78E-09 2.50E-07 2.58E-07 1.83E-07 2.49E-07 2.46E-07 8.98E-07 2.16E-08 5.08E-07 1.35E-07
Cm-245 3.21E-15 2.44E-11 2.54E-11 1.80E-11 2.44E-11 2.41E-11 8.85E-11 2.07E-12 5.OOE-11 1.33E-11
Na-22 4.53E-10 2.59E-05 3.59E-06 2.54E-06 3.28E-05 3.24E-05 5.25E-05 5.26E-05 7.06E-06 4.91E-05
AI-26 2.90E-12 1.OOE-07 2.30E-08 1.63E-08 1.25E-07 1.23E-07 2.20E-07 1.85E-07 4.52E-08 1.77E-07
Te-125m 5.05E-10 3.85E-06 4.OOE-06 2.83E&06 4.19E-06 4.14E-06 1.39E-05 1.45E-06 7.87E-06 3.1OE-06
Sb-126 1.41E-11 1.05E-07 1.12E-07 7.92E-08 1.07E-07 1.05E-07 3.89E-07 1.17E-08 2.20E-07 6.07E-08
Sb-126m 1.01E-10 7.50E-07 7.99E-07 5.66E-07 7.62E-07 7.53E-07 2.78E-06 8.34E-08 1.57E-06 4.33E-07
Sm-151 9.64E-10 6.33E-05 7.64E-06 5.40E-06 5.15E-05 5.09E-05 2.66E-05 3.64E-05 1.50E-05 3.63E-05
Eu-1 52 4.66E-12 3.06E-07 3.69E-08 2.61E-08 2.49E-07 2.46E-07 1.28E-07 1.76E-07 7.26E-08 1.76E-07
Eu-155 5.45E-11 3.57E-06 4.32E-07 3.05E-07 2.91E-06 2.87E-06 1.50E-06 2.06E-06 8.49E-07 2.05E-06
Ra-226 4.68E-20 9.43E-08 3.16E-12 2.26E-12 5.59E-08 5.52E-08 1.19E-14 1.69E-14 2.93E-15 2.28E-14
Ra-228 1.65E-12 6.75E-13 8.58E-13 1.02E-12 5.70E-13 5.75E-13 1.57E-13 2.22E-13 3.86E-14 3.OOE-13
Ac-227 6.23E-14 1.67E-13 3.15E-13 2.73E-13 1.26E-13 1.26E-13 1.92E-14 4.86E-14 4.71E-15 5.60E-14
Th-229 4.19E-16 6.06E-11 1.22E-09 8.95E-10 5.12E-11 5.17E-11 1.4-1E-11 1.99E-11 3.46E-12 2.69E-11
Th-230 5.73E-18 2.64E-10 3.87E-10 2.77E-10 1.58E-10 1.56E-10 1.46E-12 2.06E-12 3.58E-13 2.79E-12
Pa-231 1.73E-13 4.63E-13 8.76E-13 7.57E-13 3.50E-13 3.50E-13 5.32E-14. 1.35E-13 1.31E-14 1.55E-13
Pu-244 4.62E-12 2.90E-13 3.69E-13 4.38E-13 8.35E-13 8.31E-13 6.76E-14 2.02E-12 1.68E-14 1.86E-12
Am-243 1.56E-14 1.02E-09 1.23E-10 B.73E-11 8.32E-10 8.22E-10 4.29E-10 5.89E-10 2.43E-10 5.86E-10
Cm-242 3.85E-14 1.29E-09 3.05E-10 2.16E-10 8.82E-10 8.72E-10 1.06E-09 2.48E-11 6.OOE-10 1.59E-10
Cm-243 9.13E-15 5.99E-10 7.23E-11 5.11E-11 4.87E-10 4.81E-10 2.51E-10 3.45E-10 1.42E-10 3.43E-10
Cm-247 1.76E-24 1.15E-19 1.39E-20 9.85E-21 9.38E-20 9.27E-20 4.84E-20 6.64E-20 2.74E-20 6.62E-20
Cm-248 1.83E-24 1.20E-19 1.45E-20 1.03E-20 9.78E-20 9.66E-20 5.05E-20 6.92E-20 2.85E-20 6.89E-20
Bk-249 1.34E-31 8.78E-27 1.06E-27 7.50E-28 7.14E-27 7.06E-27 3.69E-27 5.06E-27 2.09E-27 5.04E-27
Cf-249 1.02E-23 6.66E-19 8.04E-20 5.69E-20 5.42E-19 5.36E-19 2.80E-19 3.84E-19 1.58E-19 3.82E-19
Cf-251 3.48E-25 2.28E-20 2.75E-21 1.95E-21 1.85E-20 1.83E-20 9.57E-21 1.31E-20 5.41E-21 1.31E-20
Cf-252 1.13E-26 7.40E-22 8.93E-23 6.32E-23 6.02E-22 5.95E-22 3.11E-22 4.26E-22 1.76E-22 4.24E-22
Vol (kgal) 750 1,250 775 1,800 1,140 1,135 1,440 1,225 1,400 1,230
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Ci/gal Batch 0 Batch 1 Batch 2 Batch 3 
Pu-239 2.42E-07 1.S7E-OS 3.32E-OS 3.36E-OS 
Pu-240 2.S3E-09 S.S7E-07 7.21E-07 8.SSE-07 
Pu-241 3.8SE-11 9.9SE-OS 1.27E-OS 1.S0E.,.OS 
Pu-242 1.4SE-1S S.3SE-11 8.07E-11 9.S8E .. 11 
Am-241 1.54E-08 .1.S9E-OS S.45E-07 4.S7E-07 
Am-242m 4.70E-14 1.55E-09 3.72E-10 2.S3E-10 
Cm-244 1.78E-09 2.S0E-07 2.S8E-07 1.83E-07 
Cm-245 3.21E-15 2.44E-11 2.54E-11 1.80E-11 
Na-22 4.53E-10 2.59E-05 3.59E-OS 2.54E-06 
AI-2S 2.90E-12 1.00E-07 2.30E-OB 1.S3E-08 
Te-12Sm 5.0SE-10 3.BSE-06 4.00E-OS 2.B3E.;;oS 
Sb-126 1.41E-11 1.0SE-07 1.12E-07 7. 92 E-OB 
Sb-12Sm 1.01E-10 7.S0E-07 7.99E-07 S.66E-07 
Sm-1S1 9.64E-10 S.33E-OS 7.64E-OS . S.40E-OS 
Eu-1S2 4.SSE-12 3.06E-07 3.69E-OB 2.61E-OB 
Eu-15S S.45E-11 3.57E-06 4.32E-07 3.0SE-07 
Ra-22S 4.SBE-20 9.43E-08 3.1SE-12 2.26E-12 
Ra-22B 1.6SE-12 6.7SE-13 8.SBE-13 1.02E-12 
Ac-227 6.23E-14 1.67E-13 3.1SE-13 2.73E-13 
Th-229 4.19E-1S 6.06E-11 1.22E-09 8.95E-10 
Th-230 S.73E-18 2.64E-10 3.87E-10 2.77E-10 
Pa-231 1.73E-13 4.63E-13 8.7SE-13 7.S7E-13 
Pu-244 4.S2E-12 2.90E-13 3.69E-13 4.38E-13 
Am-243 1.56E-14 1.02E-09 1.23E-10 B.73E-11 
Cm-242 3.B5E-14 1.29E-09 3.0SE-10 2.16E-10 
Cm-243 9.13E-1S 5.99E-10 7.23E-11 S.11E-11 
Cm-247 1.7SE-24 1.15E-19 1.39E-20 9.B5E-21 
Cm-24B 1.B3E-24 1.20E-19 1.45E-20 1.03E-20 
Bk-249 1.34E-31 B.7BE-27 1.0SE-27 7.S0E-2B 
Cf-249 1.02E-23 S.6SE-19 B.04E-20 S.69E-20 
Cf-2S1 3.4BE-2S 2.2BE-20 2.75E-21 1.9SE-21 
Cf-252 1.13E-26 7.40E-22 B.93E-23 6.32E-23 
Vol (kgall 7S0 1,250 775 1.BOO 
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Batch 4 Batch S Batch 6 
4.31E-OS 4.29E-OS 3.88E-07 
1.13E-OS 1.12E-OS 1.32E-07 
2.37E-OS 2.3SE-OS 2.32E-OS 
1.B3E-10 1.B2E-10 1.48E-11 
1.8SE-OS 1.82E-OS 2.24E-06 
1.0SE-09' 1.0SE-09 1.29E-09 
2.49E-07 2.4SE-07 8.98E-07 
2.44E-11 2.41E-11 8.B5E-11 
3.28E-OS 3.24E-OS S.2SE-OS 
1.2SE-07 1.23E-07 2.20E-07 
4.19E-06 4. 14E-OS 1.39E-OS 
1.07E-07 1.0SE-07 3.B9E-07 
7.62E-07 7.S3E-07 2.7BE-OS 
S.1SE-05 S.09E-OS 2.S6E-05 
2.49E-07 2.4SE-07 1.28E-07 
2.91E-OS 2.B7E-06 1.S0E-06 
S.S9E-08 S.S2E-OB 1.19E-14 
S.70E~13 S.7SE-13 1.S7E-13 
1.26E-13 1.26E-13 1.92E-14 
S.12E-11 S.17E-11 1.41E-11 
1.S8E-10 1.S6E-10 1.46E-12 
3.S0E-13 3.S0E-13 S.32E-14 
8.3SE-13 8.31E-13 6.76E-14 
8.32E-10 B.22E-10 4.29E-10 
B.82E-10 8.72E-10 1.0SE-09 
4.87E-10 4.B1E-10 2.S1E-10 
9.3BE~20 9.27E-20 4.B4E-20 
9.7BE-20 9.S6E-20 S.OSE-20 
7.14E-27 7.0SE-27 3.S9E-27 
S.42E-19 S.36E-19 2.80E-19 
1.B5E-20 1.B3E-20 9.S7E-21 
S.02E-22 S.9SE-22 3.11E-22 

1.140 1.13S 1.440 
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Batch 7 
9.98E-OS 
2.30E-OS 
S.29E-OS 
4.41E-10 
2.1BE-OS 
3.03E-11 
2.1SE-OB 
2.07E-12 
S.2SE-OS 
1.BSE-07 
1.4SE-OS 
1.17E-08 
B.34E-OB 
3.64E-OS 
1.7SE-07 
2.0SE-06 
1.S9E-14 
2.22E-13 
4.86E-14 
1.99E-11 
2.06E-12 
1.35E-13 
2.02E-12 
S.89E-10 
2.48E-11 
3.4SE-10 

·S.64E-20 
S.92E-20 
S.OSE-27 
3.84E-19 
1.31E-20 
4.2SE-22 

1.225 

Batch B Batch 9 
9.S1E-OB 9.2SE-OS 
3.2SE-08 2.1SE-OS 
S.73E-07 4.92E-OS 
3.S7E-12 4.07E-10 
1.27E-OS 2.26E-OS 
7.32E-10 1.94E-10 
S.08E-07 1.35E-07 
S.OOE-11 1.33E-11 
7.0SE-OS 4.91E-05 
4.S2E-OB 1.77E-07 
7.B7E-06 3.10E-06 
2.20E-07 6.07E-08 
1.S7E-OS 4.33E-07 
1.S0E-OS 3.S3E-OS 
7.26E-08 1.7SE-07 
8.49E-07 2.0SE-06 
2.93E-1S 2.2BE-14 
3.B6E-14 3.00E-13 
4.71E-1S S.SOE-14 
3.4SE-12 2.S9E-11 
3.58E-13 2.79E-12 
1.31E-14 1.55E-13 
1.6BE-14 1.B6E-12 
2.43E-10 S.B6E-10 , 
6.00E-10 1.S9E-10 
1.42E-10 3.43E-10 
2.74E-20 6.62E-20 
2.B5E-20 S.B9E-20 
2.09E-27 S.04E-27 
1.SBE-19 3.B2E-19 
S.41E-21 1.31E-20 
1.7SE-22 4.24E-22. 

1,400 1.230 
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Ci DDA ARP/MCU SWPF Total
Sb-126 6.91E-01 8.68E-01 6.15E+01 6.30E+01
Sb-126m 4.93E+00 6.20E+00 4.39E+02 4.50E+02
Sm-151 3.OOE+02 5.93E+01 4.19E+03 4.55E+03
Eu-152 1.45E+00 2.87E-01 2.03E+01 2.20E+01
Eu-155 1.70E+01 3.35E+00 2.37E+02 2.57E+02
Ra-226 2.44E-01 2.13E-08 1.27E+01 1.30E+01
Ra-228 6.52E-06 2.80E-07 1.04E-01 1.04E-01
Ac-227 1.40E-06 3.42E-08 1.77E-05 1.91 E-05
Th-229 2.80E-03 2.52E-05 4.70E-03 7.53E-03
Th-230 1.49E-03 2.60E-06 3.38E-02 3.53E-02
Pa-231 3.90E-06 9.49E-08 4.92E-05 5.32E-05
Pu-244 1.16E-05 1.21E-07 7.85E-04 7.96E-04
Am-243 4.85E-03 9.58E-04 1.47E-02 2.05E-02
Cm-242 4.46E-03 2.37E-03 9.85E-02 1.05E-01
Cm-243 2.84E-03 5.61 E-04 2.33E-02 2.67E-02
Cm-247 5.48E-13 1.08E-13 4.49E-12 5.15E-12
Cm-248 5.71E-13 1.13E-13 4.68E-12 5.36E-12
Bk-249 4.17E-20 8.23E-21 5.81E-19 6.31E-19
Cf-249 3.16E-12 6.24E-13 4.41E-11 4.79E-11
Cf-251 1.08E-13 2.14E-14 1.51E-12 1.64E-12
Cf-252 3.51E-15 6.93E-16 4.90E-14 5.32E-14

Table A- 12: Concentrations Sent to Saltstone

Ci/gal DDA ARP/MCU SWPF Total
H-3 2.33E-04 2.03E-04 6.91 E-05 8.68E-05
C-14 6.94E-06 6.05E-06 4.56E-06 4.80E-06
Co-60 4.96E-06 2.09E-06 6.OOE-07 1.01E-06
Ni-59 4.78E-08 1.17E-08 2.44E-08 2.61E-08
Ni-63 1.02E-05 5.06E-06 1.47E-06 2.31 E-06
Se-79 1.11E-07 4.32E-07 9.06E-07 8.25E-07
Sr-90 6.14E-04 1.35E-04 1.39E-05 6.88E-05
Y-90 6.14E-04 1.35E-04 1.39E-05 6.88E-05
Nb-94 3.38E-12 3.40E-12 7.12E-12 6.70E-12
Tc-99 3.82E-05 1.60E-04 3.36E-04 3.06E-04
Ru-106 2.71E-06 1.10E-05 2.32E-05 2.11E-05
Rh-106 2.71E-06 1.1OE-05 2.32E-05 2.11E-05
Sb-125 1.24E-05 4.48E-05 9.39E-05 8.56E-05
Sn-126 5.30E-07 2.18E-06 4.58E-06 4.17E-06
1-129 2.21E-08 6.62E-08 1.81E-07 1.65E-07
Cs-1 34 2.63E-04 9.20E-05 5.79E-08 2.51E-05
Cs-135 4.53E-07 1.56E-07 9.84E-11 4.33E-08
Cs-I 37 1.31 E-01 4.58E-02 2.89E-05 1.25E-02
Ba-137m 1.24E-01 4.34E-02 2.73E-05 1.18E-02
Ce-144 4.44E-08 2.88E-08 6.03E-08 5.81 E-08
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Ci DDA ARP/MCU SWPF Total 
Sb-126 6.91E-01 8.68E-01 6.1SE+01 6.30E+01 
Sb-126m 4.93E+OO 6.20E+OO 4.39E+02 4.S0E+02 
Sm-1S1 3.00E+02 S.93E+01 4.19E+03 4.SSE+03 
Eu-1S2 1.4SE+OO 2.87E-01 2.03E+01 2.20E+01 
Eu-1SS 1.70E+01 3.3SE+OO 2.37E+02 2.S7E+02 
Ra-226 2.44E-01 2.13E-OB 1.27E+01 1.30E+01 
Ra-228 6.S2E-06 2.80E-07 1.04E-01 1.04E-01 
Ac-227 1.40E-06 3.42E-OB 1.77E-OS 1.91E-OS 

. Th-229 2.BOE-03 2.S2E-OS 4.70E-03 7.S3E-03 
Th-230 1.49E-03 2.60E~06 3.3BE-02 3.S3E-02 
Pa-231 3.90E-06 9.49E:'08 4.92E-OS S.32E-OS 

Pu-244 1.16E-OS 1.21E-07 7.8SE-04 7. 96 E-04 
Am-243 4.8SE-03 9.SBE-04 1.47E-02 2.0SE-02 
Cm-242 4.46E-03 2.37E-03 9.8SE-02 1.0SE-01 
Cm-243 2.84E-03 S.61E-04 2.33E-02 2.67E-02 
Cm-247 5.48E-13 1.08E-13 4.49E-12 S.15E-12 
Cm-248 S.71E-13 1.13E-13 4.68E-12 S.36E-12 
Bk-249 4.17E-20 8.23E-21 S.B1E-19 6.31E-19 
Cf-249 3.16E-12 6.24E-13 4.41E-11 4.79E-11 
Cf-2S1 1.0BE-13 2.14E-14 1.S1E-12 1.64E-12 
Cf-2S2 3.S1E-1S 6.93E-16 4.90E-14 S.32E-14 

