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ABSTRACT

At the Savannah River Site, liquid, low-level nuclear waste will be disposed of by incorpora-
tiong the waste in concrete, a wasteform called saltstone. Saltstone monoliths will then be buried in the
carth. To study the potential uptake of radionuclides by trees and other plants growing in the soil in the
area containing buried saltstone, a lysimeter study has been in progress since 1984. Thirty two
lysimeters were designed, constructed, and filled with soil. Saltstone samples, containing the liquid,
low-level supernate from the tank 50 in-tank precipitation demonstration, were buried in some of the
lysimeters. Other lysimeters, not containing saltstone, were used as controls. Crops, grass, and trees
were planted in the lysimeters and sampled periodically to determine radionuclide concentrations.
Water samples were also collected from the lysimeter sumps and analyzed for radionuclide content.
This report documents the results of vegetative and lysimeter sump water measurements from the
beginning of the project in November of 1984 through September of 1989.

Only Tc-99 and Cs-137 could be detected at elevated concentrations in the vegetation. The
results indicate that the formulation of saltstone used in this experiment will allow uptake of Tc-99 into
vegetation that penetrates into the region where the saltstone is buried. The uptake appears to be related
to release of the Tc-99 from the saltstone into the soil water where it is taken up by the plants. The
amount of Tc-99 uptake was not consistently related to the depth of burial of the saltstone. Blocks of
saltstone purposely broken at the start of the experiment did release greater amounts of nitrate, sulfate,
and Tc-99 into the sump water. However, uptake of Tc-99 concentration in the ve getation was not
significantly greater in the broken block lysimeters than in the other lysimeters containing saltstone.

There was some indication that small amounts of Cs-137 was taken up from the release of this
radionuclide fromthe buried saltstone blocks. The Cs-137 concentration differences between the i)lants
grown in control and saltstone lysimeters was very small and the consequences of this uptake are
likewise likely to be small.

Vegetative uptake factors were calculated for uptake of Tc-99 from soil water. The results were
very similar for the vegetative parts of all of the species grown (0.167 - 0.376 [pCi/gm]/[pCi/L]). The
uptake factor calculated for the seeds of crops was less by a factor of 100 than the uptake factor for
vegetative parts.
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LYSIMETER STUDY OF YEGETATIVE UPTAKE FROM SALTSTONE

INTRODUCTION

At the Savannah River Site, the Defense Waste Processing Facility will vitrify high-level
radioactive defense waste for shipment to a federal repository. During waste processing, approximately
25 million gallons of salt solution will be decontaminated. This will result in 100 million gallons of low-
level waste salt solution which will be immobilized in saltstone. Saltstone is a solidified mixture of the
low-level radioactive salt solution, fly ash, and cement. The saltstone will be disposed of in an engi-
neered landfill.

Beginning in 1984, the Savannah River Laboratory's Environmental Sciences Section designed,
installed, and operated a lysimeter test facility to obtain data on the vegetative uptake of radionuclides
from the buried saltstone. Details of the design and installation phases of the project can be found in
Johnson (1985). This report documents the results of vegetation and sump water measurements from
the installation of the lysimeters, from November of 1984 through September 1989.

The Saltstone Vegetative Uptake Lysimeter Facility is located at the SRS burial ground. The
lysimeter facility comprises 32 lysimeters. These lysimeters are large, cylindrical, open-topped tanks,
6 feet in diameter and 6 to 10 feet in depth. The tanks are buried to ground level and filled with soil.
Saltstone bricks are buried within the lysimeters. The depth of burial and condition of the blocks varies
among the lysimeters. Several different types of vegetation are grown in the lysimeters. The vegetation
is periodically sampled and analyzed for radionuclide content.Water collected in the sump at the base
of each lysimeter is withdrawn for analysis and disposal.