Table A- 12: Concentrations Sent to Saltstone 

Ci/gal DDA ARP/MCU SWPF Total 
H-3 2.33E-04 2.03E-04 6.91E-OS 8.68E-OS 
C-14 6.94E-06 6.0SE-06 4.S6E-06 4.BOE-06 
Co-60 4.96E-06 2.09E-06 6.00E-07 1.01E-06 
Ni-S9 4 .. 7BE-OB 1.17E-OB 2.44E-OB 2.61E-OB 
Ni-63 1.02E-OS S.06E-06 1.47E-06 2.31E-06 
Se-79 1.11E-07 4.32E-07 9.06E-07 B.2SE-07 
Sr-90 6. 14E-04 1.3SE-04 1.39E-OS 6.BBE-OS 
Y-90 6.14E-04 1.3SE-04 1.39E-OS 6.BBE-OS 
Nb-94 3.38E-12 3.40E-12 7.12E-12 6.70E-12 
Tc-99 3.B2E-OS 1.60E-04 3.36E-04 3.06E-04 
Ru-106 2.71E-06 1.10E-OS 2.32E-OS 2.11E-OS 
Rh-106 2.71E-06 1.10E-OS 2.32E-OS 2.11E-OS 
Sb-12S 1.24E-OS 4.48E-OS 9.39E-OS 8.S6E-OS 
Sn-126 S.30E-07 2. 18E-06 4.SBE-06 4.17E-06 
1-129 2.21E-OB 6.62E-OB 1.B1E-07 1.6SE-07 
Cs-134 2.63E-04 9.20E-OS S.79E-OB 2.S1E-OS 
Cs-13S 4.S3E-07 1.S6E-07 9.84E-11 4.33E-OB 
Cs-137 1.31 E-01 4.SBE-02 2.B9E-OS 1.2SE-02 
Ba-137m 1.24E-01 4. 34E-02 2.73E-OS 1.1BE-02 
Ce-144 4.44E-08 2.BBE-OB 6.03E-OB S.81E-OB 
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Ci/gal DDA ARP/MCU SWPF Total
Pr-144 4.44E-08 2.88E-08 6.03E-08 5.81 E-08
Pm-147 3.73E-05 1.86E-05 3.90E-05 3.83E-05
Eu-154 8.21E-06 4.41E-06 9.24E-06 9,03E-06
Th-232 7.01E-13 9.87E-14 1.08E-09 9.63E-10
U-232 1.07E-11 1.97E-15 2.22E-10 1.98E-10
U-233 1.06E-07 3.11E-09 1.28E-08 2.06E-08
U-234 3.30E-07 3.32E-09 8.70E-09 3.62E-08
U-235 6.62E-10 5.27E-11 6.OOE-10 5.91E-10
U-236 1.53E-08 6.09E-10 1.65E-09 2.80E-09
U-238 6.85E-09 3.13E-10 5.22E-08 4.70E-08
Np-237 6.17E-08 2.76E-09 1.59E-08 1.95E-08
Pu-238 4.06E-04 1.66E-05 1.02E-04 1.26E-04
Pu-239 4.76E-06 2.44E-07 6.36E-06 6.06E-06
Pu-240 1.16E-06 8.3E-08 1.71E-06 1.62E-06
Pu-241 2.45E-05 1.46E-06 7.1E-05 6.51E-05
Pu-242 1.9E-10 9.3E-12 1.78E-09 1.6E-09
Am-241 1.39E-06 1.76E-06 8.04E-07 8.8E-07
Am-242m 5.79E-10 1.02E-09 4.63E-10 4.88E-10
Cm-244 1.72E-07 7.06E-07 8.71 E-07 8.07E-07
Cm-245 1.68E-11 6.95E-11 8.58E-11 7.94E-11
Na-22 2.57E-05 3.01 E-05 4.93E-05 4.68E-05
AI-26 9.66E-08 1.34E-07 2.32E-07 2.18E-07
Te-125m 3.02E-06 1.09E-05 2.29E-05 2.09E-05
Sb-126 7.42E-08 3.06E-07 6.41 E-07 5.84E-07
Sb-126m 5.3E-07 2.18E-06 4.58E-06 4.17E-06
Sm-151 3.23E-05 2.09E-05 4.37E-05 4.21E-05
Eu-152 1.56E-07 1.01E-07 2.11E-07 2.04E-07
Eu-155 1.82E-06 1-18E-06 2.47E-06 2.38E-06
Ra-226 2.63E-08 7.49E-15 1.33E-07 1.2E-07
Ra-228 7.01E-13 9.87E-14 1.08E-09 9.63E-10
Ac-227 1.51E-13 1.2E-14 1.85E-13 1.77E-13
Th-229 3.01E-10 8.86E-12 4.91E-11 6.98E-11
Th-230 1.6E-10 9.16E-13 3.53E-10 3.27E-10
Pa-231 4.19E-13 3.34E-14 5.13E-13 4.92E-13
Pu-244 1.24E-12 4.25E-14 8.19E-12 7.38E-12
Am-243 5.22E-10 3.37E-10 1.54E-10 1.9E-10
Cm-242 4.79E-10 8.33E-10 1.03E-09 9.76E-10
Cm-243 3.06E-10 1.98E-10 2.43E-10 2.48E-10
Cm-247 5.89E-20 3.8E-20 4.69E-20 4.77E-20
Cm-248 6.13E-20 3.96E-20 4.89E-20 4.97E-20
Bk-249 4.48E-27 2.9E-27 6.07E-27 5.85E-27
Cf-249 3.4E-19 2.2E-19 4.61E-19 4.44E-19
Cf-251 1.16E-20 7.52E-21 1.58E-20 1.52E-20
Cf-252 3.78E-22 2.44E-22 5.11 E-22 4.93E-22
Vol (kgal) 9,305 2,840 95,800 107,945
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Ci/gal DDA ARP/MCU 
Pr-144 4.44E-OB 2.BBE-OB 
Pm-147 3.73E-05 1.B6E-OS 
Eu-154 B.21E-06 4.41E-06 
Th-232 7.01E-13 9.B7E-14 
U-232 1.07E-11 1.97E-15 
U-233 1.0SE-07 3.11E-09 
U-234 3.30E-07 3.32E-09 
U-23S 6.S2E-10 5.27E-11 
U-236 1.S3E-OB 6.09E-10 
U-23B 6.85E-09 3.13E-10 
Np-237 S.17E-OB 2.7SE-09 
Pu-238 4.06E-04 1.S6E-OS 
Pu-239 4.76E-OS 2.44E-07 
Pu-240 1.16E-06 B.3E-OB 
Pu-241 2.45E-05 1.46E-06 
Pu-242 1.9E-10 9.3E-12 
Am-241 1.39E-06 1.76E-06 
Am-242m 5.79E-10 1.02E-09 
Cm-244 1.72E-07 7.06E-07 
Cm-24S 1.6BE-11 6.9SE-11 
Na-22 2.S7E-OS 3.01E-OS 
AI-26 9.66E-OB 1.34E-07 
Te-125m 3.02E-06 1.09E-05 
Sb-126 7.42E-OB 3.06E-07 
Sb-126m S.3E-07 2. 1 BE-06 
Sm-151 3.23E-OS 2.09E-05 
Eu-1S2 1.S6E-07 1.01E-07 
Eu-1S5 1.B2E-06 1. 1 BE-06 
Ra-226 2.63E-OB 7.49E-15 
Ra-228 7.01E-13 9.B7E-14 

-Ac-227 1.S1E-13 1.2E-14 
Th-229 3.01E-10 8.B6E-12 
Th-230 1.6E-10 9.16E-13 
Pa-231 4.19E-13 3.34E-14 
Pu-244 1.24E-12 4.2SE-14 
Am-243 5.22E-10 3.37E-10 
Cm-242 4.79E-10 8.33E-10 
Cm-243 3.06E-10 1.98E-10 
Cm-247 5.89E-20 3.BE-20 
Cm-24B 6.13E-20 3.96E-20 
Bk-249 4.48E-27 2.9E-27 
Cf-249 3.4E-19 2.2E-19 
Cf-251 1.16E-20 7.52E-21 
Cf-252 3.78E-22 2.44E-22 
Vol (kgal) 9,30S 2,840 
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SWPF 
6.03E-OB 
3.90E-OS 
9.24E-OS 
1.0BE-09 
2.22E-10 
1.2BE-OB 
B.70E-09 
6.00E-10 
1.6SE-09 
S.22E-OB 
1.S9E-OB 
1.02E-04 
S.3SE-06 
1.71E-06 

7.1E-OS 
1.7BE-09 
B.04E-07 
4.63E-10 
B.71E-07 
B.SBE-11 
4.93E-OS 
2.32E-07 
2.29E-05 
6.41E-07 
4.5BE-06 
4.37E-OS 
2.11E-07 
2.47E-06 
1.33E-07 
1.08E-09 
1.B5E-13 
4.91 E-11 
3.53E-10 
5.13E-13 
B.19E-12 
1.54E-10 
1.03E-09 
2.43E-10 
4.69E-20 
4.89E-20 
6.07E-27 
4.61E-19 
1.5BE-20 
5.11E-22 

95,800 

Total 
5.B1E-OB 
3.B3E-OS 
9.03E-OS 
9.63E-10 
1.9BE-10 
2.06E-OB 
3.62E-OB 
5.91E-10 
2.80E-09 
4.70E-OB 
1.95E-08 
1.2SE-04 
S.OSE-06 
1.62E-OS 
6.S1E-OS 

1.6E-09 
B.BE-07 

4.B8E-10 
B.07E-07 
7.94E-11 
4.SBE-05 
2.1BE-07 
2.09E-OS 
S.B4E-07 
4.17E-06 
4.21E-05 
2.04E-07 
2.3BE-06 

1.2E-07 
9.63E-10 
1.77E-13 
6.9BE-11 
3.27E-10 
4.92E-13 
7.3BE-12 

1.9E-10 
9.7SE-10 
2.4BE-10 
4. 77E-20 
4.97E-20 
5.8SE-27 
4.44E-19 
1.52E-20 
4.93E-22 
107,945 
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5.6 Intruder Performance Objective Demonstration

These limits for the intruder pathway are compared with limits derived for the other
pathways and with the projected Vault 4 inventory in Table 3.2. For the projected Vault
4 inventory, only Cs-137 produces a significantly large fraction of the intruder limit.

For the projected Vault 4 inventory, the dose to the inadvertent intruder presented in
Table 5-4 from the resident scenario, which is the only credible scenario within the
10,000-year time frame, is 21.7 mrern/year (Cook et al., 2005), which is 4% of the NRC
performance objective of 500 mrem/year (USNRC, 1982).

Since the highest Cs-137 concentration per vault is from DDA material in Vault 4 and
any other nuclide with a lower inventory limit, such as Sn-126, is spread out among
future vaults and thus is not concentrated in any individual vault, the intruder dose for
Vault 4 bounds future operations.

Table 5-4. Evaluation of Inadvertent Intruder Doses (Cook et al., 2005)

Vault 4
10,000-Year Projected Fraction of

Disposal Limit Inventory 1 0,000-Year Dose
Radionuclide (Ci/Vault 4)* (Ci)** Disposal Limit (mrer/yr)

Na-22 7.80E+15 2.59E+02 3.32E-14 3.32E-12
Al-26 1.61E+02 1.03E+00 6.40E-03 6.40E-01
Co-60 5.75E+09 4.46E+01 7.76E-09 7.76E-07
Nb-94 1.O1E+03 1.02E-03 1.01E-06 1.O1E-04
Tc-99 3.66E+13 7.16E+02 1.95E-11 1.95E-09

Sn-126 1.17E+03 9.56E+00 8.17E-03 8.17E-01
Sb-125 1.41E+17 2:05E+02 1.45E-15 1.45E-13
Cs-134 4.12E+19 2.40E+03 5.83E-17 5.83E-15
Cs-137 5.99E+06 1.20E+06 2.OOE-01 2.OOE+01
Eu-152 6.42E+06 1.48E+00 2.30E-07 2.30E-05
Eu-154 1.15E+08 8.1OE+O1 7.04E-07 7.04E-05
Eu-155 1.12E+19 1.72E+01 1.54E-18 1.54E-16
Ra-226 4.21E+02 2.44E-01 5.80E-04 5.80E-02
Ra-228 3.72E+08 6.41E-06 1.72E-14 1.72E-12
Ac-227 8.78E+07 1.37E-06 1.56E-14 1.56E-12
Th-229 8.61E+03 2.79E-03 3.24E-07 3.24E-05
Th-230 3.29E+02 1.49E-03 4.53E-06 4.53E-04
Th-232 1.56E+02 6.41E-06 4.11E-08 4.11E-06
Pa-231 2.15E+04 3.80E-06 1.77E-10 1.77E-08
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5.6 Intruder Performance Objective Demonstration 

These limits for the intruder pathway are compared with limits derived for the other 
pathways and with the projected Vault 4 inventory in Table 3.2. For the projected Vault 
4 inventory, only Cs-137 produces a significantly large fraction of the intruder limit. 

For the projected Vault 4 inventory, the dose to the inadvertent intruder presented in 
Table 5-4 from the resident scenario, which is the only credible scenario within the 
1O,000-year time frame, is 21.7 mremlyear (Cook et aI., 2005), which is 4% of the NRC 
performance objective of 500 mremlyear (USNRC, .1982). 

Since the highest Cs-137 concentration per vault is from DDA material in Vault 4 and 
any other nuclide with a lower inventory limit, such as Sn-126, is spread out among 
future vaults and thus is not concentrated in any individual vault, the intruder dose for 
Vault 4 bounds future operations. 

Table 5-4. Evaluation of Inadvertent Intruder Doses (Cook et aI., 2005) 

Vault 4 
10,000-Year Projected Fraction of 

Disposal Limit Inventory 10,000-Year Dose 
Radionuclide (CilVault 4)* (Ci)** Disposal Limit (mremlyr) 

Na-22 7.80E+15 2.59E+02 3.32E-14 3.32E-12 
AI-26 1.61E+02 1.03E+OO 6.40E-03 6.40E-Ol 
Co-60 5.75E+09 4.46E+Ol 7.76E-09 7.76E-07 
Nb-94 1.0 1 E+Q3 1.02E-03 1.01E ... 06 1.01E-04 
Tc-99 3.66E+13 7. 16E+02 1.95E-ll 1.95E-09 
Sn-126 1. 17E+03 9.56E+OO 8.17E-03 8. 17E-Ol 
Sb-125 1.41E+17 2:05E+02 1.45E-15 1.45E-13 
Cs-134 4.12E+19 2.40E+03 5.83E-17 5.83E-15 
Cs-137 5. 99E+06 1.20E+06 2.00E-Ol 2.00E+Ol 
Eu-152 6.42E+06 1.48E+00 2.30E-07 2.30E-05 
Eu-154 1. 15E+08 8.IOE+Ol 7.04E-07 7.04E-05 
Eu-155 1.12E+19 1.72E+Ol 1.54E-18 1.54E-16 
Ra-226 4.21E+02 2.44E-Ol 5.80E-04 5.80E-02 
Ra-228 3.72E+08 6.41E-06 I.72E-14 I.72E-12 
Ac-227 8.78E+07 1.37E-06 1.56E-14 1.56E-12 
Th-229 8.61E+03 2.79E-03 3.24E-07 3.24E-05 
Th-230 3.29E+02 1.49E-03 4.53E-06 4.53E-04 
Th-i32 1.56E+02 6.41E-06 4.11E-08 4.11E-06 
Pa-231 2.15E+04 . 3.80E-06 I.77E-1O 1.77E-08 
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C.
Vault 4

10,000-Year Projected Fraction of
Disposal Limit Inventory 10,000-Year Dose

Radionuclide (Ci/Vault 4)* (ci)** Disposal Limit Qmrem/y)
U-232 9.00E+03 9.52E-03 1.06E-06 1.06E-04
U-233 1.35E+04 9.82E-01 7.27E-05 7.27E-03
U-234 4.48E+03 6.59E+00 1.47E-03 1.47E-01
U-235 1.03E+05 7.41E-02 7.19E-07 7.19E-05
U-236 3.17E+08 1.42E-01 4.48E-10 4.48E-08
U-238 6.60E+04 1.61E-01 2.44E-06 2.44E-04

Np-237 6.73E+04 5.76E-01 8.56E-06 8.56E-04
Pu-238 1.27E+07 3.69E+03 2.91E-04 2.91E-02
Pu-239 1.37E+10 3.36E+01 2.45E-09 2.45E-07
Pu-240 2.96E+12 8.39E+00 2.83E-12 2.83E-10
Pu-241 1.02E+10 1.72E+02 1.69E-08 1.69E-06
Pu-242 4.91E+10 9.32E-03 1.90E-13 1.90E- 1I
Pu-244 3.65E+03 9.38E-06 2.57E-09 2.57E-07

Am-241 3.38E+08 1.44E+01 4.25E-08 4.25E-06
Am-242m 9.83E+06 7.25E-03 7.38E-10 7.38E-08
Am-243 2.96E405 6.22E-03 2.10E-08 2. 1 OE-06
Cm-242 2.51E+09 6.21E-03 2.47E-12 2.47E-10
Cm-243 7.OOE+09 2.88E-03 4.11E-13 4.11E-11
Cm-244 1.08E+15 3.16E+00 2.93E-15 2.93E-13
Cm-245 8.42E+06 3.03E-04 3.60E- 1I 3.60E-09
Cm-247 2.45E+04 5.55E-13 2.27E-17 2.27E-15
Cm-248 4.64E+07 5.79E-13 1.25E-20 1.25E-18
Bk-249 4.92E+07 4.23E-20 8.60E-28 8.60E-26
Cf-249 1.27E+05 3.21E-12 2.53E-17 2.53E-15
Cf-251 1.83E+06 2.47E-01 1.35E-07 1.35E-05
Cf-252 6.31E+12 3.56E-15 5.64E-28 5.64E-26

Totals 2.17E-01 2.17E+01

* Vault 4 inventory limits from Table 3-2 of Cook et al., (2005) based upon intruder dose
limit of 100 mrem/yr
** Projected inventory from d'Entremont and Drumm (2005)
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6.0 ALL-PATHWAYS ANALYSIS

One of the USDOE performance objectives is DOE 435.1.IV.P (1) (a):

Dose to representative members of the public shall not exceed 25 mrem (0. 25 mSv) in a year total
effective dose equivalent from all exposure pathways, excluding the dose from radon and its
progeny in air.

In this SA, exposures from all pathways are calculated using the peak groundwater concentrations
derived in the groundwater analysis (Section 2) and the peak air doses derived in the air analysis
(Section 4).

6.1 Methodology

For radionuclides transported by the groundwater, the maximum groundwater concentration of
each radionuclide within the time frame of interest (i.e., 1,000 years or 10,000 years) calculated in
Section 2 is input to the LADTAP XL© program (Jannik 2005), which is the model used at SRS
for demonstrating water pathway dose compliance (Simpkins 2004). The maximum groundwater
concentrations are calculated for a unit curie inventory of each radionuclide.

It is conservatively assumed that a future resident farmer uses the contaminated groundwater at
the 100-meter well as a source of 1) drinking water, 2) pond water (in which fish are raised and
recreational activities occur), and 3) irrigation water used for raising vegetables, meat, and milk.

LADTAP XL© contains two worksheets: LADTAP and IRRIDOSE. The LADTAP worksheet
estimates dose from environmental pathways including external exposure resulting from
recreational activities (swimming, boating, and shoreline use) and from ingestion of water and
fish. IRRIDOSE estimates dose from food crops irrigated with contaminated water. It is
conservatively assumed that all of the food consumed by the resident farmer was irrigated with
contaminated groundwater.

The air pathway doses calculated in Section 4 include not only direct radiation 'and inhalation
from the airborne plume but also doses from consumption of vegetables, meat, and milk
contaminated from the airborne plume. The air pathway dose is also calculated for a unit curie
inventory of each radionuclide.

The all-pathways dose from the groundwater pathway and the all-pathways dose from the air
pathway are summed to obtain the total all-pathways dose. The total all-pathways dose per curie
is ratioed with the all-pathways performance objective of 25 mrem/year to obtain the
all-pathways limit for each radionuclide.

6.2 Results

Table 6-1 presents the all-pathways limits for both the 1,000-year and 10,000-year time frames.

These limits for the all pathways are compared with limits derived for the other pathways and
with the projected Vault 4 inventory in Section 7. For the projected Vault 4 inventory, none of
the radionuclides produces a significantly large fraction of the all-pathways limit.
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Table 6-1. All-Pathways Disposal Limits for Saltstone Disposal Vault 4
1,000-Year 10,000-Year

Disposal Limit Disposal Limit
Radionuclide (Ci/Vault 4) (Ci/Vault 4)

H-3 1.30E+12 1.30E+12
C-14 .10OE+08 1. I OE+08
Ai-26 4.86E+18 2.31E+10
CI-36 3.67E+19 5.15E+ 18
K-40 1. 101E+09 1.31E+04
Ni-59 1.58E+19
Se-79 9.85E+06 1.02E+03
Rb-87 5.12E+09
Sr-90 1.42E+17 1.42E+17
Nb-93m 8.99E+08 1.46E+05
Nb-94 6.98E+17
Mo-93 3.46E+09 6.17E+05
Tc-99 1.07E+ 17
Pd-107 1.84E+17
Sn-126 2.92E+19
1-129 3.27E+08 4.03E+03
Ra-226 3.84E+16
Np-23.7 8.93E+18
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LADTAP XL©: A SPREADSHEET FOR ESTIMATING DOSE
RESULTING FROM AQUEOUS RELEASES

By A. A. Simpkins

Westinghouse Savannah River Company
Savannah River Site

Aiken, SC 29808

1. INTRODUCTION

LADTAP XL© is an EXCEL© spreadsheet used at the Savannah River Site (SRS) to
estimate dose to, offsite individuals and populations resulting from routine releases of
radioactive materials to the Savannah River. LADTAP XL© contains two worksheets:
LADTAP and IRRIDOSE. The LADTAP worksheet estimates dose for environmental
pathways including external exposure resulting from recreational activities on the Savannah
River and ingestion of water, fish, and invertebrates of Savannah River origin. IRRIDOSE
estimates offsite dose to individuals and populations from irrigation of food crops with
contaminated water from the Savannah River.

LADTAP XL© was previously verified prior to adding the IRRIDOSE methods (Hamby
1991 a). IRRIDOSE was developed as an independent worksheet in 1993 (Hamby 1993)
with methods taken from LADTAP II (Strenge 1986) which resides on the IBM Mainframe
at SRS. LADTAP XL© version 4.0 includes improvements to the LADTAP worksheet as
well as the addition of the IRRIDOSE methods. Since changes were extensive, a complete
verification is being performed in accordance with Savannah River Technology Center
(SRTC) Quality Assurance (QA) Procedures (SRTC 2001). This document includes model
description, verification of methods, and a user's manual.

2. METHODOLOGY

Since methods for irrigation and non-irrigation pathways are contained within two separate
worksheets within the LADTAP XL© spreadsheet, they are discussed separately here.
LADTAP XL© refers to the entire spreadsheet containing both LADTAP and IRRIDOSE
spreadsheets. LADTAP methods refer to all methods except those involving irrigation
pathways.

2.1. LADTAP Methods

The LADTAP transport model estimates river concentrations assuming a continuous and
constant release of a period of one year. Nuclide concentrations are determined by simple
volumetric, dilution without taking into account Auclide depletion except through radioactive
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decay. Additional dilution in the Savannah River estuary is further accounted for by use of a
dilution factor.

2.1.1. Determination of Nuclide Concentrations

LADTAP worksheet implements the liquid-release dose models of USNRC (1977b). These
dose models involve a complex series of physical, chemical, and biological processes. Some
of these processes involve dilution, while others involve physical or biological
reconcentration followed by transfer through various pathways to man.

The environmental effects of radioactive releases to surface waters are evaluated through a
variety of pathways: 1) water ingestion, 2) aquatic food consumption, and 3) recreational use
of water bodies and shores. The relative importance of the three main liquid pathways
generally depends on the radionuclides of concern and their release amounts. However, for
routine SRS liquid releases to the Savannah River, the exposure pathways involving the
consumption of river water and aquatic foods have been demonstrated to be the most
significant (Jannik 1997).

All individual and population doses are based on the assumption that liquids discharged from
an SRS facility are completely mixed in the river before reaching the potentially exposed
individuals. This assumption is supported by annual tritium mass-balance measurements
indicating that complete mixing occurs in the river prior to reaching River Mile 118.8 (U.S.
Highway 301 bridge), which is the assumed location of the maximally exposed individual
(Jannik 1997). The dose calculations also are based on the conservative assumption that
sediment adsorption does not occur and radionuclides are not depleted during transport (with

• the exception of radiological decay), even though limited data on cesium-137 indicates that
there is a significant reduction in cesium concentration via deposition (Hayes 1983a; 1983b)
(ranging from 48% in the river water to 98% in the finished water).

For annual routine releases, offsite dose varies each year with the amount of radioactivity
released and the amount of dilution (flow rate)•in the Savannah River. Although daily flow
rates are measured at gauging stations at the SRS Boat Dock and at River Mile 118.8, these
data are not used directly in dose calculations. This is because daily river flow rates fluctuate
widely (i.e., short-term dilution varies from day to day). Instead, "effective" flow rates,
which are based on annual-average measured concentrations of tritium and the total quantity
of aqueous tritium released from the site during the year, are used and are calculated by:

* Fer Q, *CF
ci(1)

where:

Feff "effective" flow rate (cfs)

Qi annual amount of aqueous tritium released from SRS and Plant Vogtle (Ci/yr)
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(Jannik 1997). The dose calculations also are based on the conservative assumption that 
sediment adsorption does not occur and radionuclides are not depleted during transport (with 
the exception of radiological decay), even though limited data oncesium-13 7 indicates that 
there is a significant reduction in cesium concentration via deposition (Hayes 1983a; 1983b) 
(ranging fr~m 48% in the river water to 98% in the finished water). 

For annual routine releases, offsite dose varies each year with the amount of radioactivity 
released and the amount of dilution (flow rate) in the Savannah River. Although daily flow 
rates are measured at gauging stations at the SRS Boat Dock and at River Mile 118.8, these 
data are not used directly in dose calculations .. This is because daily river flow rates fluctuate 
widely (Le., short-term dilution varies from day to day). Instead, "effective" flow rates, 
which are based on annual-average measured concentrations of tritium and the total quantity 
of aqueous tritium released from the site during the year, are used and are calculated by: 

(1) 

where: 

Feff "effective" flow rate (cfs) 

Qi annual amount of aqueous tritium released from SRS and Plant Vogtle (Ci/yr) 
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CF conversion factor (1.1198 yr ft3 pCi / sec mL Ci)

C1  the annual average tritium concentration measured in river water (River Mile 118.8
concentration for MEI dose, raw water concentration from down river treatment
plants for population dose) (pCi/mL)

For prospective dose assessments, historical flow rates are utilized to determine daily and
annual average flows (Hayes and Marter 1991). Recommended flow rates for prospective
studies are shown in Table 1.

Table I Savannah River Flow Rates for Prospective Dose Assessments

Assessment (flow average) Flow Rate (cfs) at Specified Location

River Mile 118.8 Water Treatment Plants

Routine (annual average) 10,500 13,000

Minimal Flow (annual average) 5,300 6,600

Accident (daily average) 3,900 4,900

from Hayes and Marter (1991)

The analytical methods used for estimating radiation exposure to man from the various liquid pathways
are described in the following sections. For the maximally exposed individual, the doses from all
pathways are summed to determine the total dose. Dose to the population is calculated by summing
average doses to the following receptors:

• drinking water users at the Beaufort-Jasper and Port Wentworth treatment plants

" recreational users of the Savannah River

* consumers of fish from the Savannah River

" consumers of invertebrates from the Savannah River estuary

2.1.2. Water Ingestion

The dose to the maximally exposed individual (MEI) from drinking river water is estimated
assuming .the river water has not been treated. Predictions of population dose, however, are
made with the assumption that the water has been processed through one of the down river
water treatment facilities at Beaufort/Jasper or Port Wentworth, although removal of
radionuclides during the treatment process is not considered. The annual average
concentration of radionuclide i in the Savannah River is estimated by volumetric dilution.
The river concentration at the receptor location is given by:

3
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CF conv~rsion factor ( 1.1198 yr ft3 pCi / sec mL Ci) 

C, the annual average tritium concentration measured in river water (River Mile 118.8 
concentration forMEI dose, raw water concentration from down river treatment 
plants for population dose) (pCi/mL) 

For prospective dose assessments, historical flow rates are utilized to determine daily and 
annual average flows (Hayes and Marter 1991). Recommended flow rates for prospective 
studies are shown in Table 1. 

Table 1 Savannah River Flow Rates for Prospective Dose Assessments 

Assessment (flow average) Flow Rate (cfs) at Specified Location 

River Mile 118.8 Water Treatment Plants 

Routine (annual average) 10,500 13,000 

Minim"al Flow(annual average) 5,300 6,600 

Accident (daily average) 3,900 4,900 
• from Hayes and Marter (1991) 

The analytical methods used for estimating radiation exposure to man from the various liquid pathways 
are described in the following sections. For the maximally exposed individual, the doses from all 
pathways are summed to determine the total dose. Dose to the population is calculated by summing 
average doses to th~ following receptors: 

• drinking water users at the Beaufort-Jasper and Port Wentworth treatment plants 

• recreational users of the Savannah River 

• consumers offish from the Savannah River 

• consumers of invertebrates from the Savannah River estuary 

2.1.2. Water Ingestion 

The dose to the maximally exposed individual (MEl) from drinking river water is estimated 
assuming the river water has not been treated. Predictions of population dose, however, are 
made with the assumption that the water has been processed through one of the down river 
water treatment facilities .at Beaufort/Jasper or Port Wentworth, although removal of 
radionuclides during the treatment process is not considered. The annual average 
concentration of radionuclide i in the Savannah River is estimated by volumetric dilution. 
The river concentration at the receptor location is given by: 
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-j e .CF
Ci - F~fr (2)

where

Ci annual average concentration of radionuclide i in river water (pCi/mL)

Qj annual amount of radionuclide i released (Ci/yr)

CF conversion factor ( 1.1 198yr ft3 pCi / sec mL Ci)

Feff "effective" flow rate (from equation 1) (cfs)

The annual MET internal dose from consumption of river water is then calculated by:

D mg =U ,, Q C "D ri e ýe-it

(3)

where

Ding annual effective dose equivalent (EDE) to MEI from consumption of river water
(mrem)

Uw annual maximum water consumption rate (for MET, assumed to be 730 L, or 730,000
mL) (USNRC 1977a)

Ci annual average concentration of radionuclide i in river water at River Mile 118.8
(from equation 2) (pCi/mL)

DF, ingestion dose factor for radionuclide i (mrem/pCi) (USDOE 1988b)

X• radioactive decay constant of radionuclide i (d)

t elapsed time between release of the radionuclide and ingestion of water, (assumed to
be 1.5 d for MEI and 4 d for water treatment plant consumers) (Hamby 1991 a)

The exponential expression in equation 3 yields the concentration of radionuclide i at the
time thewater is consumed. Again, no credit is taken for possible radionuclide removal by
water treatment purification processes. Water ingestion population doses are estimated for
Beaufort-Jasper and Port Wentworth treatment plant consumers by multiplying the consumer
population times the average individual drinking water dose:

D i 'g ' U , . N • -i i *D Fi se-Xiot
W-P OP 1000 i (e)

I (4)
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- Q .• CF 
C =--=--'--

FelT 

where 

Ci annual average concentration of radio nuclide i in river water (pCi/mL) 

Q i annual amount of radio nuclide i released (Ci/yr) 

CF conversion factor ( 1.1198yr ft3 pCi I sec mL Ci) 

FelT "effective" flow rate (from equation 1) (cfs) 

The annual MEl internal dose from consumption of river water is then calculated by: 

Ding = U • "C· • DE. e -Ai"t 
w w ~ I I 

i 

where 

D:g annual effective dose equivalent (EDE) to MEl from consumption of river water 

(mrem) 

(2) 

(3) 

U w annual maximum water consumption rate (for MEl, assumed to be 730 L, or 730,000 . 

mL) (USNRC 1977a) 

C . annual average concentration of radlonuclide i in river water at River Mile 118.8 
(from equation 2) (pCilmL) 

. DFi ingestion dose factor for radionuclide i (mrem/pCi) (USDOE 1988b) 

Ai radioactive decay constant of radionuclide i (d) 

t elapsed time between release of the radionuclide and ingestion of water, (assumed to 
be 1.5 d for MEl and 4 d for water treatment plant consumers) (Hamby 1991a) 

The exponential expression in equation 3 yields the concentration of radionuclide i at the 
time the. water is consumed. Again, no credit is taken for possible radionuclide removal by 
water treatment purification processes. Water ingestion population doses are estimated for 
Beaufort-Jasper and Port Wentworth treatment plant consumers by multiplying the consumer 
population times the average individual drinking water dose: 

Ding _. U w • N "-C: DF -Ai"t - .L..,. ,. ··e 
w-pop 1000 i ' 

(4) 
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where

D`9 annual population EDE at Beaufort-Jasper or Port Wentworth, from consumption of
treated river water (person-rem)

Uw annual average water consumption rate (assumed to be 370 L or 370,000 mL)
(Hamby 1991 a)

N the applicable consumer population (112,000 persons at Beaufort-Jasper or 11,000
persons at Port Wentworth) (Mamatey 2003)

1000 conversion factor (mrem/rem)

Ci annual average concentration of radionuclide i in river water at Beaufort-Jasper or

Port Wentworth, (from equation 2) (pCi/mL)

DFi ingestion dose factor for radionuclide i (mrem/pCi) (USDOE 1988b)

Xi radioactive decay constant of radionuclide i (d)

t elapsed time between release of the radionuclide and ingestion of water, (assumed to
be 4 d for water treatment plant consumers) (Hamby 1991 b)

2.1.3. Aquatic Food Consumption

The concentrations of radionuclides in aquatic foods are assumed to be directly related to the
concentrations of the radionuclides in the river water. With the exception of a site-specific
factor of 3,000 L/kg for cesium accumulation in freshwater fish (Jannik 2003), the aquatic
animal bioaccumulation factors, which are the equilibrium ratios between concentration in
aquatic foods and concentration in water, can be found in Thompson (1972).

The dose to the maximally exposed individual from aquatid food consumption is estimated
assuming the consumption of 19 kg/yr of fish harvested from the River Mile 118.8 location
(Hamby 1991b). Because the Savannah River is closed indefinitely to shellfish harvesting,
the consumption of fresh water invertebrates is not considered for the MEI or the population
dose estimates (Hamby 1994). The population dose is determined assuming that the total
.harvest is consumed by the 80-km population. The annual ayerage consumption rate of
aquatic foods (9 kg/yr of fish and 2 kg/yr of saltwater invertebrates) is a prorated amount of
aquatic foods harvested (Hamby 1991b). In the case of a small population or large annual
harvest, some of the harvested seafood is assumed to be exported from the 80-km region.
Only the aquatic foods needed to support the 80-km population are assumed to be consumed.

The annual MEI internal dose from consumption of aquatic foods is determined by:
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where 

D:g annual population EDE at Beaufort-Jasper or Port Wentworth, from coqsumption of 
treated river water (person-rem) 

U w annual average water consumption rate (assumed to be 370 L or 370,000 mL) 
(Hamby 1991a) 

N the applicable consumer population (112,000 persons at Beaufort-Jasper or 11,000 
persons at Port Wentworth) (Mamatey 2003) 

1000 conversion factor (mremlrem) 

C annual average concentration of radio nuclide i in river water at Beaufort-Jasper or 
Port Wentworth, (from equation 2) (pCi/mL) 

DFi ingestion dose factor for radionuclide i (mremlpCi) (USDOE 1988b) 

Ai radioactive decay constant of radionuclide i (d) 

t elapsed time between release of the radionuclide and ingestion of water, (assumed to 
be 4 d for water treatment plant consumers) (Hamby 1991 b) 

2.1.3. Aquatic Food Consumption 

The concentrations of radionuclides in aquatic foods are assumed to be directly related to the 
concentrations of the radionuclides in the river water. With the exception of a site-specific 
factor of 3,000 L/kg for cesium accumulation in freshwater fish (Jannik2003), the aquatic 
animal bioaccumulation factors,. which are the equilibrium ratios between concentration in 
aquatic foods and concentration in water, can be found in Thompson (1972). 

The dose to the maximally exposed individual from aquatic food consumption is estimated 
assuming the consumption of 19 kg/yr of fish harvested from the River Mile 118.8 location 
(Hamby 1991b). Because the Savannah River is closed indefinitely to shellfish harvesting, 
the consumption of fresh water invertebrates is riot considered for the MEl or the population 
dose estimates (Hamby 1994). The popul~tion dose is determined assuming that the total 
harvest is consumed by the 80-km population. The annual average consumption rate of 
aquatic foods (9 kg/yr of fish and 2 kg/yr of saltwater invertebrates) is a prorated amount of 
aquatic foods harvested (Hamby 1991 b). In the case of a small population or large annual 
harvest, some of the harvested seafood is assumed to be exported from· the 80-km region. 
Only the aquatic foods needed to support the 80-km population are assumed to be consumed. 

The annual MEl internal dose from consumption of aquatic foods is determined by: 
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Dng U
af D Uf 1,000 OC •• B oDF ee-

i (5)

where

D" annual EDE to MEI from consumption of aquatic foods (mrem)

Uaf annual maximum aquatic food consumption rate (for MEI, assumed to be 19 kg)
(Hamby 1991b)

1,000 conversion factor mL/L

Ci annual average concentration of radionuclide i in river water at River Mile 118.8
(from equation 2) (pCi/mL)

BF1  bioaccumulation factor for radionuclide i (L/kg) (Thompson 1972)

DF1  ingestion dose factor for radionuclide i (mrem/pCi) (USDOE 1988b)

X• radioactive decay constant of radionuclide i (d)

t elapsed time between harvest and consumption of fish, (assumed to be 2 d for MEI)
(Hamby 1991b)

2.1.4. Population Dose Estimates

Population dose from the consumption of aquatic foods is estimated by adding the dose from
the sport fish harvest, the commercial fish harvest, and the saltwater invertebrate harvest.
The population dose is determined by adding the dose from equations 6 through 8.

In LADTAP, it is conservatively assumed that all fish and invertebrates harvested
commercially from the Savannah River are consumed by the population within 80 km of
SRS. Because of the lack of age-specific dose conversion factors, the populations within 80-
km of SRS, and the downstream water consumers, are assumed to be adults.

2.1.5. Sport Fish

The population dose from ingestion of sport fish is estimated by the following equation:

rD0oP =.HARVESTS ZC e BF1 * Df1 e e
(6)
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where 

D:rg annual EDE to MEl from consumption of aquatic foods (mrem) 

U ar annual maximum aquatic food consumption rate (for MEl, assumed to be 19 kg) 

(Hamby 1991b) 

1,000 conversion factor mLIL 

C annual average concentration of radio nuclide i in river water at River Mile 118.8 
(from equation 2) (pCi/mL) 

BF; bioaccumulation factor for radionuclide i (L/kg) (Thompson 1972) 

OF; ingestion dose factor for radionuclide i (mrern/pCi) (USDOEI988b) 

A.; radioactive decay constant of radionuclide i (d) 

(5) 

t elapsed time between harvest and consumption offish, (assumed to be 2 d for MEl) 
(Hamby 1991b) 

2.1.4. Population Dose Estimates 

Population dose from the consumption of aquatic foods is estimated by adding the dose from 
the sport fish harvest, the commercial fish harvest, and the saltwater invertebrate harvest. 
The population dose is determined by adding the dose from equations 6 through 8. 

In LADTAP, it is conservatively assumed that all· fish and invertebrates harvested 
commercially from the Savannah River are consumed by the population within 80 km· of 
SRS. Because of the lack of age-specific dose conversion factors, the populations within 80-
km of SRS, and the downstream water consumers, are assumed to be adults. 

2.1.5 .. Sport Fish 

The population dose from ingestion of sport fish is estimated by the following equation: 
1 

D;nr
g =.HARVEST r - "C; -BF -OF _e-A.jot 

.-pop • ~ I I 

(6) 
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where
D ing

,f-pop annual population EDE from consumption of sport fish (person-rem)

.HARVESTsf the lesser amount of the actual sport fish harvested by the 80 km population

during the year (35,000 kg-person, from Hamby 1991b) and the total 80-km
population fish consumption for the year (assumed to be 9 kg x 714,000 persons or
6,400,000 kg-person,) (kg-person)

Ci annual average concentration of radionuclide i in river water at River Mile 118.8,
(from equation 2) (pCi/mL)

BF2  bioaccumulation factor for radionuclide i (L/kg) (Thompson 1972)

DF3  ingestion dose factor for radionuclide i (mrem/pCi) (USDOE 1988b)

?1i radioactive decay constant of radionuclide i (d)

t elapsed time between harvest and consumption of sport fish, (assumed to be 10 d for
MEI) (Hamby 199 1b)

2.1.6. Commercial Fish

The population dose for ingestion of commercial fish is estimated by the following equation:

D f-pg HARVESTrf .ZCi BFi DF1. e-xIit

(7)

where

rg Plopannual population EDE from consumption of commercial fish (person-rem)

HARVESTCf the lesser amount of the actual commercial fish harvested by the 80 km

population during the year (2,700 kg-person, from Hamby 1991b) and the difference
between the total 80-km population fish consumption for the year (assumed to be 9
kg x 714,000 persons or 6,400,000 kg-person) and the total 80-km sport fish harvest
(kg-person)

Ci annual average concentration of radionuclide i in river water at River Mile 118.8,
(from equation 2) (pCi/mL)

BFj bioaccumulation factor for radionuclide i (L/kg) (Thompson 1972)

DF1 ingestion dose factor for radionuclide i (mrem/pCi) (USDOE 1988b)
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where 

D~~pop annual population EDE from consumption of sport fish (person-rem) 

HARVESTsf the lesser amount of the actual sport fish harvested by the 80 km population 

during the year (35,000 kg-person, from Hamby 1991b) and the total80-km 
population fish consumption for the year (assumed to be 9 kg x 714,000 persons or 
6,400,000 kg-person,) (kg-person) 

C annual average concentration of radio nuclide i in river water at River Mile 118.8, 
(from equation 2) (pCi/mL) 

BFj bioaccumulation factor for radionuclide i (L/kg) (Thompson 1972) 

DFj ingestion dose factor for radionuclide i (mrern/pCi) (USDOE 1988b) 

Aj radioactive decay ccrnstant of radionuclide i (d) 

t elapsed time between harvest and consumption of sport fish, (assumed to be 10 d for 
MEl) (Hamby 1991 b) 

2.1.6. Commercial Fish 

The population dose for ingestion of commercial fish is estimated by the following equation: 

where 

D~~pop =HARVESTcf e Lej eBFj eDFj ee-
Ajot 

j 

D:;~pop annual population EDE froin consumption of commercial fish (person-rem) 

(7) 

HARVESTef the lesser amount of the actual commercial fish harvested by the 80 km 

population during the year (2,700 kg-person, from Hamby 1991 b) and the difference 
between the total 80-km population fish consum"ption for the year (assumed to be 9 
kg x 714,000 persons or 6,400,000 kg-person) and the total 80-km sport fish harvest 
(kg-person) 

C annual average concentration of radio nuclide i in river water at River Mile 118.8, 
(from equation 2) (pCilmL) 

B~ bioaccumulation factor for radionuclide i (L/kg) (Thompson 1972) 

~Fj ingestion dose factor for radionuclide i (mrern/pCi) (USDOE 1988b) 
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Xi radioactive decay constant of radionuclide i (d)

t elapsed time between harvest and consumption of commercial fish, (assumed to be 13
d for MEI) (Hamby 1991 a)

2.1.7. Saltwater Invertebrates

The population dose from the ingestion of saltwater invertebrates is estimated by the
following equation:

D opg = HARVEST w i i BFi "DFi * e-Xi-t
(8)

where:

Dni_pop annual population EDE from consumption of saltwater invertebrates (person-rem)

HARVESTswithe lesser amount of the actual saltwater invertebrates harvested by the 80 km
population during the year (390,000 kg-person, from Hamby 1991 b) and the total 80-
km population invertebrate consumption for the year (assumed to be 2 kg x 714,000
persons or 1,400,000 kg-person, from Hamby 1991 b) (kg-person).