DISCUSSION
Experimental Design

The experimental design is based on what is thought to be a worst case scenario for future use
of the burial site. The assumptions are: 1) the soil cover over the saltstone will erode to the point that
plantroots will reach the saltstone, and 2) the area will become a family farm where the family will grow
and consume crops and other products from the farm. Three significant variables were derived from this
scenario: 1) depth of saltstone from the surface, 2) vegetation type, and 3) saltstone structural integrity
(crumbling saltstone versus unbroken saltstone). The experiment was designed to include combinations
of these variables in order to learn the magnitude of their influence on vegetative uptake.

The experimental design is shown in Table 1. There are fifteen different test conditions, each
condition representing a different combination of saltstone depth, vegetation type, and condition of the
saltstone block. With the exception of one of the contro! lysimeters which was used for another project,
each condition tested was replicated once. Only 27 of the original 32 lysimeters were used in the
experiment. In addition to the one lysimeter utilized for another project, the original design called for
the saltstone in two of the lysimeters to be maintained below a perched water table in the lysimeter.
However, rainfall was not great enough during the years of the experiment to maintain the water level
above the saltstone and these lysimeters were never used in the experiment. Anadditional two lysimeters
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were 10 be used for a study of the effect of ants on the buried saltstone. This study was abandoned when
it became clear that the ants could not be contained in the lysimeters. The layout of the 32 lysimeters
is shown in Figure 1,

The vegetation types selected for this experiment are: loblolly pine trees, coastal Bermuda grass,
and a rotation of locally grown crops, corn, wheat, and soybeans. These vegetation types were selected
because they are common in the SRS area and represent a mixture of shallow-rooted and deep-rooted
crops, perennials, and annuals.

The crops are grown in eight lysimeters, two replicates of four conditions: whole, structurally
sound saltstone buried at 18 and 36 inches, broken saltstone buried at 12 inches, and control lysimeters
with no saltstone. The saltstone blocks in the broken block lysimeters were cracked with a sledge
hammer after being placed into the lysimeter. Bermuda grass is grown in twelve lysimeters containing
saltstone blocks buried at 6, 18, 36, and 54 inches from the surface, broken saltstone blocks at 12 inches,
and control lysimeters. There is a total of twelve grass containing lysimeters including two of each
condition. Trees are grown in lysimeters containing saltstone at 36 and 54 inches, broken saltstone at
12 inches, and in a single control lysimeter. With two replicates of each condition of the tree lysimeters,
except for the control, a total of seven lysimeters were used. However, there was hi gh mortality of trees
planted in the broken block lysimeter and even after repeated plantings one lysimeter never contained
a tree and the other had a succession of short lived trees(less than one to three years).
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Figure 1. Layout of Lysimeter Study Area at the Low Level Burial Ground.

S -3



Lysimeter Design

A detailed discussion of lysimeter design can be found in Johnson!. At SRS, lysimeters have be-
come an established technology for studying migration of constituents of buried waste in soil.>? The ad-
vantage of lysimeter use in studies of waste isolation systems is that near natural conditions can be
investigated while protecting the surrounding environment.

The lysimeters for this experiment are upright, cylindrical tanks, 6 feet in diameter, with a sealed,
flat, level bottom and an open top. They are constructed of 3/16-inch galvanized steel with welded seams
(Figure 2). After fabrication each tank is lined with a 20-mil PVC liner. The PVC liner provides extra
protection against water leaking into or out of the tank and prevents tank materials and corrosion
products from interfering with groundwater chemical analyses.

The lysimeters were set on concrete slabs at the bottom of eight foot diameter holes bored into
the ground. The space between the lysimeter and the ground was filled with concrete to within one foot
of the surface and filled the rest of the way to the surface with soil. The lysimeters were filled with soil
and other material, from bottom to top, as follows: one foot of 2-inch gravel, three and three quarters
feet of subsoil, a 3-inch layer of saltstone blocks, and cover soil to the top of the lysimeter. The lysime-
ters were constructed so that the saltstone blocks were buried five and one quarter feet above the bottom
of the lysimeter and enough depth remained for the soil called for in the experimental design. For ex-
ample, the lysimeters with saltstone buried at six inches were six feet deep while the lysimeters with
saltstone buried at 54 inches were ten feet deep. The top 6 inches of the lysimeter tank are unfilled,
creating a 6-inch rim above ground that prevented surface water from flowing into or out of the
lysimeters. The top one foot of cover soil (6 inches for the 6-inch cover-soil lysimeters)was filled with
topsoil; the remainder is subsoil.

Each lysimeter is fitted with a standpipe for removing water from the gravel sump of the
lysimeter. The standpipe is a 12-inch-diameter corrugated metal pipe thatis installed vertically along the
inside of the tank wall, extending to the bottom. The bottom one-foot section that is in the gravel sump
zone is perforated, allowing sump water to pass through. A submersible pump suspended in the stand-
pipe removes the water through the top of the standpipe, through an underground PVC pipeline, to a
below-grade water collection tank (hold-tank). The PVC piping system includes an above ground bypass
line so that water samples can be collected for chemical analysis. The lysimeters are arranged in eight
groups, each group consisting of four lysimeters connected to one centrally located hold-tank.

Saltstone Blocks

Each lysimeter holds 2.5-cubic-feet of saltstone in the form of nine blocks, each 11 inches wide
by 14 inches long by 3 inches thick. The bricks are arranged in a single layer in a three by three, square
pattern. This arrangement provides maximum use of the 6-foot-diameter cross section of the lysimeter,
thus providing maximum soil-to-waste-to-root contact, while still permitting sufficient drainage around
and between the saltstone blocks.



Topsoil

Subsoil

}——— Saltstone

Subsoil

Gravel Sump

Figure 2. Cross-Sectional View of a Saltstone Lysimeter as Used in the
Vegetation Uptake Study.



The blocks were made from decontaminated radioactive salt solution from Waste Tank 50. A
group of nine blocks contains 3 mCi of activity. The composition of the waste solution and the cement
used to make the saltstone is given in Table 2.!

The saltstone for the blocks was mixed by the same process described in the Tank 24 Saltstone
Lysimeter Demonstration.* However, the method of pouring the saltstone mix was modified to provide
80-gallon batches which were used to fill 250 individual small forms (plastic trays). The filled trays were
stacked inside a storage building for curing and storage until the lysimeters were ready for brick
placement. During storage, the blocks were inspected monthly to confirm that curing was proceeding
properly.

Samples of the saltstone blocks were subjected to a series of tests to determine how their physical
and chemical properties compare to theoretical values and to other saltstone samples. The properties that
were determined were: (1) leachability, (2) source terms, (3) x-ray diffraction, and (4) compressive
strength. The results of these tests show that the saltstone blocks in the vegetative uptake lysimeters are
of good quality, and are similar to the saltstone produced in the Tank 24 demonstration and in the
laboratory.'® Differences can be attributed to differences in the methods of preparing samples.

Four samples of saltstone, two from each of two blocks, each approximately 50 gm in
weight, were analyzed for major chemical constituents: nitrates, sulfates, sodium, aluminum, cal-
cium, and silicon. The samples were dissolved in acid solutions and analyzed by ion chromatogra-
phy and plasma-source emission spectrometry. ‘

The calculated composition was obtained by multiplying the known chemical analysis of the
Tank 50 salt and the blended cement by their respective weight ratio to total saltstone weight (i.e.,
0.42 g salt/g saltstone, and 0.58 g blended cement/g saltstone ) . The weight percentage of nitrates,
sulfates, and sodium in saltstone was calculated to be, respectively, 5.4, 0.5, and 4.3. This com-
pares to the measured values of 6.3, 1.3, and 5.8. The respective disagreement is 17% for nitrate,
160% for sulfate and 35% for sodium. Some of the additional sulfate measured may come from the
gypsum in the concrete. The weight percentages of constituents derived from the cement are all in
good agreement with the calculated values (the error is less than 17%).

Lysimeter Soil

Soil properties will influence both the uptake of radionuclides by vegetation and the movement
of radionuclides in the soil water to the lysimeter sumps. The objectives for selecting the soil were: to
simulate soil in the area where actual saltstone disposal trenches will be located (Z Area), to provide suf-
ficient drainage to have sufficient porosity to permit vegetative growth, and to achieve consistency
among the lysimeters.