CQ annual average concentration of radionuclide i in river water from the Savannah

River estuary, (from equation 2) (pCi/mL)

3 factor to account for tidal dilution (Hamby 1991 a)

BFi bioaccumulation factor for radionuclide i in saltwater invertebrates (L/kg) (Thompson
1972)

DFi ingestion dose factor for radionuclide i (mrem/pCi) (USDOE 1988b)

Xi radioactive decay constant of radionuclide i (d)

t elapsed time between harvest and consumption of saltwater invertebrates, (assumed
to be 13 d for MEI) (Hamby 199 1a)

2.1.8. Recreational Use of the Savannah River

LADTAP considers four exposure modes when estimating individual and population external
dose during recreational use of the Savannah River; (1) exposure to radionuclide deposits on
the shoreline, (2) exposure to suspended nuclides while swimming, (3) exposure to
suspended nuclides while boating, and (4) absorption of tritium through the skin while
swimming.
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I..; . radioactive decay constant of radio nuclide i (d) 

t elapsed time between harvest and consumption of commercial fish, (assumed to be 13 
d for MEl) (Hamby 1991a) 

2.1. 7. Saltwater Invertebrates 

The population dose from the ingestion of saltwater invertebrates is estimated by the 
following equation: 

Ding - HARVEST ~ C; BF DF -~i·t . - .• ~-•.•. ·e 
S'.vl-POP SWI i 3 I 1 

(8) 

where: 

D~'::i_POP annual population EDE from consumption of saltwater invertebrates (person-rem) 

HARVESTswjthe lesser amount of the actual saltwater invertebrates harvested by the 80 km 
population during the year (390,000 kg-person, from Hamby 1991b) and the total 80-
km populationjnvertebrate consumption for the year (assumed to be 2 kg x 714,000 
persons or 1,400,000 kg-person, from Hamby 1991b) (kg-person) 

v 

C; annual average concentration of radionuclide i in river water from the Savannah 
River estuary, (from equation 2) (pCi/mL) . 

3 factor to account for tidal dilution (Hamby 1991a) 

BFj bioaccumulation factor for radionuclide i in saltwater invertebrates (Llkg) (Thompson 
1972) 

DFj ingestion dose factor for radionuclide i (mrern/pCi) (USDOE 1988b) 

A.j radioactive decay constant of radionuclide i (d) 

t elapsed time between harvest and consumption of saltwater invertebrates, (assumed 
to be 13 d for MEl) (Hamby 1991a) 

2.1.8. Recreational Use o(the Savannah River 

LADT AP considers four exposure modes when estimating individual and population external 
dose during recreational use of the Savannah Rivet; (l) exposure to radionuclide deposits on 
the shoreline, (2) exposure to suspended nuclides while swimming, (3) exposure to 
suspended nuclides while boating, and (4) absorption of tritium through the skin while 
swimming. 
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2.1.8.1 .Shoreline

The calculation of dose from shoreline deposits is complex because it involves estimations of
sediment load, transport, and concentrations of radionuclides associated with suspended and
deposited materials (Soldat 1974). However, the following equation simplifies the
estimation of radiation dose to the MEI from exposure to shoreline sediments:

Ds =Tw *s USH * WSH o1000oI" .r Tie DFigs [e-j ' ] [e e °tb]

(9)
where:

De" annual EDE to the MEI from shoreline deposits (mrem)

Tw__ water-to-sediment transfer coefficient (100 L/m 2-d) (Simpson 1980)

USH annual shoreline usage factor specifying the time of exposure to shoreline sediments
(assumed to be 23 hr for the MEI)

WSH shoreline width factor, dimensionless (0.2 for river shoreline) (Simpson 1980)

1,000 conversion factor (mL/L)

Ci annual average concentration of radionuclide i in river water at River Mile 118.8,

(from equation 2) (pCi/mL)

Ti half life of radionuclide i (d)

DFff ground shine dose factor for radionuclide i (mrem-m2/pCi-hr) (USDOE 1988a)

,i decay constant of radionuclide i (d')

tp elapsed time between release of the radionuclide and the point of exposure (assumed
to be 1 d for MEI and population) (Hamby 1991 b)

tb period of time for which sediment or soil is exposed to the contaminated water (40 yr)
(Hamby 1991 a) (d)

The population dose estimate from shoreline exposure is determined by substituting into
equation 9 the assumed population exposure time of 960,000 person-hrs (Hamby 1991a) for
the individual shoreline exposure time (UsH). It is assumed that the buildup and decay of
radionuclides (based on the current year's release) in the Savannah River shoreline sediments
has occurred for the past 50 years, which is the approximate operating period of SRS
facilities.

9

WESTINGHOUSE SA V ANNAH RIVER COMPANY WSRC-TR -2004-00059 

2.1.8.1.Shoreline 

The calculation of dose from shoreline deposits is complex because it involves estimations of 
sediment load, transport, and concentrations of radionuclides associated with suspended and 
deposited materials (50ldat 1974). However, the following equation simplifies the 
estimation of radiation dose to the MEl from exposure to shoreline sediments: . 

. o ext T U W 1000 "C- ·OFgs . r -)..jot.] rl -)..jotb ] 
SH = w-s· SH· SH· • L... j. Lj • j ·le l - e 

(9) 

where: 

O;~ annual EOE to the MEl from shoreline deposits (mrem) 

Tw-s water-to-sediment transfer coefficient (100 Llm2-d) (Simpson 1980) 

U SH annual shoreline usage factor specifying the time of exposure t6 shoreline sediments 
(assumed to be 23 hr for the MEl) 

WSH shoreline width factor, dimensionless (0.2 for river shoreline) (Simpson 1980) 

1,000 conversion factor (mLIL) 

C; annual average concentration of radionuclide i in river water at River Mile 118.8, 
(from equation 2) (pCi/mL) 

tj halflife of radionuclide i (d) 

OFjgS ground shine dose factor for radionuclide i (mrem-m
2
/pCi-hr) (USOOE 1988a) 

Ai decay constant of radionuclide i (d'') 

t p elapsed time between release of the radionuclide and the point of exposure (assumed 

to be 1 d for MEl and population) (Hamby 1991 b) 

tb period of time for which sediment or soil is exposed to the contaminated water (40 yr) 

(Hamby 1991a) (d) 

The population dose estimate from .Shoreline exposure is determined by substituting into 
equation 9 the assumed population exposure time of 960,000 person-hrs(Hamby 1991a) for 
the individual shoreline exposure time (USH). It is assumed that the buildup and decay of 
radionuclides (based on the current year's release) in the Savannah River shoreline sediments 
has occurred for the past 50 years, which is the approximate operating period of SRS 
facilities. 
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2.1.8.2.Swimming and Boating

Predictions of external dose while swimming in the Savannah River are determined assuming
uniform nuclide concentrations and complete submersion (4n geometry). Boating doses are
estimated assuming a 27t geometry with no shielding considerations. The same water
submersion dose factors (USDOE 1988a) are used for both swimming and boating estimates.
Shielding provided by the boat's hull is not considered. The external dose received by the
MEI from swimming or boating is estimated by:

DO eXt G S/ U S B 1 1 4 .2 . C C- -. D F i ub . e - kj .t,
S/B SIB 1

U7 s(10)

where:
D-S/B annual EDE to the MEI from swimming and boating (mrem)

Gs/B geometry factor (I for swimming and 0.5 for boating) (Hamby 1991a)

US/B annual MEL usage factor (8.9 hrs for swimming and 21 hrs for boating) (Hamby

1991 b)

114.2 conversion factor (mL-yr/m3-hrs)

Ci annual average concentration of radionuclide i in river water at River Mile 118.8,

(from equation 2) (pCi/mL)

DFiS"b submersion dose factor for radionuclide i (mrem-m3/pCi-hr) (USDOE 1988a)

X, decay constant of radionuclide i (d)

t p elapsed time between release of the radionuclide and the point of exposure (assumed

to be 1 d for MEI and population) (Hamby 1991b)

The population dose estimates from swimming and boating exposure are performed by
substituting into equation 10 the assumed population usage times of 160,000 person-hrs for
swimming and 1,100,000 person-hrs for boating (Hamby 1991a) for the individual
swimming and boating usage times (Us/B).

Because tritium concentrations in the Savannah River are potentially high enough to cause a
significant dose from skin absorption (relative to the external dose from swimming and
boating), LADTAP was written to consider the tritium dose via skin absorption while
swimming (Hamby 1991 a). The dose from skin absorption while swimming is estimated by:

DSis = Us OCT * DF{.IIs (11)
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2.1.8.2.Swimming and Boating 
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DeX1 G U 1142 "" -C DFsub -I..;olp 
SIB = SIB· SIB· •• L..J i· i·e 
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1991b) 
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Ci annual average concentration of radionuclide i in river water at River Mile 118.8, 
(from equation 2) (pCi/mL) 

DFtb submersion dose factor for radionuclide i (mrem-m
3
/pCi-hr) (USDOE 1988a) 

Ai decay constant of radionuclide i (d-
I
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(10) 
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(II) 
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where:

s annual EDE to the MEI from skin absorption of tritium while swimming (mrem)

Us annual MEI usage factor (8.9 hrs for swimming) (Hamby 1991b)

CT annual average concentration of tritium in measured river water at River Mile 118.8,
(pCi/mL)

F"T tritium internal dose factor (mrem-m3/pCi-hr) (USDOE 1988b)

Iabs water absorption rate for total body submersion (35 mL/hr) (Hamby 199 la)

Because of its relatively long half-life, radioactive decay of tritium is not considered. The
population dose from the absorption of tritium while swimming is determined by substituting
into equation l Ithe assumed population usage time of 160,000 person-hrs for swimming for
the individual swimming usage time (Us).

Water from-the Savannah River is processed for consumption at two facilities approximately
100 river miles downstream of the SRS. The Beaufort-Jasper Water Treatment Plant, a
facility supplying Beaufort and Jasper Counties in South Carolina, utilizes river water for
service to water consumers. Several miles further downstream, the City of Savannah
Industrial and Domestic Water Supply Plant (formally Cherokee Hill Water Treatment

* Plant), located near Port Wentworth, GA, withdraws water from the river to supply a
business-industrial complex near Savannah, Georgia.

The total population dose resulting from a routine SRS release is the sum of four contributing
categories: 1) Beaufort-Jasper water consumers, 2) Port Wentworth water consumers, 3)
consumption of fish and invertebrates of Savannah River origin, and 4) recreational activities
on the Savannah River.

For 2003, the Beaufort-Jasper water treatment authority estimates that its consumer
population was approximately 112,000. The Port Wentworth commercial and industrial
consumers of Savannah River water are estimated to be 11,000. These estimates are subject
to change and should be verified annually. The transit time from the Savannah River at Steel
Creek tothe water treatment river intakes is approximately 72 hours. The raw river water is
assumed to have an average system retention time of 24 hours before distribution to water
consumers. Therefore, a total holdup time of 96 hours is used in the calculation of drinking
water dose to the downstream population. This holdup time is only significant for nuclides
with very short half-lives.

The 80-kmn population receives no river water downstream of SRS for domestic purposes.
However, this population is assumed to use the river for the harvesting of fish and
invertebrates and for recreational purposes. Dose from the consumption of aquatic foods is

11
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calculated assuming the concentrations of radionuclides in edible tissues are under
equilibrium or steady-state conditions with that in the surrounding water.

2.2. IRRIDOSE Methods

IRRIDOSE is the second worksheet within the LADTAP XL© spreadsheet and dose is
estimated using a three-stage process: 1) concentrations in the irrigation water are
determined, 2) concentrations in foodstuffs are determined, and 3) potential doses to an MEI
and the population are estimated.

2.2.1. Nuclide Concentrations in Water Used for Irrigation

Concentrations of nuclides in the Savannah River released from SRS facilities are
determined using a simple dilution model. Releases are assumed to occur at a constant rate
throughout the release period (one year).and are diluted instantaneously by the Savannah
River. Complete mixing and dilution is assumed to have occurred by the time the
contaminated water is used for irrigation. Rainfall dilution is not considered. Estimates of
nuclide concentrations in the Savannah River are given by:

C cRe-x-t,
F~ - (12)
F

where:

Ciw concentration of nuclide I in river water (pCi/L)

c conversion factor (1.12E-09 ft'yr/L s)

R activity release rate (pCi/yr)

X1  radiological decay constant (l/d)

tt transport time down river (d)

F effective flow rate (ft3/s)

2.2.2. Nuclide Concentration in Vegetable Crops and Fodder

Nuclide concentration in vegetation are calculated assuming that two uptake paths exist; 1)
via direct deposition on plant surfaces, and 2) via uptake through the plants root system. The
following equation is used to estimate concentrations of nuclides in both vegetation and
fodder.

Ci" = Cw * I W (leaf+ root) * e-"th (13)
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throughout the release period (one year) and are diluted instantaneously by the Savannah 
River. Complete mixing and dilution is assumed to have occurred by the time the 
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(12) 

where: 

Ciw concentration of nuclide I in river water (pCilL) 

c conversion factor (1.12E-09 ft?yrlL s) 

R activity release rate (pCifyr) 

A.I radiological decay constant (lid) 

tl transport time down river (d) 

F effective flow rate (fefs) 

2.2.2. Nuclide Concentration in Vegetable Crops and Fodder 

Nuclide concentration in vegetation are calculated assuming that two uptake paths exist; 1) 
via direct deposition on plant surfaces, and 2) via uptake through the plants root system. The 
following equation is used to estimate concentrations of nuclides in both vegetation and 
fodder .. 

c. = c. • I. (leaf + root) • e -I,.;tb 
'IV IW 

(13) 
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where:

leaf• r( 1e-t) (14)

root=B. 1 - e-X(tb

Ci, concentration of nuclide I in vegetation (pCi/kg)

Ciw concentration of nuclide I in river water (pCi/L)

I irrigation rate (L/m 2d)

th vegetable hold-up time

r retention of radionuclide on plant surface (unitless)

weathering and radiological decay constant (l/d)

te vegetation exposure/irrigation duration (d)

Yv vegetation production yield (kg/M2)

B3j plant-to-soil ratio (unitless)

tb buildup time of radionuclides in soil (d)

P surface soil density (kg/m2)

All other terms have been previously defined.

Plant to soil ratios were taken from USNRC (1977a) where possible and for those not
available in the regulatory guide Yu et. al (2001),and Baes et al. (1984) were used.

The 'leaf and 'root' equations shown above account for the uptake pathways described
above. Changes in the parameter values of vegetation holdup time, vegetation exposure
duration, and vegetation production yield are required for calculating concentrations in
vegetables grown for human consumption and fodder (Bermuda grass). The vegetation
holdup time for estimated fodder concentration is normally zero indicating that cattle
consume grass directly from grazing while the holdup time for vegetable concentration
estimates varies, indicating the time between harvest and consumption. For individual dose
calculations, holdup times are assumed to be relatively short since the maximally exposed
individual is someone with a backyard garden.

13
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where: 

leaf = _r(",-1 ~-_e_-A._,t'--L) 
Y)"e 

Civ concentration of nuclide I in vegetation (pCilkg) 

Ciw concentration of nuclide I in river water (pCilL) 

I irrigation rate (Llm2d) 

. th vegetable hold-up time 

r retention of radionuclide on plant surface (unitless) . 

Ae weathering and radiological decay constant (lid) 

te vegetation exposure/irrigation duration (d) 

Yv vegetation production yield (kg/m2) 

Biv plant-to-soil ratio (unitless) 

tb buildup time of radionuclides in soil (d) 

P surface soil density (kglm2) 

All other terms have been previously defined. 

Plant to soil ratios were take~ from USNRC (1977a) where possible and for those not 
available in the regulatory guide Yu et. al (2001 ) and Baes et al. (1984) were used. 

(14) 

(15) 

The 'leaf and 'root' equations shown above account for the uptake pathways described 
above. Changes in the parameter values of vegetation holdup time, vegetation exposure 
duration, and vegetation production yield are required for calculating concentrations in 
vegetables grown for human consumption and fodder (Bermuda grass). The vegetation 
holdup time for estimated fodder concentration is normally zero indicating that cattle 
consume grass directly from grazing while the holdup time for vegetable concentration 
estimates varies, indicating the time between harvest and consumption. For individual dose 
calculations, holdup times are assumed to be relatively short since the maximally exposed 
individual is someone with a backyard garden. 
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All concentrations of nuclides in vegetation are determined using the method described
above and equation 13 with the exception of tritium which is discussed next

2.2.3. Tritium concentration in Vegetation

The model for estimating tritium concentration in vegetation following irrigation is based on
a very simple concept; the concentration of tritium in plant water, Csv, is assumed to be equal
to the concentration of tritium in the water used for irrigation, Ciw.

Radiological decay is not considered since the half-life of tritium is very long relative to
vegetation transport times. Fodder, produce, and leafy vegetables allare assumed to have the
same tritium concentrations dependent on the tritium concentrations of the water. This
assumption is very conservative in that dilution by rainfall is not considered.

2.2.4. Nuclide Concentration in Meat and Milk

Concentrations of nuclides in the beef and milk of cattle grazing on irrigated pasture grass
are determined as follows:

C~b = F~b [ffCifQf + fwCiwQw ]-•tb (16)

Cim Elm7[ffCifQf +fwCiQ'e- iktb (17)

where:

Cib concentration of nuclide I in beef (pCi/kg)

Cim concentration of nuclide I in milk (pCi/L)

Fib transfer fraction from fodder to beef (d/kg)

Fim transfer fraction from fodder to milk (d/L)

Ff fraction of fodder taken from irrigated pasture (unitless)

Cif concentration of nuclide I in fodder (pCi/kg)

Qf cattle consumption rate of fodder (kg/d)

fw fraction of water taken from Savannah River

Q, cattle consumption rate of water (l/d)

tb harvest to consumption time for beef (d)

tm harvest to consumption time for milk (d)
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(16) 

(17) 

where: 
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Cim concentration of nuclide I in milk (pCi/L) 

Fib transfer fraction from fodder to beef (d/kg) 
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tm harvest to consumption time for mil,k (d) 
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The model allows theuser to consider ingestion of both water and fodder contaminated from
the release of radioactivity to the Savannah River, however, pasture grass is generally not
irrigated and water is probably supplied by surface ponds or groundwater surfaces.

2.2.5. Individual Ingestion Dose

The dose to an individual who consumes vegetables, meat and milk produced on land
irrigated with contaminated water is calculated by the following equations

Dvg= DF.C. C(Uv+U1 ) (18)

where:

Diveg individual dose from irrigation (mrem/y)

DFi ingestion dose factor for nuclide I (mrem/pCi)

Uv vegetable consumption rate (kg/y)

U1  leafy vegetable consumption rate (kg/y)

Civ concentration of nuclide I in vegetation (pCi/kg)

D =DFj9Cib oUb (19)
where:

Ub beef consumption rate (kg/y)

Cib concentration of nuclide I in beef (pCi/kg)

Dt' = DFj *Cm* Un (20)

where:

Um milk consumption rate (L/y)

Cim concentration of nuclide I in milk (pCi/L)

Dose to the individual from irrigation is not a function of the land area irrigated. Ingestion
dose factors are calculated following the ICRP 26 methodology (ICRP 1977) as implemented
in ICRP 30(1979). Specifically the dose factors are those specified by the Department of
Energy (USDOE 1988). The total dose to the MEI is the sum of the above three pathways.

2.2.6. Population Ineestion Dose
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where: 

Djveg individual dose from irrigation (mremly) 

DFj ingestion dose factor for nuclide I (mrem/pCi) 

Uv vegetable consumption rate (kg/y) 

V, leafy vegetable consumption rate (kg/y) 
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where: 

Vb beef consumption rate (kg/y) 
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D~ = DFj .C im • Urn 

where: 
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(18) 

(19) 

(20) 

Dose to the individual from irrigation is not a function of the land area irrigated. Ingestion 
dose factors are calculated following the ICRP 26 methodology (ICRP 1977) as implemented 
in ICRP 30(1979). Specifically the dose factors are those specified by the Department of 
Energy (US DOE 1988). The total dose to the MEl is the sum of the above three pathways. 

2.2.6. Population Ingestion Dose 
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Dose to a population of individuals consuming irrigated foodstuffs can be calculated by one
of two methods: the irrigated land area method or the population count method. The two
methods are provided so that population dose can be calculated if the analysis calls for the
irrigation of a given area of land or the irrigation of crops necessary to support a family farm.
The irrigated land area method is typically used, but the population count method is included
as an option.