[t was determined that Z- Area subsoil would be well represented by burial ground subsoil. Both
burial ground and Z-Area subsoils are red-yellow, clay-sands with vertical permeabilities in the range
of 10" to 10 cmy/sec. The burial ground subsoil placed in the lysimeters was obtained from excavations
made at the lysimeter site and areas immediately adjacent. An analysis was performed on samples of
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the burial ground subsoil before it was placed in the lysimeters to verify that it was uncontaminated.
Results showed only natural background activity.!

All of the topsoils available were generally similar, Ioamy sands. Burial ground or other SRS
site topsoil could have been used. However, topsoil from Z Area was used in the lysimeters to achieve
the best possible simulation of the actual soil conditions under which the saltstone monoliths will be
buried,

Vegetation Management
Crops

Consistent with the objective of growing vegetation that will provide radionuclide uptake data
that can be used to determine the potential dose from DWPF saltstone, standard agricultural practices
for the SRS area were followed in growing all crops. Before planting of the first crop, the soil was limed
and fertilized with 10-10-10 (N:P:K) and a micronutrient mixture ( Mg, Mn, Zn, Fe, Mo, Cu). Soybean
seeds were sown in July of 1984 and harvested in November of the same year. The soybean crop was
followed by wheat, planted in December of 1984, and harvested in June of 1985. A second soybean crop
was grown between June and November of 1985. The lysimeters were fertilized before each planting
and the wheat was top dressed with 10-10-10 fertilizer in March of 1985.

Nocrops were grown in the spring and summer of 1986, Wheat was planted in Decemberof 1986
and harvested in June of 1987, The wheat crop was followed with a corn crop, planted in late June and
harvested in November of 1987. During periods between and after cropping, the lysimeters were
allowed to grow up in weeds.

Liquid Sevin was applied to the crops on an as-needed basis to control insects, primarily corn ear-
worms. During periods of low rainfall the crop lysimeters were irrigated with domestic water. The usual
application was 25 gallons (the equivalent of one-inch of rain) at an average frequency of once per week.
Irrigation was necessary only in the summer months and then on only one or two occasions each summer.

Soil amendments to date include the addition of lime and 10-10-10 fertilizer to the Bermuda
grass lysimeters and crop lysimeters prior to planting, and a reapplication of 10-10-10 fertilizer to the
crop lysimeters mid-way through their growing seasons. An application of a specially-prepared mix of
micronutrients was needed for the first soybean crop.

It is recognized that lime and fertilizer will add chemical constituents such as nitrates, mercury,
and potassium-40 to the lysimeters. However the control and the saltstone lysimeters has the same
fertilizer amendments and differences between the two types of lysimeters should be attributable to the
saltstone alone.
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Figure 3. Diagram of Schedule for Vegetation Management and Sampling.

Pine Trees

Loblolly pine (Pinus taeda, L.) seedlings were planted in January of 1985. These lysimeters
were not limed or fertilized at any time during the experiment. The trees planted in the lysimeters
containing broken blocks died within two months of planting. One lysimeter was replanted in March
but the seedling died the following summer. Itis suspected that death was caused by the high nitrogen
concentration around the broken blocks. Pine trees have low nitrogen requirements and relatively low
nitrate tolerance. These lysimeters were replanted during the following winter. The tree on one of the
fysimeters died within a few months. The tree in the other broken block lysimeter survived and grew
after the second planting. However, it suddenly died at the end of the summer of 1990.



Bermuda Grass

Bermuda grass (variety coastal) sprigs were planted in the lysimeters in March of 1985. The ly-
simeters were limed and fertilized before planting and fertilized again in July of 1985. It was planned
to fertilize the grass each year, the common practice in this locality; however, the grass grew so well that
these lysimeters were not fertilized after the first year. The vigor of the grass was so great that matting
of the dead grass from each years growth became a problem. The dead grass was removed from the
lysimeters each winter after 1986.