2.2.6.1. Irrigated Land Area Method

The irrigated land area method isused to estimate the population dose resulting from the
irrigation of a particular size farm or garden. The land area is assumed to produce,
simultaneously, the foodstuffs of each food ingestion pathways discussed above. Beef and
milk cattle are assumed to graze on the irrigated land with production yields equal to the
average productions yields within 50 miles of the SRS. The total production for the land
area entered is used to estimate the population dose using the following equation for each
pathway:

D"Op = DF1 0 Cik o TPk 610, "rem (21)
mrem

where:

Dik population dose for foodstuff k (person-rem/yr)

CQk concentration of foodstuff k (pCi/kg)

TPk total production of foodstuff k in area of interest (kg-person)

2.2.6.2. Population Count Method

Population dose also can be estimated by assuming that the consumption of vegetables, beef,
and milk by a given number of people is supported by a family farm irrigated with the
Savannah River water. The population count methods estimates dose using the following
equation for each pathway:

D~p =DFj 0 Cik e N Uk l 10-3 rem (22)
mrem

where:

N number of individuals consuming foodstuff from the irrigated area

Uk average consumption rate of foodstuff k (kg/yr)

3. VERIFICATION OF MODELS
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(21) 

Population dose also can be estimated by assuming that the consumption of vegetables, beef, 
and milk by a given number of people is supported by a family farm irrigated with the 
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-4.0 CLOSURE CAP CONFIGURATION

Sections 4.1 through 4.6 provide a progressive reevaluation of the closure cap configuration
previously presented in Section 2.0. The changes made in a previous section are carried over into the
evaluation of subsequent sections, until all changes have been discussed and made. The final revised
closure cap configuration is summarized in Section 4.7, Figure 4.7-1 and Table 4.7-1.

4.1 Hydraulic Barrier

As outlined in section 2.0, the current SDF PA (MMES 1992) and closure plan (Cook et al. 2000)
assume that controlled compacted kaolin is. utilized as the closure cap hydraulic barrier layer.
However the previously planned controlled compacted kaolin layer for the E-Area Low-Level Waste
Facility closure cap was replaced with a geosynthetic clay liner (GCL) as the hydraulic barrier layer
within revision 2 of the 'Closure Plan for the E-Area Low-Level Waste Facility' (Cook et al. 2002b).
The applicability of also replacing the kaolin layers in the SDF closure cap with GCLs is investigated
herein. The acceptability of this change in the hydraulic barrier layer for E-Area was documented
within 'Unreviewed Disposal Question Evaluation: Closure Cap Design Change from Compacted
Kaolin to Geosynthetic Clay Liner' (Jones and Phifer 2003). An overview of the reasoning for the E-
Area change is presented below (Cook et al. 2002a; Cook et al. 2003; Jones and Phifer 2003).

A GCL consists of "bentonite sandwiched between two geotextiles" (USEPA 2001). Bentonite, the
hydraulically functional portion of a GCL, is the general term given to a swelling-type
montmorillonite clay which formed as the stable alteration product of volcanic ash (Worrall 1975;
Jones and. Phifer 2003). Therefore bentonite is expected to remain mineralogically and chemically
stable. The following is the definition of a Geotextile GCL as defined by the Environmental
Protection Agency (USEPA 2001):

A Geotextile GCL "is a relatively thin layer of processed" bentonite ... "fixed between two sheets
of geotextile. ... A geotextile is a woven or nonwoven sheet material ... resistant to penetration."
... "Adhesives, stitchbonding, needlepunching, or a combination of the three" are used to affix
the bentonite to the geotextile. "Although stitchbonding and needlepunching create small holes in
the geotextile, these holes are sealed when the installed GCL's clay layer hydrates."

The following are some of the typical advantages of a Geotextile GCL over compacted clay layers,
which led to the replacement of the compacted kaolin with a GCL:

* A GCL has a lower hydraulic conductivity than compacted kaolin (i.e. < 5.Ox 10-9 cm/s for a GCL
versus < I.0x 1 07 cm/s for a compacted kaolin layer) (Phifer 1991; USEPA 2001; GSE 2002)

* Infiltration through a GCL closure cap is generally lower than infiltration through a compacted
kaolin closure cap (Cook et al. 2002a; Jones and Phifer 2003).

SA GCL is faster and easier to install than an equivalent compacted kaolin layer (USEPA 2001).
Installation of a GCL essentially consists of unrolling the dry GCL like a carpet, overlapping
adjacent GCL panels, and covering the GCL with.at least a foot of soil. Whereas compacted
kaolin must be installed wet of optimum to tight moisture and density controls in multiple lifts
with heavy equipment. (Jones and Phifer 2003)

The bulk of the required Quality Assurance / Quality Control (QA/QC) associated with a GCL is
factory based whereas that of compacted kaolin is entirely field based. Factory based QA/QC
generally provides a higher degree of QA/QC, and .it is included in the cost of the material.
(Phifer 1991; GSE 2002; Jones and Phifer 2003)

Installation of a GCL hydraulic barrier generally costs less than installation of an equivalent
compacted kaolin layer (USEPA 2001; Jones and Phifer 2003).
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-~)~ 4.0 CLOSURE CAP CONFIGURATION 

Sections 4.1 through 4.6 provide a progressive reevaluation of the closure cap configuration 
previously presented in Section 2.0. The changes made in a previous section are carried over into the 
evaluation of subsequent sections, until all changes have been discussed and made. The final revised 
closure cap cOlifiguration is summarized in Section 4.7, Figure 4.7-1 and Table 4.7-1. 

4.1 HydrauUc Barrier 

As outlined in section 2.0, the current SDF PA (MMES 1992) and closure plan (Cook et al. 2000) 
assume that controlled compacted kaolin is. utilized as the closure cap hydraulic barrier layer. 
However the previously planned controlled compacted kaolin layer for the E-Area Low-Level Waste 
Facility Closure cap was replaced with a geosynthetic clay liner (GCL) as the hydraulic barrier layer 
within revision 2 of the 'Closure Plan for the E-Area Low-Level Waste Facility' (Cook et al. 2002b). 
The applicability of also replacing the kaolin layers in the SDF closure cap with GCLs is investigated 
herein. The acceptability of this change in the hydraulic barrier layer for E-Area was documented 
within 'Unreviewed Disposal Question Evaluation: Closure Cap Design Change from Compacted 

. Kaolin to Geosynthetic Clay Liner' (Jones and Phifer 2003). An overview of the reasoning for the E-
Area change is presented below (Cook et al. 2002a; Cook et al. 2003; Jones and Phifer 2003). 

A GCL consists of "bentonite sandwiched between two geotextiles" (USEPA 2001). Bentonite, the 
hydraulically functional portion of a GCL, is the general term given to a swelling-:-type 
montmorillonite clay which formed as the stable alteration product of volcanic ash (Worrall 1975; 
Jones and. Phifer 2003). Therefore bentonite is expected to remain mineralogically and chemically 
stable. The following is the definition of a Geotextile GCL as defined by the Environmental 
Protection Agency (US EPA 2001): 

A Geotextile GCL "is a relatively thin layer of processed" bentonite ... "fixed between two sheets 
of geotextile .... A geotextile is a woven or nonwoven sheet material ... resistant to penetration." 
. . . "Adhesives, stitchbonding, needlepunching, or a combination of the three" are used to affix 
the bentonite to the geotextile. "Although stitchbonding and needlepunching create small holes in 
the geotextile, these holes are sealed when the installed GCL's clay layer hydrates." 

The following are some of the typical advantages of a Geotextile GCL over compacted clay layers, 
which led to the replacement of the compacted kaolin with a GCL: 

• A GCL has a lower hydraulic conductivity than compacted kaolin (Le. < 5.0x1O-9 cmls for a GCL 
versus < 1.0«10-7 cmls for a compacted kaolin layer) (Phifer 1991; USEPA 2001; GSE 2002) ... 

• Infiltration through a GCL closure cap is generally lower than infiltration through a compacted 
kaolin closure cap (Cook et al. 2002a; Jones and Phifer 2003). 

• A' GCL is faster and easier to install than an equivalent compacted kaolin layer (USEP A 2001). 
Installation of a GCL essentially consists of unrolling the' dry GCL like a carpet, overlapping' 
adjacent GCL panels, and covering the GCL with. at least a foot of soil. Whereas compacted 
kaolin must be installed wet of optimum to tight moisture and density controls in multiple lifts 
with heavy equipment. (Jones and Phifer 2003) 

• The bulk of the 'required Quality Assurance / Quality Control (QAlQC) associated with a GCL is 
factory based whereas that of compacted kaolin is entirely field based. Factory based QAlQC 
generally provides a higher degree of QAlQC, and.it is included in the cost of the material. 
(Phifer 1991; GSE 2002; Jones and Phifer 2003) 

• Installation of a GCL hydraulic barrier generally costs less than installation of an equivalent 
compacted kaolin layer (USEPA 2001; Jones-and Phifer 2003). 
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* Installation of a GCL is generally safer than installation of an equivalent compacted kaolin layer,
since less heavy equipment use is required (Jones and Phifer 2003).

* A GCL has the ability to self-heal rips or holes, whereas compacted kaolin does not. Additionally
a GCL can undergo repeated cycles of dehydration and hydrate without negative impacts to the
GCL's saturated hydraulic conductivity, whereas compacted kaolin may irreversibly shrink,
crack, and incur increases in its saturated hydraulic conductivity (Phifer 1991; Phifer et al. 1995;
Rumer and Ryan 1995; USEPA 2001).

* A GCL incurs less negative impact "due to differential settlement, freezing-thawing cycles, and

wetting-drying cycles" than a compacted kaolin layer (Rumer and Mitchell 1995).

" A GCL is not as thick as a compacted kaolin layer (USEPA 2001).

* Hydraulic barriers consisting of compacted clay are 1970's and 1980's technology whereas GCLs
are 1990's technology (Jones and Phifer 2003).

The same reasoning for the E-Area change is applicable to the SDF. In order to confirm that
replacement of the SDF closure cap compacted kaolin hydraulic barrier with a GCL is appropriate,
HELP modeling has been performed. The modeling has been performed to demonstrate that a GCL
closure cap is equivalent to or better than the current kaolin closure cap in terms of percolation
through the cap and out the facility bottom. Table 4.1-1 provides a comparison of the two
configurations from top to bottom. Both configurations consist of 119 inches of material from the top
of the upper gravel drainage layer to the bottom of the clean grout on top of the concrete vault roof as
required by the PA resident scenario intruder analysis.

Table 4.1-1. Closure Cap Configuration Comparison

Current Kaolin Closure Cap Replacement GCL Closure Cap
Layer Thickness Layer Thickness

(inches) (inches)
Topsoil 6 Topsoil 6
Backfill 30 Backfill 30
Gravel Drainage 12 Drainage Layer 12
Kaolin 30 GCL 0.2
Backfill 12 Backfill 61.28
Gravel Drainage 6 Drainage Layer 6
Kaolin 19.68 GCL 0.2
Clean Grout 39.37 (1 m) Clean Grout 39.37 (1 m)
Concrete Vault Roof 4 Concrete Vault Roof 4
Clean Grout 16 Clean Grout 16
Saltstone I288 Saltstone 288
Concrete Vault Floor 30 Concrete Vault Floor 30

Several required HELP model input parameters are common to both configurations. Table 4.1-2
provides a listing of these generic input parameters (i.e., HELP model query) and the associated
values selected. Use of selected fixed values for these HELP model queries provides compatibility
between the different HELP model runs. The landfill area is based upon the length (600 feet) and
width (200 feet) of vault 4, which results in a surface area of 120,000 feet squared or 2.75 acres. It has
been assumed that the final covers are appropriately sloped so that 100 percent of the covers allow
runoff to occur (i.e., there are no depressions). A yes response has been provided to the HELP model
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• Installation of a GCL is generally safer than installation of an equivalent compacted kaolin layer, 
since less heavy equipment use is required (Jones and Phifer 2003). 

• A GCL has the ability to self-heal rips or holes, whereas compacted kaolin does not. Additionally 
a GCL can undergo repeated cycles of dehydration and hydrate without negative impacts to the 
GCL's saturated hydraulic conductivity, whereas compacted kaolin may irreversibly shrink, 
crack, and incur increases in its saturated hydraulic conductivity (phifer 1991; Phifer et a1. 1995; 
Rumer and Ryan 1995; USEPA 2001). 

• A GCL incurs less negative impact "due to differential settlement, freezing-thawing cycles, and 
wetting-drying cycles" than a compacted kaolin layer (Rumer and Mitchell 1995). 

• A GCL is not as thick as a compacted kaolin layer (USEP A 2001). 

• Hydraulic barriers consisting of compacted clay are 1970's and 1980's technology whereas GCLs . 
are 1990's technology (Jones and Phifer 2003). 

The same reasoning for the E-Area change is applicable to the SDF. In order to confirm that 
replacement of the SDF closure cap compacted kaolin hydraulic barrier with a GCL is appropriate, 
HELP modeling has been performed. The modeling has been performed to demonstrate that a GeL 
closure cap is. equivalent to or better than the current kaolin closure cap in terms of percolation 
through the cap and out the facility bottom. Table 4.1-1 provides a comparison of the two 
configurations from top to bottom. Both configurations consist of 119 inches of material from the top 
of the upper gravel drainage layer to the bottom of the clean grout on top of the concrete vault roof as . 
required by the PA resident scenario·intruder analysis. 

Table 4.1-1. Closure Cap Configuration Comparison 

Current Kaolin Closure Cap Replacement GCL Closure Cap 
Layer Thickness Layer Thickness 

(inches) (inches) 
To~soil 6 Topsoil 6 
Backfill 30 Backfill 30 
Gravel Drainage 12 Drainage Layer 12 
Kaolin 30 GCL 0.2 
Backfill 12 Backfill 61.28 
Gravel Drainage 6 Drainage Layer 6 
Kaolin 19.68 GCL 0.2 
Clean Grout 39.37 (I m) Clean Grout 39.37 (1 m) 
Concrete Vault Roof 4 Concrete Vault Roof 4 
Clean Grout 16 Clean Grout 16 
Saltstone 288 Saltstone 288 
Concrete Vault Floor 30 Concrete Vault Floor 30 

Several required HELP model input parameters are common to both configurations. Table 4.1-2 
provides a listing of these generic input parameters (i.e., HELP model query) and the associated 
values selected. Use of selected fixed values for these HELP model queries provides compatibility 
between the different HELP model runs. The landfill area is based upon the length (600 feet) and 
width (200 feet) of vault 4, which results in a surface area of 120,000 feet squared or 2.75 acres. It has 
been assumed that the final covers are appropriately sloped so that 100 percent of the covers allow 
runoff to occur (i.e., there are no depressions). A yes response has been provided to the HELP model 
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query, which asks, "Do you want to specify initial moisture storage? (Y/N)." The amount of water or
snow on the surface of the covers was assumed to be zero as the initial model condition.

Table 4.1-2. Generic Input Parameter Values
Input Parameter (HELP Model Query) Generic Input Parameter Value

Landfill area = 2.75 acres
Percent of area where runoff is possible = 100%
Do you want to specify initial moisture storage? (Y/N) Y
Amount of water or snow on surface = 0 in.

As stated the initial moisture storage has been specified for all soil layers. While the initial moisture
storage is not a fixed value for all runs, a fixed method of selecting the initial moisture storage value
has been utilized for consistency. The initial, soil moisture storage value has been selected as follows:

" The initial moisture storage of soil layers designated as either a vertical percolation layer or a
lateral drainage layer was set at the field capacity of the soil.

* The initial moisture storage of soil layers designated as a barrier soil liner was set at the porosity
of the soil.

The Soil Conservation Service (SCS) runoff curve number (CN) is another required HELP model
input parameter that has been made consistent. The HELP model provides three options to specify the
CN. The option that produces a HELP model computed curve number, based on surface slope and
slope length, soil texture of the top layer, and vegetation, was utilized. Table 4.1-3 provides the input
values of surface slope and slope length, soil texture of the top layer, and vegetation that were utilized
to produce the HELP model computed curve number. The 3 percent slope is that specified for the top
surface of the Saltstone final cover within the Saltstone closure plan (Cook et al. 2000). The 600-foot
slope length is the length of an individual Saltstone vault (Cook et al. 2000). The soil texture selected
as an input for calculation of the CN is a loamy fine sand per the United States Department of
Agriculture (USDA) and a silty sand per Unified Soil Classification System (USCS), since it closely
represents the typical vegetative soil layers utilized at SRS. The corresponding number in the HELP
default soil texture list is 5. Based upon these input parameter values the HELP model computed a
CN of 53.40.

Table 4.1-3. Input Parameters for HELP Model Computed Curve Number

CN Input Parameter (HELP Model Query) CN Input Parameter Value
Slope =3%

Slope length = 600 ft
Soil Texture = 5 (HELP model default soil texture)
Vegetation = 4 (i.e., a good stand of grass)
HELP Model Computed Curve Number = 53.40

Table 4.1-4 provides a comparison of the HELP model results for both configurations. The HELP
model estimate for the average annual percolation through the upper kaolin hydraulic barrier layer
was approximately 0.90 inches/year, while that through the upper GCL hydraulic barrier layer was
approximately 0.47 inches/year, approximately half that through the kaolin. The HELP model
estimate for the average annual percolation through the lower kaolin hydraulic barrier layer was
approximately 0.84 inches/year, while that through the lower GCL hydraulic barrier layer was

Rev. 0

, , 

September 22, 2003 4-3 WSRC-TR-2003-00436 

query, which asks, "Do you want to specify initial moisture storage? (YIN)." The amount of water or 
snow on the surface of the covers was assumed to be zero as the initial model condition. 

Table 4.1-2. Generic Input Parameter Values 

Input Parameter (HELP Model Query) Generic Input Parameter Value 
Landfill area = 2.75 acres 
Percent of area where runoff is possible = 100% 
Do you want to specify initial moisture storage? (YIN) Y 
Amount of water or snow on surface = o in. 

As stated the initial moisture storage has been specified for all soil layers. While the initial moisture 
storage is not a fixed value for all runs, a fixed method of selecting the initial moisture storage value 
has been utilized for consistency. The initial, soil moisture storage value has been selected as follows: 

• The initial moisture storage of soil layers designated as either a vertical percolation layer or a 
. lateral drainage layer was set at the field capacity of the soil. 

• The initial moisture storage of soil layers designated as a barrier soil liner was set at the porosity 
of the soil. . 

The Soil Conservation Service (SCS) runoff curve number (CN) is another required HELP model 
input parameter that has been made consistent. The HELP model provides three options to specify the 
CN. The option that produces a HELP model computed curve number, based on surface slope and 
slope length, soil texture of the top layer, and vegetation, was utilized. Table 4.1-3 provides the input 
values of surface slope and slope length, soil texture of the top layer, and vegetation that were utilized 
to produce the HELP model computed curve number. The 3 percent slope is that specified for the top 
surface of the Saltstone final cover within the Saltstone closure plan (Cook et a1. 2000). The 600-foot 
slope length is the length of an individual Saltstone vault (Cook et a1. 2000). The soil texture selected 
as . an input for calculation of the CN is a loamy fine sand per the United States Department of 
Agriculture (USDA) and a silty sand per Unified Soil Classification System (USCS), since it closely 
represents the typical vegetative soil layers utilized at SRS. The corresponding number in the HELP 
default soil texture list is 5. Based upon these input parameter values the HELP model computed a 
CN of 53.40. 

Table 4.1-3. Input Parameters for HELP Model.Computed Curve Number 

CN Input Parameter (HELP Model Query) CN Input Parameter Value 
Slope = 3% 
Slope length = 600 ft 
Soil Texture = 5 (HELP model default soil texture) 
Vegetation = 4 (i.e., a good stand of grass) 
HELP Model Comp~ted Curve Number = 53.40 

Table 4.1-4 provides a comparison of the HELP model results for both configurations. The HELP 
model estimate for the average annual percolation through the upper kaolin hydraulic barrier layer 
was approximately 0.90 inches/year, while that through the upper GCL hydraulic barrier layer was 
approximately 0.47 inches/year, approximately half that through the kaolin. The HELP model 
estimate for the average annual percolation through the lower kaolin hydraulic barrier layer was 
approximately 0.84 inches/year, while that through the lower GCL hydraulic barrier layer was 
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approximately 0.055 inches/year, approximately fifteen times less than that through the kaolin. For
both configurations the average annual percolation through the vault floor was estimated to be
0.00001 inches/year, however this percolation is controlled by the very low saturated hydraulic
conductivity of the vault roof and floor (see Table 3.0-2) rather than by the closure cap hydraulic
barrier layers. The results clearly show that replacement of the kaolin layers with GCLs produces a
closure cap that is equivalent to or better than' the current kaolin closure cap in terms of percolation.
See the -following appendices for the detailed HELP model input data and output files for both
configurations:

* Appendix E, Current Kaolin Closure Cap: HELP Model Input Data and Output File (output file
name: ZKAOout.OUT)

* Appendix F, Replacement GCL Closure Cap: HELP Model Input Data and Output File (output
file name: ZGCLout.OUT)

Table 4.1-4. Comparison of Closure Cap Configurations HELP Model Results

HELP Model Output Current Kaolin Replacement GCL Replacement GCL
Parameter Closure Cap Closure Cap Closure Cap w/o

Vault
Percolation through 0.90 inches/year 0.47 inches/year 0.47 inches/year
upper hydraulic
barrier layer
Percolation through 0.84 inches/year 0.055 inches/year 0.055 inches/year
lower hydraulic
barrier layer
Percolation out vault 0.00001 inches/year 0.00001 inches/year Not applicable
floor

A separate HELP model run was made for the GCL closure cap without inclusion of the vault layers
(i.e. the last four layers in Table 4.1-1). This was done to determine whether or not inclusion of the
vault layers was necessary to determine the percolation rate through the upper GCL.hydraulic barrier.
Percolation through the upper GCL hydraulic barrier is to be utilized as input to the subsequent
PORFLOW vadose zone flow and contaminant transport modeling. The PORFLOW model will be
utilized to model flow and contaminant transport through the vault. The vault is assumed to degrade
over time, particularly through settlement- and earthquake-induced cracking. The HELP model can
not take into account such cracking degradation directly. The cracking would have to be converted
into an equivalent saturated hydraulic conductivity for use in the HELP model. Therefore, if inclusion
of the vault layers is not necessary, the HELP modeling could be significantly simplified by their
exclusion. As indicated by Table 4.1-4 elimination of the vault layer from the replacement GCL
closure cap configuration HELP modeling did not affect the estimated percolation through the upper
GCL, therefore these layer will be deleted from further HELP modeling associated with this
evaluation. See the following appendix for the detailed HELP model input data and output file:

* Appendix G, Replacement GCL Closure Cap without Vault Layers: HELP Model Input Data and
Output File (output file name: ZGCLAout.OUT)

4.2 Drainage System Configuration

Three conceptual SDF closure cap drainage system configurations have been evaluated versus
percolation through the upper GCL, soil fill volume, ditch length, and relative long-term maintenance
requirements. The relationship of each of these parameters to configuration preference is as follows:
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approximately 0.055 inches/year, approximately fifteen times less than that through the kaolin. For 
both configurations' the average annual percolation through the vault floor was estimated to be 
0.00001 inches/year, however this percolation is controlled by the very low saturated hydraulic 
conductivity of the vault roof and floor (see Table 3.0-2) rather than by the closure cap hydraulic 
barrier layers. The results clearly show that replacement of the kaolin layers with GCLs produces a 
closure cap that is equivalent to or better than'the current kaolin closure cap in terms of percolation. 
See the -following appendices for the detailed HELP model input data and output files for both 
configurations: 

• Appendix E, Current Kaolin Closure Cap: HELP Model Input Data and Output File (output file 
name: ZKAOout.OUT) , 

Appendix F, Replacement GCL Closure Cap: HELP/Model Input Data and Output File (output 
file name: ZGCLout.OUT) I 

• 

Table 4.1-4. Comparison of Closure Cap Configurations HELP Model Results 

HELP Model Output Current Kaolin Replacement GCL Replacement GCL 
Parameter Closure Cap Closure Cap Closure Cap w/o 

Vault 
Percolation tlu:ough 0.90 inches/year 0.47 inches/year 0.47 inches/year 
upper hydraulic 
barrier layer 
Percolation through 0.84 inches/year 0.055 inches/year 0.055 inches/year 
lower hydraulic 
barrier layer 
Percolation out vault 0.00001 inches/year 0.00001 inches/year Not applicable 
floor 

A separate HELP model run was made for the GCL closure cap without inclusion of the vault'layers 
(Le. the last four layers ill Table 4.1-1). This was done to determine whether or not inclusion of the 
vault layers was necessary to determine the percolation rate through the upper GCL.hydraulic barrier. 
Percolation through the upper GCL hydraulic barrier is to be utilized as input to the subsequent 
PORFLOW vadose zone flow and contaminant transport modeling. The PORFLOW model will be 
utilized to model flow and contaminant transport through the vault. The vault is assumed to degrade 
over time, particularly through settlement- and earthquake-induced cracking. The HELP model can 
not take into account such cracking degradation directly. The cracking would have to be converted 
into an equivalent saturated hydraulic conductivity for use in the HELP model. Therefore, if inclusion 
of the vault layers is not necessary, the HELP modeling could be significantly simplified by their 
exclusion. As indIcated by Table 4.1-4 elimination of the vault layer from the replacement GCL 
closure cap configuration HELP modeling did not affect the estimated percolation through the upper 
GCL, therefore these layer will be deleted from further HELP modeling associated with this 
evaluation. See the following appendix for the detailed HELP model input data and output file: 

• Appendix G, Replacement GCL Closure Cap witliout Vault Layers: HELP Model Input Data and 
Output File (output file name: ZGCLAout.OUT) 

4.2 Drainage System Configuration 

Three conceptual SDF closure cap drainage system configurations have been evaluated versus 
percolation through the upper GCL, soil fill volume, ditch length, and relative long-term maintenance 
requirements. The relationship of each of these parameters to configuration preference is as follows: 
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* The configuration with the least amount of percolation through the upper GCL is preferable in
order to minimize contaminant transport. The configuration determines the maximum slope
length over a vault, which in turn impacts the quantity of percolation.

* The configuration that requires the least amount of soil fill volume is preferable'in order to
minimize construction costs.

* The configuration that requires the least ditch length is preferable in order to minimize
construction costs and long-term maintenance. The ditches must be specialized ditches that not
only accommodate surface runoff but also intersect and accommodate flow from the subsurface
drainage layers. These ditches are expensive to construct and will require substantial long-term
maintenance in order to maintain their functionality.

Vaults I through 12 are considered representative of all the vaults, therefore vaults 13 through 15 are
not considered specifically here (see Figure 2.0-1). The 600-foot slope length configuration shown in
Figure 4.2-1 is essentially the configuration presented in the current Performance Assessment
(MMES 1992) and Closure Plan (Cook et al. 2000). The closure cap crest is between the two rows of
vaults (i.e. between vaults 1 through 6 and vaults 7 through 12) and drainage is directed to the
perimeter of the entire disposal area in this configuration. The 300-foot slope length configuration
shown in Figure 4.2-2 has a crest down the centerline of each row of vaults and drainage is directed to
the perimeter of the entire disposal area and between the two rows of vaults. The 100-foot slope
length configuration shown in Figure 4.2-3 has a separate crest down the centerline of each individual
vault and drainage is directed between vaults and then to the perimeter of the entire disposal facility.

Table 4.2-1 provides a comparison of the percolation, soil fill volume, ditch length, and relative long-
term maintenance requirements relative to the three drainage system configurations. The percolation
through the upper GCL associated with the Figure 4.2-1 drainage configuration is the same as that
presented in Table 4.1-4 for the GCL closure cap without vault layers.. See the following appendices
for the detailed HELP model input data and output files associated with the Figures 4.2-2 and 4.2-3
drainage system configurations, respectively:

* Appendix H, Replacement GCL Closure Cap with 300-foot Slope Lengths: HELP Model Input
Data and Output File (output file name: ZGCLBout.OUT)

* Appendix I, Replacement GCL Closure Cap with 100-foot Slope Lengths: HELP Model Input
Data and Output File (output file name: ZGCLCout.OUT)

See Appendix J for the calculations associated with the fill volume and ditch lengths associated with
each drainage system configuration.

Based upon this evaluation the 300-foot, slope length drainage system configuration (Figure 4.2-2)
has been selected. It substantially reduces percolation through the upper GCL and required soil fill
volume over the current PA (MMES 1992) and closure plan (Cook et al. 2000) configuration, while
minimizing the increase in ditch lengths and resultant relative long-term maintenance over the 100-
foot, slope length drainage system configuration.
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• The configuration with the least amount of percolation through the upper GCL is preferable in 
order to minimize contaminant transport. The configUration detennines the maximum slope 
length over a vault, which in turn impacts the quantity of percolation. 

• The configuration that requires the least amount of soil fill volume is preferable' in order to 
minimize construction costs. 

• The configuration that requires the least ditch length is preferable in order to mmlmlze 
construction costs and long-tenn maintenance. The ditches must be specialized ditches that not 
only accommodate surface runoff but also intersect and accommodate flow from the subsurface 
drainage layers. These ditches are expensive to construct and will require substantial long-term 
maintenance in order to maintain their functionality. 

Vaults 1 through 12 are considered representative of all the vaults, therefore vaults 13 through 15 are 
not considered specifically here (see Figure 2.0-1). The 600-foot slope length configuration shown in 
Figure 4.2-1 is essentially the configuration presented in the current Perfonnance Assessment 
(MMES 1992) and Closure Plan (Cook et al. 2000). The closure cap crest is between the two rows of 
vaults (Le. between vaults 1 through 6 and vaults 7 through 12) and drainage is directed to the 
perimeter of the entire disposal area in this con~guration. The 300-foot slope length configuration 
shown in Figure 4.2-2 has a crest down the centerline of each row of vaults and drainage is directed to 
the perimeter of the entire disposal area and between the two rows of vaults. The 100-foot slope 
length configuration shown in Figure 4.2-3 has a separate crest down the centerline of each individual 
vault and drainage is directed between vaults and then to the perimeter of the entire disposal facility. 

Table 4.2-1 provides a comparison of the percolation, soil fill volume, ditch length, and relative long­
tenn maintenance requirements relative to the three drainage system configurations. The percolation 
through the upper GCL associated with the Figure 4.2-1 drainage configuration is the same as that 
presented in Table 4.1-4 for· the GCL closure cap without vault layers. See the following appendices 
for the detailed HELP model input data and output ·files associated with the Figures 4.2-2 and 4.2-3 
drainage system configurations, respectively: 

• Appendix H, Replacement GCL Closure Cap with 300-foot Slope Lengths: HELP Model Input 
Data and Output File (output file name:ZGCLBout.OUT) . 

• Appendix I, Replacement GCL Closure Cap with 100.,foot Slope Lengths: HELP Model Input 
Data and Output File (output file name: ZGCLCout.OUT) 

See Appendix J for the calculations associated with the fill volume and ditch lengths associated with 
each drainage system configuration. 

Based upon this evaluation the 300-foot, slope length drainage system configuration (Figure 4.2-2) 
has been selected. It substantially reduces Percolation through the upper GCL and required soil fill 
volume over the current PA (MMES 1992) and closure plan (Cook et al. 2000) configuration, while 
minimizing the increase in ditch lengths and resultant relative long-term maintenance over the 100-
foot, slope length drainage system configuration. 
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Table 4.2-1. Drainage System Configuration Comparison

Parameter Draina e System Configuration
Figure 4.2-1 ' Figure 4.2-2 2 Figure 4.2-3

Maximum Slope Length over a Vault, ft 600 300 100
Percent Slope Length Reduction 50% 83%
Percolation through Upper GCL, in/y! 0.467 0.254 0.110
Percent Percolation Reduction 46% 76%
Soil Fill Volume, cu yd 1,588,300 1,197,600 987,600
Percent Fill Reduction 25% 38%
Ditch Lengths, ft 4,200 5,650 13,450
Percent Ditch Increase 134% 320%
Relative Long-term Maintenance Least Slightly Significantly
Requirements More More

Current PA (MMES 1992) and closure plan (Cook et al. 2000) 600-foot slope length drainage
system configuration.
2 300-foot slope length drainage system configuration

3 100-foot slope length drainage system configuration

4.3 Erosion Barrier And Upper Drainage Layer

To produce acceptable exposure results associated with the resident scenario intruder analysis, the
current PA and closure plan assume that the upper gravel drainage layer functions, as both a drainage
layer and an erosion barrier to maintain the required material thickness of 3 meters (119 inches)
above the vault roof. To function as a drainage layer the grain size of the material needs to be
balanced between the need for a fairly high saturated hydraulic conductivity and the need to minimize
the infiltration of overlying fines. Such an infiltration of fines would negatively impact the saturated
hydraulic conductivity. To function as an erosion barrier the grain size of the material needs to be
large enough to prevent material transport by erosion. These two functions can not be readily
reconciled therefore an erosion control barrier separate from and overlying the drainage layer will be
utilized.

The erosion barrier has been sized based upon the maximum precipitation event for a 10,000-year
return period. The maximum precipitation event for a 10,000-year return period is 3.3 inches over a
15-minute accumulation period (Table XIX from Weber et al. 1998). Based upon this precipitation
event a one foot thick layer of 2-inch to 6-inch granite stone with a d50 (i.e. median size) of 4 inches
has been selected for use as the erosion barrier (sizing based upon Logan 1977; Goldman et al. 1986;
NCSU 1991). See Appendix K for the calculations associated with this selection.

In order to prevent the loss of overlying material into the erosion' barrier and to reduce the saturated
hydraulic conductivity of the erosion barrier layer, the granite stone will be filled with a Controlled
Low Strength Material (CLSM) or Flowable Fill. This results in a combined material with the soil
properties listed in Table 4.3-1. See Appendix K for the calculations associated with the soil
properties for this combined material.
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Table 4.3-1. Erosion Barrier Combined Material Soil Properties
Property Property Value

Saturated hydraulic conductivity 3.97E-04 cm/s
Porosity 0.06
Field Capacity 0.056
Wilting Point 0.052

4.4 Erosion Impact upon Evapotranspiration Zone

Table 4.4-1 presents the revised GCL closure cap configuration based upon the changes outlined in
Sections 4.1 through.4.3. HELP modeling of this configuration with and without the layers above the
erosion barrier (i.e. topsoil and underlying backfill layers) has been performed to evaluate the
potential impact of complete erosion of these layers on the hydraulic performance. See the following
appendices for the detailed HELP model input data and output files associated with the configurations
with and without the layers above the erosion barrier, respectively:

" Appendix L, Replacement GCL Closure Cap with Erosion Barrier: HELP Model Input Data and
Output File (output file name: ZGCLDout.OUT)

* Appendix M, Replacement GCL Closure Cap with Erosion Barrier without Overlying Layers:
HELP Model Input Data and Output File (output file name: ZGCLEout.OUT)

Table 4.4-1. Replacement GCL Closure Cap Configuration
Layer Thickness

(inches)
Topsoil 6

Upper Backfill 30
Erosion Barrier 12
Geotextile Filter Fabric -

Upper Drainage Layer 12
Upper GCL 0.2
Lower Backfill 49.28
Geotextile Filter Fabric -

Lower Drainage Layer 6
Lower GCL 0.2
Clean Grout 39.37 (1 m)

'It is assumed that a geotextile filter fabric will be placed above the drainage layers to minimize the
infiltration of fines from the overlying layers into the drainage layer. However it is not necessary to
include the filter fabric in the HELP models.

Table 4.4-2 presents a comparison of the pertinent HELP model results for this configuration with
and without the layers above the erosion barrier. As seen in Table 4.4-2 elimination of the layer above
the erosion barrier result in significantly less evapotranspiration and significantly more water flux into
the upper drainage layer. This increased water flux to the upper drainage layer would require the
drainage system to handle additional water volumes and would result in increased infiltration through
the upper GCL particularly with any degradation of the GCL. The decrease in evapotranspiration is
due the intersection of the evapotranspiration zone with the drainage layer. The evapotranspiration
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zone is assumed to extend 22 inches deep from the ground surface (USEPA 1994a; USEPA 1994b). It
intersects the top 10 inches of the upper drainage layer, with elimination of the layers above the
erosion barrier. The drainage layer does not provide effective water storage for evapotranspiration but
quickly removes water from the evapotranspiration zone, and therefore decreases the overall
evapotranspiration. In order to increase evapotranspiration for the case where the soil layers above the
erosion barrier have eroded away, a twelve-inch backfill layer will be placed between the erosion
barrier and the upper drainage layer. HELP modeling of this configuration without the layers above
the erosion barrier but with the backfill layer between the erosion barrier and upper drainage layer has
been performed. See the following appendix for the detailed HELP model input data and output file
associated with this configuration:

Appendix N, Replacement GCL Closure Cap with Erosion Barrier without Overlying Layers Plus
Middle Backfill Layer: HELP Model Input Data and Output File (output file name:
ZGCLFout.OUT)

A comparison of the HELP model results for this configuration with the other two is also provided in
Table 4.4-2. As seen the addition of this backfill layer between the erosion barrier and upper drainage
layer, the evapotranspiration greatly improves.

Table 4.4-2. HELP Model Results for Replacement GCL Closure Cap Configurations with and
without Upper Topsoil and Backfill Layers

HELP Model Configuration Configuration Deviation Configuration
Output Parameter with Upper without Upper without Upper.

Topsoil and Topsoil and Topsoil and
Backfill Layers Backfill Layers Backfill Layers

Plus Middle
Backfill Layer

Runoff, inches/year 0.16 0.19 Increase of 0.03 0.24
Evapotranspiration, 34.6 23.7 Decrease of 10.9 29.7
inches/year
Lateral Drainage 13.8 24.5 Increase of 10.7 18.6
from Upper
Drainage Layer,
inches/year
Percolation/ 0.25 0.43 Increase of 0.18 -0.33
Leakage through
Upper GCL,
inches/year

4.5 Grout Layer over Vault Roof

The 2002 Saltstone Intruder Special Analysis (Cook et al. 2002a) assumed in the resident scenario
intruder analysis that the resident excavates 3 meters deep for construction of a basement. This lead to
the requirement for 3 meters of material between the vault top and the top of the erosion barrier in
order to prevent the resident from excavating into the Saltstone waste itself. In the Special Analysis, a
1-meter-thick grout layer above the vault roof was added to achieve the requirement for 3 meters of
material. According to the Special Analysis the only reason for adding the grout layer was to increase
the material thickness between the vault top and the top of the erosion barrier. Typical soil materials
would perform the required function as'well as grout. Therefore the 1-meter-thick grout layer will be
replaced with 1 meter of soil materials.
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replaced with 1 meter of soil materials. . 

Rev. 0 



September 22, 2003 4-12 WSRC-TR-2003-00436

4.6 Lower Drainage Layer

Previous undocumented PORFLOW modeling has indicated that water could build up on top of the
vault, due to the low permeability of the vault roof and the inadequate thickness of the overlying
drainage layer particularly as the drainage layer silts-in over time (see Section 5.3). Such a build up
increases the hydraulic head, which is the driving force for flow of water through the vault. To
minimize build up of water on top of the vault the following changes to the closure cap configuration
were made:

* The lower drainage layer thickness was increased from 6 inches to 2 feet,

" A 3-foot wide vertical drainage layer was added along the sides of the vaults, and

* A 5-foot-thick by 10-foot-long drainage layer was added at the base of the vaults.

All three of these layers are interconnected in order to route water off the vault top along the vault
sides to the soil layer below the vaults.

4.7 Closure Cap Configuration Summary and Intact Infiltration

The following are the changes that have been made to the closure cap configuration from that
described within the current PA, Closure Plan, and PA Intruder Special Analysis (MMES 1992; Cook
et al. 2000; Cook et al. 2002a) as outlined in Section 2.0:

* The kaolin hydraulic barriers have been replaced with GCLs (see Section 4.1).

* The drainage system configuration has been revised from that depicted in Figure 4.2-I to that of
Figure 4.2-2. This decreases the slope lengths from a maximum of 600 feet to 300 feet over the
vaults. The Figure 4.2-2 configuration has a crest down the centerline of each row of vaults and
drainage is directed to the perimeter of the entire disposal area and between the two rows of
vaults. (see Section 4.2)

* An erosion barrier separate from and above the upper drainage layer has been added. The erosion
barrier is one-foot thick and consists of 2-inch to 6-inch granite stone with a d50 (i.e. median size)
of 4 inches. (see Section 4.3)

" A twelve-inch-thick backfill layer has been added between the erosion barrier and the upper

drainage layer.

* The 3-meter-thick grout layer has been replaced with 3 meters of soil materials.

* The lower drainage layer thickness has been increased from 6 inches to 2 feet, a 3-foot wide
vertical drainage layer has been added along the sides of the vaults, and a 5-foot-thick by 10-foot-
long drainage layer has been added at the base of the vaults.

Figure 4.7-1 and Table 4.7-1 present the resulting SDF GCL closure cap configuration. Table 4.7-1
also includes the associated HELP Model soil input data. Additional HELP model input change from
the previous modeling include:

* The landfill area modeled has been modified to conform to the Figure 4.2-2 drainage layer
configuration as shown in Figure 4.7-1. The area modeled has been changed 350-foot by 250-
foot, which results in a surface area of 87,500 feet squared or 2.009 acres.

- The surface slope length has been changed to 350 feet as shown in Figure 4.7-1. This change
results in a HELP model computed curve number of 55.20.

* The slope length of the upper drainage layer has been changed to 350 feet.