Data Collection
Vegetation Sampling and Analysis

The vegetation sampling schedule is shown in Figure 3. Crops were sampled at the end of the
growing period. When available, 500 gm of leaves/stem material and 500 gm of seed were collected.
On some occasions less than 500 gm were available. In this case the total available material was
collected. In one instance, there was not enough sample to make all of the analyses. In this case, only
the most important analyses were done.

Tree needles were sampled after the growing seasons of 1986, 1987, and 1988. The samples con-
tained 500 or more grams of green needles. Sampling was not begun until 1986 because it was feared
that the removal of a sample of needles would kill the small seedlings. Loblolly pine trees contain two
ages of needles during the summer and only one age of needle between needle fall in the fall and renewed
growth in the spring. Summer needle collections were made of second year needles because the current
year needles sustain the tree through the winter and it was feared thatremoving them from the small trees
would lead to death. Therefore, the majority of the needles collected in 1986 were grown in 1985, the
majority of the needles collected in 1987 were grown in 1986, but the needles collected in the winter of
1989 were grown in 1988. This does not mean that the nuclides date from these periods since many of
the mineral constituents of needles are mobile and their concentrations are the result of uptake over their
whole life and not just the period of initial growth. However, elements involved in the structural material
of the needles are likely to be less mobile and may actually reflect the conditions when the needles were
grown.

The bermuda grass grew very rapidly once it was established in the lysimeters and it was possible
to collect leaf/stem samples after the 1985, 1986, 1987, and 1988 growing seasons. Since the stem and

leaf die after frost each year, the material is all grown in the spring and summer before the sample is
taken.

Each vegetation sample is analyzed for concentrations of the radionuclides, Tc-99, Sr-90,1-129,
Cs-137, H-3, Pu-238, Pu-239, 240, Ru-106, Sb-125, and the nonradioactive elements, total nitrogen,
total sulfur, and total mercury. The analyses were done during 1984 and 1985 by CEP Laboratories, Las
Vegas, NM. Later analyses were done by TMA/Norcal of Richmond, California. The following

paragraphs provide a short summary of the techniques used by TMA/Norcal in analyzing the vegetation
samples.
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The total sample received is homogenized by grinding, milling, breaking up with a mortar and
pestle, or other means to insure that representative aliquots can be taken. A measured fraction is taken
and dried. A dried weight is obtained to determine percent moisture. From this, an aliquot is taken and
ashed for dissolution. The required radiological analyses are performed on aliquots of undried
vegetation, dried vegetation, or dissolved vegetation. The form used depends upon the volatility
characteristics of the element.

The ash is leached with a nitric acid/hydrogen peroxide solution and the insoluble residue is
filtered out. The filter is ashed and dissolved by sequential treatments with HF/HNO,, H,BO0,, HCI, and
HNQ,. The solution from this cycle is combined with the original leachate to complete the dissolution.
Some vegetation ash is more resistant, and if a residue remains, itis treated again (Wessman, et al, 1977).
The total dissolved ash aliquot or portions of it, depending upon activity levels, are taken for the
sequential separations or specific analyses as described in the following sections.

Cs-137, Sb-125, and Ru-106 are measured by high resolution gamma spectrometry. A 500-mL
aliquot of prepared sample is placed in a Marinelli beaker and weighed. If there is a shortage of sample
material, other calibrated containers are selected to match the sample. The sample is counted for at least
400 minutes on a high resolution gamma spectrometer. Each sample is counted on one of the 5 high
resolution, Ge(Li) gamma spectrometers which are installed at TMA/Norcal. The spectra are evaluated
and quantified by computer analysis. The instruments are calibrated using multi-gamma standard
solutions from Amersham/Searle. Single isotope standards are also used. Instrument quality control is
performed routinely, according to a schedule,

Tritium is separated from the tissue by azeotropic distillation. An appropriate sized aliquot is
taken and ground or pulverized. Toluene is added and an azeotropic distillation is performed. The
distillation is run until all water is collected. The total mass of the collected distillate is measured and
compared to the % moisture of the sample to check for completeness. Up to five grams of distillate are
taken for counting. An aliquot of distillate is added to a scintillation cocktail and counted on a liquid
scintillation counter for 300 minutes. The sample is spiked with a known amount of tritium standard
to check the counting efficiency. Results are reported either in terms of grams dry weight of sample or
volume of distillate collected.

Technetium-99 samples are homogenized, spiked with Tc-99m tracer, and ashed. The ash, after
cooling, is leached with 6 N H,SO, and filtered. Tc (VII) is extracted from the filtrate with tributyl
phosphate (TBP). The TBP phase is washed with 6N H,SO, and then 4N HCL. Tc is back extracted with
H,O. Scavenge carriers of Ag+, Co++, and Fe+++ are added and appropriate precipitations done, each
time reserving the supernate solution with the Tc activity. The solution is adjusted to 0.1 N HCl and Tc
is absorbed on an anion exchange resin column. Impurities are removed in a 0.1 N HCI wash, the Tc is
eluted with warm 8N HNOQ,. The solution is boiled down and electroplated onto a one inch stainless steel
disc. With each run, two standards of the Tc-99m tracer are counted on a Ge(Li) gamma spectrometer
to calibrate that solution. Chemical yield is determined by immediate Ge(Li) counting of the plated Tc
sample. The Tc-99m tracer activity is allowed to decay and then the planchet is beta counted to determine
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Tc-99 activity. A blank is also run with each set to check tracer purity. A purity check of the Tc-99 is
made by recounting. Samples with beta activity greater than 3 cpm are counted tocheck the characteristic
half thickness through Al absorbers. Higher activity samples allow the low transmission end of the curve
to be checked.

Iodine-129 samples are fused with KF, KOH and KZCO3 in a Ni crucible in the presence of stan-
dardized I carrier. Equilibration is done by addition of sodium hypochlorite to oxidize all I to IO, , then
reduction to I°. Purification is accomplished by a series of extraction procedures. The I is extracted into
the organic phases, either carbon tetrachloride or toluene, by adding sodium nitrite to oxidize I to I°. It
is back-extracted into the aqueous phase by adding bisulfite toreduce I° to I. Three cycles are performed.
The iodine solution is precipitated as Cul and yielded gravimetrically. The I-129 is counted on either
a thin Nal(T!) gamma spectrometer, or 2 HPGe gamma spectrometer detector. The spectrum is plotted
and resolved by computer analysis.

A sequential chemical separation procedure is used to separate tracers and carriers and
equilibrated sample activity in the analyses of Sr and Pu . Separated components are further purified
for yield and radioactivity measurement. In these analyses, Sr-85 and Pu-242 are used as tracers and Sr
and Y are used as carriers. The Sr -85 is added in case a backup reanalysis of Sr-90 is needed. Sr-85
eliminates the problem of elemental Srin samples. Aliquots of standardized tracers (Sr-85 and Pu-242)
and aliquots of Sr and Y carriers are added to the aliquot of the dissolved sample. The mixture is
chemically treated to equilibrate carriers and tracers with the radioactive sample species,

Plutonium (IV) is separated on an anion exchange column from 8N HNO, while Sr and Y pass
through in the column load and washes. Pu is eluted with HF-HNO ; Solution. The Sr is separated by
repeated precipitations of Sr(NO,), from HNO , Solution.

A Sr-Y separation is done by extracting the Y into an HDEHP/Toluene mixture. It is back-
extracted into HCL. Further decontamination is done by coprecipitating Y with NH,OH, HF, NH,OH
again and finally oxalic acid. This last precipitate is ashed to the Y,0, and mounted in a copper backed
Mylar film sandwich on a l-inch Nylon planchet. It is counted immediately and at intervals on one of
24]low background beta counters. Background for one group of counters ranges from 0.12 t0 0.16 cpm,

and 0.45 to 0.6 cpm for another group. Each sample is counted for up to 5 times to check the decay of
Y-90.