* The slope length of the lower drainage layer has been changed to 250 feet.
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The initial moisture storage has been specified as done in Section 4.1.

HELP modeling of the Table 4.7-1 intact SDF GCL closure cap configuration has been performed as
outlined above. Based upon this modeling the infiltration through the upper GCL has been estimated
to be 0.29 inches per year for intact conditions. The following appendix provides the detailed HELP
model, input data and output file for the intact condition:

* Appendix 0, Intact SDF GCL Closure Cap (0 Years): HELP Model Input Data and Output File
(output file name: ZGCLIout.OUT)
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Table 4.7-1. Intact SDF GCL Closure Cap Configuration and HELP Model Required Soil
Property Data

Layer Thickness Saturated Total Field Wilting Point
(inches) Hydraulic Porosity Capacity (Vol/Vol)

Conductivity (Vol/Vol) (VoliVol)
(cm/sec)

Topsoil' 6 1.OOE-03 0.4 0.11 0.058
Upper Backfill 30 1.OO&E04 0.37 0.24 0.136
Erosion Barrier 12 3.97E-04 0.06 0.056 0.052
Middle Backfill 12 6 L.OOE-04 0.37 0.24 0.136

Geotextile Filter - - - -

Fabric 5
Upper Drainage 12 1.OOE-01 0.38 0.08 0.013
Layer 1
Upper GCL 0.2 5.OOE-09 3 0.75 4 0.747 0.404

Lower Backfill. 58.65 6 1.OOE-04 0.37 0.24 0.136
Geotextile Filter - - -
Fabric 5
Lower Drainage 24 6 1.OOE-01 0.38 0.08 0.013Layer 1 0 230

Lower GCL 0.2 5.OOE-09 0.75 5' 0.747 3 0.40 3
'WSRC 2002
2 See Section 4.3

3 GSE 2002
4 USEPA 1994a and USEPA 1994b
5 It is assumed that a geotextile filter fabric will be placed above the drainage layers to minimize the
infiltration of fines from the overlying layers into the drainage layer. However it is not necessary to
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Table 4.7-1. Intact SDF GCL Closure Cap Configuration and HELP Model Required Soil 
Property Data 

Layer 

Topsoil 1 

Upper Backfill 1 

Erosion Barrier ~ 
Middle Backfill 
I 

Geotextile Filter 
Fabric 5 

Upper Drainage 
Layer I 

UpperGCL 
Lower Backfill I . 

Geotextile Filter 
Fabric 5 

Lower Drainage 
Layer I 

LowerGCL 

I WSRC 2002 

2 See Section 4.3 

3 GSE 2002 

- Thickness 
(inches) 

6 
30 
12 
12 6 

-

12 

0.2 
58.65 0 

-

24 0 

0.2 

4 USEP A I 994a and USEP A 1994b 

Saturated 
Hydraulic 

Conductivity 
. (cm/sec) 
1.00E-03 
1.00E~04 

3.97E-04 
1.00E-04 

-

1.00E-OI 

5.00E-09 j 

1.00E-04 
-

1.00E-OI 

5.00E-09 ~ 

Total Field Wilting Point 
Porosity Capacity (VolNol) 

(VolNol) (VolNol) 

0.4 0.11 0.058 
0.37 0.24 0.136 
0.06 0.056 0.052 
0.37 0.24 0.136 

- - -

0.38 0.08 0.013 

0.75 4 0.747 4 0.40 4 

0.37 0.24 0.136 
- - -

0.38 0.08 0.013 

0.75 j 0.747 j 0.40 j 

5 It is assumed that a geotextile filter fabric will be placed above the drainage layers to minimize the 
infiltration of fines from the overlying layers into the drainage layer. However it is not necessary to 
include the filter fabric in the HELP models. 

6 The 39.37 inches (1 m) of clean grout immediately above the vault roof was replaced with 12 inches 
of Middle Backfill, 9.37 inches of Lower Backfill, and 18 inches of lower drainage layer. 
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1. INTRODUCTION

1.1 Background

On October 31, 1989 the Environmental Protection Agency (EPA) issued final rules for
radionuclide emissions to air under 40 CFR 61, National Emission Standards for Hazardous Air
Pollutants (NESHAPS). Emission monitoring and compliance procedures for Department of
Energy (DOE) facilities (40 CFR 61.93 (a) ) require the use of CAP-88 or AIRDOS-PC computer
models, or other approved procedures, to calculate effective dose equivalents to members of the
public.

The CAP88 (which stands for Clean Air Act Assessment Package - 1988) computer model is a set
of computer programs, databases and associated utility programs for estimation of dose and risk
from radionuclide emissions to air. CAP88 is composed of modified versions of AIRDOS-EPA
(Mo79) and DARTAB (ORNL5692). The original CAP88 model is written in FORTRAN77 and
has been compiled and run on an IBM 3090 under OS/VS2, using the IBM FORTRAN compiler, at
the EPA National Computer Center in Research Triangle Park, NC.

1.2 Purpose

The original CAP88-PC software package, version 1.0, allowed users to perform full-featured dose
and risk assessments in a DOS environment for the purpose of demonstrating compliance with 40
CFR 61.93 (a). CAP88-PC provides the CAP-88 methodology for assessments of both collective
populations and maximally-exposed individuals. The complete set of dose and risk factors used in
CAP88 is provided. CAP88-PC differs from the dose assessment software AIRDOS-PC in that it
estimates risk as well as dose, offers a wider selection of radionuclide and meteorological data,
provides the capability for collective population assessments, and allows users greater freedom to
alter values of environmental transport variables. CAP88-PC version 1.0 was approved for
demonstrating compliance with 40 CFR 61.93 (a) in February 1992.

CAP88-PC version 2.0 provided a framework for developing inputs to perform full-featured dose
and risk assessments in a Windows environment for the purpose of demonstrating compliance with
40 CFR 61.93 (a). Version 2.1 included some additional changes compared to the DOS version and
the previous Windows version, 2.0. The changes included the addition of more decay chains,
improvements in the Windows code error handling, and a modified nuclide data input form
Section 1.6 provides a summary of the changes incorporated into Version 2.1 relative to Version
2.0.

CAP88-PC Version 3.0 is a significant update to the version 2 system. Version 3 incorporates dose
and risk factors from Federal Guidance Report 13 (FGR 13, EPA99) in place of the RADRISK data
that was used in previous versions. The FGR 13 factors are based on the methods in Publication 72
of the International Commission on Radiological Protection (ICRP72).. In addition, the CAP88-PC
database, the user interface, input files, and output files, were modified to accommodate the FGR 13
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data formats and nomenclature. Section 1.7 describes the modifications incorporated into Version 3
relative to Version 2.1.

1.3 Model Summary

CAP-88 PC uses a modified Gaussian plume equation to estimate the average dispersion of
radionuclides released from up to six emitting sources. The sources may be either elevated stacks,
such as a smokestack, or uniform area sources, such as a pile of uranium mill tailings. Plume rise
can be calculated assuming either a momentum or buoyant-driven plume. Assessments are done for
a circular grid of distances and directions for a radius of up to 80 kilometers (50 miles) around the
facility. The Gaussian plume model produces results that agree with experimental data as well as
any model, is fairly easy to work with, and is consistent with the random nature of turbulence.

There are a few differences between CAP88-PC and earlier mainframe versions of AIRDOS,
PREPAR and DARTAB. In particular, population assessments are easier to perform in CAP88-PC.
When performing population assessments, population arrays must always be supplied to the
program as a file, using the same format as the mainframe version of CAP88. Sample population
files are supplied with CAP88-PC, which the user should modify to reflect their own population
distributions. Population files for the mainframe Version of CAP88 may be downloaded in ASCII
format and used with CAP88-PC. When performing population dose assessments, CAP88-PC uses
the distances in the population array to determine the sector midpoint distances where the code
calculates concentrations. Note that CAP88-PC only uses circular grids. When an individual
assessment is run, the sector midpoint distances are input by the user on the Run Option tab form.
Direct user input of radionuclide concentrations is not an option in CAP88-PC.

CAP88-PC has the capability to vary equilibrium fractions; previously they were set to a constant of
0.7. The new method varies the equilibrium fractions depending on the distance from the source.
Linear interpolation is used to determine the equilibrium fractions for distances that do not match
the set distances given.

Agricultural arrays of milk cattle, beef cattle and agricultural crop area are generated automatically,
requiring the user to supply only the State name or agricultural productivity values. When a
population assessment is performed, the arrays are generated to match the distances used in the
population arrays supplied to the code, and use State-specific or user-supplied agricultural
productivity values. The state name (standard two letter abbreviation) must be provided on the
Facility Data tab form. Users are given the option to override the default agricultural productivity
values by entering the data directly on the Agricultural Data tab form. If Alaska, Hawaii, or
Washington, D.C. is selected, agricultural productivity values are set to zero and must be provided
by the user.

CAP88-PC is also modified to do either "Radon-only" or "Non-Radon" runs, to conform to the
format of the 1988 Clean Air Act NESHAPS Rulemaking. "Radon-only" assessments, which only
have Rn-222 in the source term, automatically include working level calculations; any other source
term ignores working levels. Synopsis reports customized to both formats are automatically
generated. Assessments for Radon-222 now automatically include Working Level calculations
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population assessment is perfonned, the arrays are generated to match the distances used in the 
population arrays supplied to the code, and use State-specific or user-supplied agricultural 
productivity values. The state name (standard two letter abbreviation) must be provided on the 
Facility Data tab fonn. Users are given the option to override the default agricultural productivity 
values by entering the data directly on the Agricultural Data tab fonn. If Alaska, Hawaii, or 
Washington, D.C. is selected, agricultural productivity values are set to zero and must be provided 
by the user. 

CAP88-PC is also modified to do either "Radon-only" or "Non-Radon" runs, to confonn to the 
. fonnat of the 1988 Clean Air Act NESHAPS Rulemaking. "Radon-only" assessments, which only 
have Rn-222 in the source tenn, automatically include working level calculations; any other source 
tenn ignores working levels. Synopsis reports customized to both fonnats are automaticaliy 
generated. Assessments for Radon-222·now automatically include Working Level calculations 
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when only a single source term of Rn-222 may be used in this option. Input of any additional
radionuclides, even Rn-220, will cause CAP88-PC to omit working level calculations. Version 3
has not changed the "Radon Only" methodology relative to the previous versions 2.0 and 2.1.

The calculation of deposition velocity and the default scavenging coefficient is defined by current
EPA policy. Deposition velocity is set to 3.5e-2 m/sec for Iodine, 1.8e-3 m/sec for Particulate, and
0.0 m/sec for Gas. The default scavenging coefficient is calculated as a function of annual
precipitation, which is input on the Meteorological Data tab form. Version 3 has not modified these
calculations.

Organs and weighting factors have been modified in Version 3 to follow the FGR 13 method. In
accordance with the FGR 13 dose model, the code now calculates dose for 23 internal organs, rather
than the 7 organs used in earlier versions. A '2 4th' organ is also calculated, which is the total
effective dose equivalent. The code now reports cancer risk for the 15 target cancer sites used in
FGR 13. As was the case in version 2, changing the organs and weights will invalidate the results.

1.4 Validation

The CAP88-PC programs represent one of the best available validated codes for the purpose of
making comprehensive dose and risk assessments. The Gaussian plume model used in CAP88-PC
to estimate dispersion of radionuclides in air is one of the most commonly used models in
Government guidebooks. It produces results that agree with experimental data as well as any
model, is fairly easy to work with, and is consistent with the random nature of turbulence. Version
3 has not modified the basic Gaussian plume algorithm used by the AIRDOS module of CAP88-PC,
and comparison cases between version 2 and 3 have shown no significant changes in the dispersion
calculations.

The Office of Radiation and Indoor Air has made comparisons between the predictions of annual-
average ground-level concentration to actual environmental measurements, and found very good
agreement. In the paper "Comparison of AIRDOS-EPA Prediction of Ground-Level Airborne
Radionuclide Concentrations to Measured Values" (Be86), environmental monitoring data at five
Department of Energy (DOE) sites were compared to AIRDOS-EPA predictions. EPA concluded
that as often as not, AIRDOS-EPA predictions are within a factor of 2 of actual concentrations.

1.5 Limitations

Like all models,-there are some limitations in the CAP88-PC system.

While up to six stack or area sources can be modeled, all the sources are modeled as if located at the
same point; that is, stacks cannot be located in different areas of a facility. The same plume rise
mechanism (buoyant or momentum) is used for each source. Also, area sources are treated as
uniform. Variation in radionuclide concentrations due to complex terrain cannot be modeled.

Errors arising from these assumptions will have a negligible effect for assessments where the
distance to exposed individuals is large compared to the stack height, area or facility size.
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The CAP88-PC programs represent one of the best available validated codes for the purpose of 
making comprehensive dose and risk assessments. The Gaussian plume model used in CAP88-PC 
to estimate dispersion of radionuclides in air is one of the most commonly used models in 
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model, is fairly easy to work with, and is consistent with the random nature of turbulence. Version 
3 has not modified the basic Gaussian plume algorithm used by the AIRDOS module ofCAP88-PC, 
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The Office of Radiation and Indoor Air has ~ade comparisons between the predictions of annual­
average ground-level concentration to actual environmental measurements, and found very good 
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Like all models;there are some limitations in the CAP88-PC system. 

While up to six stack or area sources can be modeled, all the sources are modeled as if located at the 
same point; that is, stacks cannot be located in different areas of a facility. The same plume rise 
mechanism (buoyant or momentum) is used for each source. Also, area sources are treated as 
uniform. Variation in radionuclide concentrations due to complex terrain cannot be modeled. 

Errors arising from these assumptions will have a negligible effect for assessments where the 
distance to exposed individuals is large compared to the stack height, area or facility size. 
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Table 1. NRC Default Values for Land Usage and Individual Consumption

NRC NRC
Default Units Ref.

Land Usage Statistics
Beef-cow forage consumption (wet) 50 kg/day 2
Milk-cow forage consumption (wet) 50 kg/day 2
Pasture-grass exposure time 30 days 2,30
Transport time (feed-milk-man) 4 days sp
Holdup time (pasture grass, forage) 0 days sp
Holdup time (stored feed) 90 days sp
Fraction of time milk-cow on pasture 0.75 - 31
Fraction of time beef-cow on pasture 0.75 - 31
Tune from slaughter to consumption 20 days sp
Crop exposure time 60 days 2,30
Fraction of leafy vegetables from garden 1.0 sp
Fraction of other vegetables from garden 0.76 sp
Transport time (leafy veg, produce; pop) 14 days sp
Transport time (leafy veg.; MW 1 days sp
Transport time (produce; MI) 60 days sp
Agricultural productivity (pasture grass) 0.7 kg/sq m 32
Agricultural productivity (produce/veg.) 2.0 kg/sq m 9
Vegetable garden productivity 2.0 kg/sq m 9
Average Individual Usage
Other vegetable consumption 190 kg/yr 2,33
Meat consumption 95 kg/yr 2,33
Milk consumption 110 L/yr 2,33
Water consumption 370 L/yr 2
Invertebrate consumption 1.0 kg/yr 2,33
Maximum Individual Usage
Leafy vegetable consumption 64 kg/yr 2-33
Other vegetable consumption 520 kg/yr 2,33
Meat consumption. 110 kg/yr 2,33
Milk consumption 310 11yr 2,33
Water consumption 730 l/yr 2
Fish consumption 21 kg/yr 2
Invertebrate consumption 5 kg/yr 2,33
Recreational shoreline usage 12 hr/yr 2

sp=NRC staff position
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Table 1. NRC Default Values for Land Usage and Individual Consumption 

NRC NRC 
Default Units Ref. 

Land U:ial:i: Stati:ilii::i 
Beef-cow forage consumption (wet) 50 kg/day 2 
Milk-cow forage consumption (wet) 50 kg/day 2 
Pasture-grass exposure time 30 days 2,30 1 

.': 

Transport time (feed-milk-man) 4 days sp 
Holdup time. (pasrure grass, forage) 0 days sp 
Holdup time (stored feed) 90 days sp 
Fraction of time milk-cow on pasture 0.75 31 
Fraction of time beef-cow on pasture 0.75 31 
Tune from slaughter to consumption 20 . days sp 
Crop exposure time 60 days 2,30 
Fraction of leafy vegetables from garden 1.0 sp 
Fraction of other vegetables from garden 0.76 sp 
Transport time (leafy veg. produce; pop) 14 days sp 
Transport time (leafy veg.; MI) 1 days sp 
Transport time (produce; MI) 60 ,days sp 
Agricultural productivity (pasture grass) 0.7 kg/sqm 32 
Agricultural productivity (produce/veg.) 2.0 kg/sqm 9 
Vegetable garden productivity 2.0 kg/sqm 9 
A Vf:[al:f: Imlil:idual U:ial:f: 
Other vegetable consumption 190 kg/yr 2,33 
Meat consumption 95 kg/yr 2,33 
Milk consumption 110 l.Jyr 2,33 
Water consumption 370 l.Jyr 2 
Invertebrate consumption 1.0 kg/yr 2,33 
Maximum Imli!idual ll:iBI:i: 
Leafy vegetable consumption 64 kg/yr 2:33 
Other vegetable consumption 520 kg/yr 2,33 
Meat consumption . ' 110 kg/yr 2,33 
Milk consumption 310 l.Jyr 2,33 
Water consumption 730 I.Jyr 2 
Fish consumption 21 kg/yr 2 
Invertebrate consumption 5 kg/yr 2,33 
Recreational shoreline usage 12 hr/yr 2 

sp=NRC staff position 
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Table 2. SRS-Specific Parameter Values for DOse Estimates

NRC 1979-83
Units Default Survey

Land Usage Statistics
Beef-cow forage consumption (wet)
Milk-cow forage consumption (wet)
Pasture-grass exposure time
Agricultural productivity (pasture grass)
Transport time (feed-milk-man)
Holdup time (pasture grass, forage)
Holdup time (stored feed)
Fraction of time milk-cow on pasture
Fraction of time beef-cow on pasture
Fraction of intake from pasture (milk cow)
Fraction of intake from pasture (beef-cow)
Tmune from slaughter to consumption
Fraction of leafy vegetables from garden
Fraction of other vegetables from garden
Transport time (leafy veg, produce;pop)
Transport time (leafy veg; MI)
Transport time (produce; MI)
Agricultural productivity (produce/veg.)
Vegetable garden productivity
Crop exposure time

Water Usage Statistics
Edible sport fish harvest (d)
Edible commercial fish harvest (c)
Edible commercial invertebrate harvest
Edible fraction of harvest: Fish(whole)

Crab (whole)
Shrimp(headless)
Oysters(meat)
Clams(meat only)

Population shoreline usage
Population swimming usage
Population boating usage

Drfinking Water
Effective population - Beaufort/Jasper
Effective population - Port Wentworth
Transit time from discharge to river
Transit time, river entry to treatment facility

kg/day
kg/day
days

kg/sqm
days
days
days

days

days
days
days

kg/sq m
kg/sq m

days

kg/yr
kg/yr
kg/yr

per-hrs
per-hrs
per-hrs

persons
persons
hours
hours

50
50
30

0.7
4
0

90
0.75(b)
0.75(b)

1(b)
1(b)
20
1.0

0.76
14
1

60
2.0
2.0
60

50
50
30

0.501
4
0
90

0.58
0.79
0.45
0.85
20

0.75
0.76
14
1

60
0.894
0.632

60

This
Survey

36(a)
52(a)

30
1.8
3
0
90
1.0
1.0

0.56
0.75

6
1.0

0.76
14
1

60
0.7
0.7
70

3.5E+04
2.7E+03
3.9E+05

0.50
0.14
0.90
1.00
1.00

9.6E+05
1.6E+05
1.1E+06

5.OE+04
1.5E+04

24
72

Ref.

10
10

10,11
10
12
1
1
10
10
10
10
10
1
1
1

1
1

22

14

19
20,21
10,21

22
24
23
23
23
25
25
25

- 9.1E+04*
- 3.2E+04*
- 3.OE+05*
- 0.50

- 1.1E+05
- 8.5E+03
- 2.3E+05

5.1E+04
2.OE+04

24
72

17
15
18
18

li*

(a)
(b)
(C)

(CD

Values are for total harvest (not only edible portion).
Values obtained from questionnaire.
dry weight converted to wet weight assuming 75% of plant mass is water.
not specifically given in Reg. Guide 1.109 but obtained from GASPAR manual, NUREG-0597.
approximately 96% of 1989 harvest was American shad(not full time residents of Savannah River and not
included here).
sport invertebrate harvest not included due to closure of Savannah River to invertebrate fishing.
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Table 2. SRS-Specific Parameter Values for Dose Estimates 

NRC 1979-83 This 
Units Default 

Land llsa2S: Statisth;s 
Survey Survey Ref. 

Beef-cow forage consumption (wet) kg/day 50 50 36(a) 10 
Milk-cow forage consumption (wet) kg/day 50 50 52(a) 10 
Pasture-grass exposure time days 30 30 30 10,11 
Agricultural productivity (pasture grass) . kg/sqm 0.7 0.501 1.8 10 
Transport time (feed-milk-man) days 4 4 3 12 
Holdup time (pasture grass, forage) days 0 0 0 1 
Holdup time (stored feed) days 90 90 90 1 
Fraction of time milk -cow on pasture 0.75(b) 0.58 1.0 10 
Fraction of time beef-cow on pasture 0.75(b) 0.79 1.0 10 
Fraction of intake from pasture (milk cow) l(b) 0.45 0.56 10 
Fraction of intake from pasture (beef-cow) l(b) 0.85 0.75 10 
llDle from slaughter to consumption days 20 20 6 10 
Fraction of leafy vegetables from garden 1.0 0.75 1.0 1 
Fraction of other vegetables from garden 0.76 0.76 0.76 I 
Transport time (leafy veg,produce;pop) days 14 14 14 1 
Transport time (leafy veg; Ml) days 1 1 1 1 
Transport time (produce; MI) days 60 60 60 1 
Agricultural productivity (producelveg.) kg/sqm . 2.0 0.894 0.7 •• 
Vegetable garden productivity kg/sqm 2.0 0.632 0.7 •• 
Crop exposure time days 60 60 70 14 

Watl:[ USa2S: Statisti5:s 
Edible sport fish harvest (d) kg/yr 9.IE+04* 3.5E+04 19 
Edible commercial fish harvest (c) kg/yr 3.2E+04* 2.7E+03 20,21 
Edible commercial invertebrate harvest kg/yr 3.0E+05* 3.9E+OS 10,21 
Edible fraction of harvest: Fish(whole) 0.50 O.SO 22 

Crab (whole) 0.14 24 
Shrimp(headless) 0.90 23 
Oysters(meat) 1.00 23 
Oams(meat only) 1.00 23 

Population shoreline usage per-hrs 1.lE+05 9.6E+05 25 
Population swimming usage per-hrs 8.5E+03 1.6E+OS 25 
Population boating usage per-hrs 2.3E+OS 1.1E+06 25 

l2[inldn2 l"iats:[ 
Effective population - Beaufort/Jasper persons 5.1E+04 5.0E+04 17 
Effective population - Port Wentworth persons 2.0E+04 l.SE+04 IS 
Transit time from discharge to river hours 24 24 18 
Transit time, river entty to treatment facility hours 72 72 18 

• Values are for tocal harvest (not only edible ponion) . 
•• Values obtained from questionnaire . 
(a) dry weight converted to wet weight assuming 15% of plant mass is water. 
(b) not specifically given in Reg. Guide 1.109 but obtained from GASPAR manual, NUREG-0597. 
(c) approximately 96% of 1989 harvest was American shad(not full time residents of Savannah River and not 

included here). 
(d) sport invertebrate harvest not included due to closure of Savannah River to invertebrate fIShing. 
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Table 3. Beef Production Grid (kg/yr)

Sector
N

NNE
NE

ENE
E

ESE
SE

SSE
S

SSW
SW

WSW
W

WNW
NW

NNW

10-20 Mi
5.3E+04
5.3E+04
7.1E+04
8.3E+04
8.3E+04
8.3E+04
1.2E+05
I.1E+05
9.4E+04
9.5E+04
9.5E+04
9.5E+04
5.8E+04
4.8E+04
5.8E+04
5.3E+04

20-30 Mi
8.8E+04
8.8E+04
1.7E+05
2.OE+05
1.9E+05
1.9E+05
2.1E+05
1.9E+05
1.5E+05
1.8E+05
1.7E+05
1.6E+05
1.0E+05

6.2E+05
8.OE+04
8.8E+04

30-40 Mi 40-50 Mi
2.5E+05 9.8E+05
2.OE+05 4.1E+05
3.5E+05 4.5E+05
4.6E+05 5.7E+05
3.4E+05 5.1E+05
2.2E+05 2.5E+05
2.6E+05 3.OE+05
2.6E+05 2.9E+05
2.OE+05 2.7E+05
2.9E+05 3.9E+05
2.7E+05 3.2E+05
2.3E+05 4.OE+05
2.IE+05 4.1E+05
1.3E+05 2.9E+05
2.8E+05 2.7E+05
3.3E+05 6.2E+05

Table 4. Milk Production Grid (L/yr)

Sector
N

NNE
NE

ENE
E

ESE'
SE

SSE
S

SSW
SW

WSW
W

WNW
NW

NNW

10-20 MI
4.2E+04
4.2E+04
3.2E+04
2.5E+04
2.5E+04
2.5E+04
2.5E+03
4.8E+05
1.OE+06
9.9E+05

' 9.9E+05
9.9E+05
6.7E+05
2.3E+05
4.2E+04
4.2E+04

20-30 Mi 30-40 Mi 40-50 Mi
6.9E+04 1.OE+ 5.3E+06
6.9E+04 2.1E+05 5.OE+05
1.OE+06 2.7E+06 2.OE+06
1.2E+06 4.4E+06 5.2E+06
1.4E+06 3.9E+06 4.9E+06
5.6E+05 3.OE+04 4.9E+05
0.OE+00 0.OE+00 0.OE+00
8.6E+05 1.2E+06 1.2E+06
2.1E+06 3.OE+06 3.5E+06
3.8E+06 7.4E+06 7.6E+06
2.2E+06 5.8E+06 4.8E+06
1.7E+06 2.4E+06 3.5E+06
1.3E+06 2.2E+06 3.6E+06
1.1E+06 1.2E+06 2.OE+06
3.8E+05 1.4E+06 1.OE+06
6.OE+04 1.7E+06 3.4E+06
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Table 3. Beef Production Grid (kg/yr) 

-!. 

Sector 10-20 Mi 20-30Mi 30-40Mi 4O-50Mi 
N 5. E 8.8E+04, 2.5E+05 9.8E+05 

NNE 5.3E+04 8.8E+04 2.0E+05 4.1E+05 
NE 7.1E+04 1.7E+05 3.5E+05 4.5E+05 

ENE 8.3E+04 ,2.0E+05 4.6E+05 5.7E+05 
E 8.3E+04 1.9E+05 3.4E+05 5.1E+05 

ESE 8.3E+04 1.9E+05 2.2E+05 2.5E+05 
SE 1.2E+05 2.1E+05 2.6E+05 3.0E+OS 

SSE 1.1E+05 1.9E+05 , 2.6E+05 2.9E+OS 
S 9.4E+04 l.SE+05 2.0E+05 2.7E+05 

SSW 9.5E+04 1.8E+05 2.9E+05 3.9E+05 
SW 9.5E+04 1.7E+05 2.7E+05 3.2E+05 

WSW 9.SE+D4 1.6E+05 2.3E+05 4.0E+05 
W 5.8E+04 1.0E+05 2.1E+05 4.1E+05 

WNW 4.8E+04 6.2E+05 1.3E+05 2.9E+05 
NW 5.8E+04 8.0E+04 2.8E+05 2.7E+05 

NNW 5.3E+04 8.8E+04 3.3E+05 6.2E+05 

Tab~e 4. Milk Produ<;:tion Grid (lIyr) 

Sector 1O-20MI' 20-30Mi 30-40Mi 4O-50Mi 
N 4. E 6.9E+04 l.OE+06 5.3E+06 

NNE 4.2E+04 6.9E+04 2.1E+OS S.OE+OS 
NE 3.2E+04 1.0E+06 2.7E+06 2.0E+06 

ENE 2.5E+04 1.2E+06 4.4E+06 S.2E+06 
E 2.SE+D4 1.4E+06 3.9E+06 4.9E+06 

ESE 2.5E+04 5.6E+05 3.0E+04 4.9E+05 
SE 2.SE+03 O.OE+OO O.OE+OO O.OE+OO 

SSE 4.8E+OS 8.6E+OS 1.2E+06 1.2E+06 
S 1.0E+06 2.1E+06 3.0E+06 3.5E+06 

SSW 9.9E+05 3.8E+06 7.4E+06 7.6E+06 
SW " 9.9E+OS 2.2E+06 S.8E+06 4.8E+06 

WSW 9.9E+OS 1.7E+06 2.4E+06 3.5E+06 
W 6.7E+OS 1.3E+06 2.2E+06 3.6E+06 

WNW 2.3E+OS' 1.1E+06 1.2E+06 2.0E+06 
NW 4.2E+04 3.8E+OS I.4E+06 1.0E+06 

NNW 4.2E+04 6.OE+04 1.7E+06 3.4E+06 
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Table 5 Vegetable Production Grid (kg/yr)

Sector
N

NNE
NE

ENE
E

ESE
SE

SSE
S

SSW
SW

WSW
W

WNW
NW

NNW

10-20 Mi
3.4E+05
3.4E+05
3.4E+05
3.4E+05
3.4E+05
3.4E+05
2.3E+06
1.6E+06
6.9E+04
2.5E+02
2.5E+02
2.5E+02
4.4E+04
2.5E+05
3.4E+05
3.4E+05

20-30 Mi 30-40 Mi
5.7E+05 8.0E+05
5.7E+05 4.8E+05
6.5E+05 9.4E+05
6.2E+05 1.1E+06
5.7E+05 8.4E+05
2.1E+06 1.8E+06
4.3E+06 2.9E+06
2.8E+06 3.4E+06
5.2E+05 8.0E+05
1.2E+05 2.4E+05
5.1E+02 1.2E+03
4.2E+02 7.7E+03
2.3E+04 1.7E+04
3.8E+04 4.3E+04
4. 1E+05 8.OE+05
5.7E+05 8.OE+05

40-50 Mi
8.3E+05-
2.9E+03
4.5E+05
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1.OE+06
1.OE+06
1.OE+06
9.3E+05
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3. 1E+05
2.6E+03
2.1E+03
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1.OE+06
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Table 6. Leafy-Vegetable Production Grid (kg/yr)

SECTOR
N

NNE
NE

ENE
E

ESE
SE

SSE
S

SSW
SW

WSW
W

WNW
NW

NNW

10-20 Mi
1.7E+04
1.7E+04
1.7E+04
1.7E+04
1.7E+04
1.7E+04
1.2E+05
8.2E+04
3.4E+03
9.5E+01
9.5E+01
9.5E+01
1.7E+03
1.2E+04
1.7E+04
1.7E+04

20-30 Mi 30-40 Mi
2.8E+04 3.9E+04
2.8E+04 2.4E+04
4.3E+04 7.9E+04
3.3E+04 1.0E+05
1.4E+04 1.2E+04
9.7E+04 9.1E+04
2. 1E+05 1.4E+05
1.4E+05 1.7E+05
2.5E+04 3.9E+04
6.1E+03 1.3E+04
2.7E+02 9.9E+02
1.6E+02 2.2E+02
1.4E+02 2.2E+02
1.4E+02 1.9E+04
1.9E+04 3.9E+04
2.8E+04 3.9E+04

40-50 Mi
4.OE+04
3.4E+04
4.6E+04
1.3E+05
9.2E+04
4.5E+04
5.OE+04
5.OE+04
4.5E+04
6.3E+03
1.3E+03
3.OE+02
5.OE+04
5.OE+04
5.OE+04
5.OE+04

15
M9102009

Table 5 Vegetable Production Grid (kg/yr) 

Sector 10-20 Mi 20-30Mi 30-40 Mi 40-50 Mi 
N .4E S S.7E+o5 8.0E+05 8.3E+05 

NNE 3.4E+OS S.7E+OS 4.8E+05 2.9E+03 
NE 3.4E+OS 6.SE+OS 9.4E+OS 4.SE+OS 

ENE 3.4E+OS 6.2E+OS l.lE+06 1.3E+06 
E 3.4E+OS S.7E+OS 8.4E+OS 1.3E+06 

ESE 3.4E+OS 2.lE+06 1.8E+06 1.0E+06 
SE 2.3E+06 4.3E+06 2.9E+06 1.OE+06 

SSE l.6E+06 2.8E+06 3.4E+06 1.OE+06 
S 6.9E+04 S.2E+05 8.0E+OS 9.3E+05 

SSW 2.SE+02 1.2E+05 2.4E+OS 1.0E+05 
SW 2.SE+02 S.lE+02 1.2E+03 3.lE+05 

WSW 2.5E+02 ,4.2E+02 7.7E+03 2.6E+03 
W 4.4E+04 2.3E+04 1.7E+04 2.lE+03 

WNW 2.SE+OS ' 3.8E+04 4.3E+04 1.0E+06 
NW 3.4E+05 4.lE+OS 8.0E+OS 1.OE+06 

NNW 3.4E+05 S.7E+05 8.0E+OS 1.0E+06 

Table 6. Leafy-Vegetable Production Grid (kg/yr) 
\ 

SEcrOR 10-20 Mi 2O-30Mi 30-40Mi 4O-S0Mi 
N 1.7E 2.8E+04 3.9E+04 4.0E+04 

NNE 1.7E+04 2.8E+04 -2.4E+04 3.4E+04 
NE l.7E+04 4.3E+04 7.9E+04 4.6E+04 

ENE 1.7E+04 3.3E+04 1.0E+05 1.3E+OS 
-E 1.7E+04 1.4E+04 1.2E+04 9.2E+04 
ESE 1.7E+04 9.7E+04 9.lE+04 4.5E+04 
SE 1.2E+05 2.lE+05 1.4E+05 - S.OE+04 

SSE 8.2E+04 1.4E+05 1.7E+05 S.OE+04 
S 3.4E+03 2.SE+04 3.9E+04 4.5E+04 

SSW 9.5E+Ol 6.1E+03 1.3E+04 6.3E+03 
SW 9.5E+Ol 2.7E+02 9.9E+02 1. 3E +03 

WSW 9.SE+Ol 1.6E+02 2.2E+02 3.0E+02 
W 1.7E+03 1.4E+02 2.2E+02 S.OE+04 

WNW 1.2E+04 1.4E+02 1.9E+04 S.OE+04 
NW 1.7E+04 1.9E+04 3.9E+04 S.OE+04 

NNW 1.7E+04 2.8E+04 3.9E+04 S.OE+04 
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Table 7. Suggested Age-Specific Consumption Rates for Offsite Dosimetry at the SRS

Average Individual Consumption

Units Adult Teen Child Infant

Land Usage Statistics
Leafy vegetable consumption kg/yr 21(ns) 14(ns) 8.5(ns) -

Other vegetable consumption kg/yr 163(190) 205(240) 171(200) -

Meat consumption* kg/yr 43(95) 27(59) 17(37) -
Milk consumption l/yr 120(110) 218(200) 186(170) 186(170)

Water Usage Statistics
Water consumption L/yr 370(370) 260(260) 260(260) 260(260)
Invertebrate consumption kg/yr 2.0(1.0) 1.5(0.75) 0.7(0.33) -
Fish consumption kg/yr 9.0(6.9) 6.8(5.2) 2.9(2.2) -

Maximum Individual Consumption*"

Units Adult Teen Child Infant

Land Usage Statistics
Leafy vegetable consumption kg/yr 43(64) 28(42) 17(26)
Other vegetable consumption kg/yr 276(520) 334(630) 276(520) -

Meat consumption* kg/yr 81(110) 48(65) 30(41) -

Milk Consumption L/yr 230(310) 297(400) 244(330) 244(330)

Water Usage Statistics
Water consumption L/yr 730(730) 510(510) 510(510) 330(330)
Fish consumption kg/yr 19(21) 14(16) 6(6.9) -
Invertebrate consumption kg/yr 8.0(5) 6.1(3.8) 2.7(1.7) -

Recreational shoreline usage hr/yr 23(12) 128(67) 27(14) -
Swimming usage hr/yr 8.9(ns) 50(ns) 10(ns) -
Boating usage hr/yr 21(ns) 117(ns) 25(ns) -

Values in parentheses are NRC default (ns - not specified).
* Consumption razes from this report do not include the consumption of pork or poultry
**Teen, child, and infant consumption values are determined using the age-specific ratios of NRC defaults.
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Table 8. Comparison of Consumption Rates for Adult Average and Maximum Individuals

Adult Average Individual

NRC 1979-83 This
Units Default Survey Survey Ref

Land Usage Statistics
Leafy vegetable consumption kg/yr ns 30 21 8
Other vegetable consumption kg/yr 190 190 163 8
Meat consumption kg/yr 95 95 43 8
Milk consumption L.yr 110 110 120 8

Water Usage Statistics
Water consumption L'yr 370 370 370 1
Invertebrate consumption kg/yr 1.0 1.0 2.0 8
Fish consumption kg/yr 6.9 11.3 9.0 8

Adult Maximum Individual

NRC 1980 This
Units Default Survey Survey Ref

Land Usage Statistics
Leafy vegetable consumption kg/yr 64 64 43 8
Other vegetable consumption kg/yr 520 520 276 8
Meat consumption kg/yr 110 110 81 8
Milk consumption L/yr 310 310 230 8

Water Usage Statistics
Water consumption 11yr 730 730 730 1
Fish consumption kg/yr 21 34 19 8
Invertebrate consumption kg/yr 5 5 8 8
Recreational shoreline usage hr/yr 12 20 23 8
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Figure 1 Beef Production by County

SSouth CarolinaMA
Georgia 4

S 2x 10--5 x 10 (kg lyr)

111"1 5 x 10.-7 x 10l

7x10'-'l xl

1 x 10--3 x 106

" 3 x 106 M9lmayw5.01

18
M9J02009

Figure 1 

M9/UlOO9 

Beef Production by County 

2 x 10
5
-5 X 105 (kg 1yr) 

5x10 5-7x10S 

7x10S-1x10& 
. 8 6 
1 x 10 -3 x 10 

_ >3X10 8 
M91may005.01 

18 



Figure 2 Milk Production by County
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Figure 2 Milk Production by County 
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Figure 3 Vegetable Production by County
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Technical Review

TO: Environmental Dosimetry Files

FROM: G.T. Jannik, 773-42A

Cesium-137 Bioconcentration Factor for Freshwater Fish in the SRS Environment

This memo serves to document the justification for the continuing use of a Savannah River
Site (SRS) site-specific bioconcentration factor of 3,000 for cesium-137 in freshwater fish.

The Nuclear Regulatory Commission (NRC) default bioconcentration factor for cesium in
fish is 2,000 (NRC, 1977). This value is taken from Thompson, et al. (1972).

It is documented in Cummins (1994) that SRS determined values ranged between 600 and
39,000 (in fish muscle). Cummins further documented that non-SRS values ranged
between 400 and 14,000 (Blaylock, 1982: Coughtrey and Thorne, 1985; Jorgensen et al.
1991, Till and Meyer, 1983; Vanderploeg et al. 1975).

The original justification for the use of a cesium- 137 bioconcentration factor of 3,000 for
SRS fish was documented in Gladden (1982). Because this memorandum does not have a
site document number, it is attached to this report.

In Jannik (1995), it is documented that in 1994, the weighted average concentration of
cesium-137 in fish flesh harvested from near Savannah River Mile 120 was 0.07 pCi/g.
This was approximately 3,000 times more than the 0.000023 pCi/mL concentration of
cesium-137 measured (using ultra-low level techniques) in water sampled from near River
Mile 1,20 during 1994.

In review of some other related literature (Rowan and Rasmussen, 1994; Mohler, et al.,
1997; and Whicker, et al., 1990) it is shown that the bioconcentration factor for cesium-
137 in fish varies greatly depending upon the 1) amount of dissolved potassium in the
water, 2) amount of suspended solids in the water, 3) temperature of the water, 4) trophic
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level of the fish (piscivores bioconcentrate cesium-137 much more that insectivores and
benthivores), and 5) length of the food chain.

In light of all this information, it appears that no single bioconcentration factor is ideal, but
the factor of 3,000 for cesium- 137 in generic fish from the SRS is consistent with site data
and is conservative in comparison to the NRC default value. Therefore, it should continue
to be used as the site-specific factor in all applicable environmental dosimetry calculations
at SRS.
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ABSTRACT

LADTAP XL© is an EXCEL© spreadsheet used to estimate dose to offsite individuals and
populations resulting from routine releases of radioactive materials to the Savannah River.
LADTAP XL© contains two worksheets: LADTAP and IRRIDOSE. The LADTAP
worksheet estimates dose for environmental pathways including external exposure resulting
from recreational activities on the Savannah River and ingestion of water, fish, and
invertebrates of Savannah River origin. IRRIDOSE estimates offsite dose to individuals and
populations from irrigation of food crops with contaminated water from the Savannah River.
Minimal input is required to run the models and site-specific parameters are used when
possible. A complete code description, verification of models, and user's manual have been
included.
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