A computer program calculates the Y-90 intercept at the time of milking by a least squares analy-
sis, applies corrections for efficiency versus precipitate weight, counting efficiency, yield, aliquot,
radioactive decay, etc. The computer prints a decay plot of the Y-90 activity with time which can assist
in data appraisal. The results are printed as Sr-90, at time of collection, in dpm/g or other chosen units
with attendant errors.

The Pu elutriated by the HF-HNQO, acid solution is boiled down. The anion exchange column
extraction is repeated, adding hydrochloric acid wash and eluting the Pu with hydrochloric acid and
ammonium iodide. The eluant is boiled to low volume and electroplated from an ammonium sulfate
electrolyte (pH 2, 1.2 amperes, 30 minutes) onto a 1-inch stainless steel disc.
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The Pu-238 sample is counted by alpha spectrometry. The alpha spectrometry results are cal-
culated by summing the counts recorded for the channels for the alpha peak or the energy region of
interest. Each peak is corrected for detector background and tracer impurity. The final activity result for
each isotope is determined by ratio calculation against the amount of tracer added.

Counting errors are estimated by the usual convention, i.e., a Poisson distribution is assumed.
The error is estimated from the total gross counts of sample plus background and impurity corrections
or each peak. The error in the tracer peak is propagated in the final answer. These combined errors
typically range from 1.0 percent for high level samples down to plus or minus several hundred percent
of the estimated mean concentration.

Soil Sampling and A nalysis

A sample of soil was analyzed for Tc-99, Sr-90, I-129, Cs-137, H-3, Pu-238, Pu-239,240, Ru-
106, and Sb-125 at the beginning of the experiment to determine the background levels of these
radionuclides. The soil dissolution procedure consists of an ashing step in which the sample is charred
and ashed by pyrolysis in an aluminum foil covered beaker. The residue is dissolved by repeated
treatments with HF and HNO,, plus HCI and H3B03. Any insoluble material is filtered off, ashed and
treated again, A metathesis step, with NaOH, is used for more difficult residues, followed by the above
acid dissolution cycles. All of the filtrates of dissolved soil are combined for analysis. Analysis of
individual nuclides proceeds as previously described for vegetation.

Water Sampling and Analysis

Two types of water samples were collected. A 4-liter sample was collected for radionuclide
analysis. The analysis wasdone by TMA/Norcal of Richmond, California. Figure 3. shows the sampling
schedule followed throughout the experiment. Initially, samples were collected every two months. As
it became clear that the concentration of radionuclides was not changing rapidly, the frequency of
sampling was changed to twice a year. This was later reduced to once a year because, as the vegetation
matured, water use increased to the point that no water was drained from the lysimeters during the
summer. In the tree plots, the combination of the high water use of the trees and successive dry years
resulted in no water drainage to the sumps during 1987 or 1988.

Analytic procedures for the radionuclide analysis of the water samples are similar to those used
for the vegetation except that the nuclides are already in solution and the steps used to dissolve the
vegetative material do not apply.

Water samples were also analyzed for the nonradioactive ions and elements: nitrate nitrogen,
nitrite nitrogen, Kjeldahl nitrogen, sulfates, total mercury, total aluminum, total boron, total chromium,
pH, and conductivity. Initially the sumps were sampled monthly. As illustrated in Figure 3., the
frequency of sampling was decreased to bimonthly and finally quarterly for the same reasons cited for
the radionuclide analyses. The analyses were done by Normandeau, Inc. of New Ellenton, S.C.
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The list of radionuclides and nonradioactive elements and ions to be determined was chosen on
the basis of their abundance in the saltstone and their long half-life, or potential for health effects. Tc-
99 was chosen because it comprises 40% of the activity in the saltstone (see Table 2 in previous section).
Nitrate is the most abundant nonradioactive water-quality constituent in saltstone. Cs-137 and I-129
have a significant potential for uptake into the foodchain. Pu-238, Pu-239,240, chromium, and mercury
are present in very small amounts, but have significant health effects potential.

RESULTS

Data analysis was done in three steps. First the data was tabulated in summary form with
averages taken for the type of vegetation, type of treatment, and date on which samples were taken. This
provided a rough approach to determining if there were any relationships between the concentration of
radionuclides or chemical elements and the type of vegetation, type of treatment, or time after start of
the experiment. This analysis was followed by a statistical analysis of the data to determine if the
difference in means found in the tables were likely to be from the differences in vegetation type,
treatment type, and date, or were from random chance. These two methods were used to identify
radionuclides or chemical elements that seemed to warrant further analysis. The concentrations of ra-
dionuclide and chemical species were graphically displayed and the pattern of concentration in time and
among treatments and vegetation types were investigated. The conclusions drawn about the importance
of radionuclide or element uptake from saltstone by vegetation were made on the basis of all the steps
taken in the analysis.

Statistical Analysis of Data

The design of this experiment was made on the basis of the information desired: 1) will
vegetation take up materials from buried saltstone, 2) is there a difference in uptake among the types
of vegetation, and 3) is there a difference in uptake for different burial depths and conditions of saltstone.
The expense of the lysimeters limited the number of experimental units. For this reason, the design has
some limitations which make statistical analysis difficult.

Only tworeplicates were used of each treatment for each vegetation type. Since crops were likely
to have shallow roots, they were grown only on lysimeters having saltstone buried at the shallower
depths. Trees were expected to have deep roots and were grown only on lysimeter having saltstone
buried at the greater depth. Only in the case of grass was a complete set of depths used for a single
vegetation type. In addition, one of the two control lysimeters which contained trees was sacrificed for
another of experiment. Problems were also caused by missing data from the death of sample vegetation
and from lack of water in the lysimeter sumps during periods of drought.

The statistical analysis was done by using the Analysis of Variance technique as developed in
the SAS General Linear Models procedure. The sums of squares due to difference in the replicates was
used as the error sums of squares in determining the significance of treatments. The analysis was done
separately for the vegetation and sump water of each vegetation type. The measurements made before
1986 were not included in the analysis because examination of the data indicated that none of the
radionuclides or chemical elements had left the saltstone and entered the sump water or vegetation before
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this time. This was done to make it easier to detect differences between the control and treated
lysimeters, if any differences existed.

The F-static probabilities of the null hypothesis, that there was no difference between treatments,
were used to look for differences. The lower the probability, on a scale of 0 to 1.0, then the more likely
that there is an effect of treatment. If this probability were less than (.05 it is usually assumed thatitis
reasonable to conclude that there are treatment effects. In this case, the probability of difference
between pairs of treatments was determined by the Bonferroni technique to try to determine which
factors influencing the treatments were important. If the probability of a treatment effect was found to
be less than 0.05, the Bonferroni technique was still used to see if there were any treatment means that
were significantly different from other treatment means. This latter comparison was done specifically
to determine if the control lysimeters were different than the lysimeters with buried saltstone even when
there was no effect due to depth of burial.

Vegetation Uptake of Radionuclides and Chemical Elements

In Tables A.1, A.2, A.3 and A.4 of the Appendix, the concentrations of radionuclides and
chemical elements have been averaged by date of collection, by treatment, and by both treatment and
date of collection. Inspection of the data does not indicate many consistent differences due to the date
of collection or the treatments. The most obvious pattern is the much lower concentration of Tc-99 in
the vegetation growing in the control lysimeters. This is true for all vegetation types and all sampling
times after 1984. There does appear to an increase in concentration between 1985 and 1986 followed
by some decrease in 1988 and 1989 in the grass lysimeters. This pattern is not as clear in the tree and
crop lysimeters where fewer samples were taken during this period.

The only other concentrations that are noticeably different from the mean are the Pu-239
concentration measured in 1985. These concentrations are much higher than those measured during any
other period. A closer examination of the data shows that these averages are based on a relatively few
higher concentrations with all other concentrations below the level of detection. The 1984 and 1985,
measurements were made by a different laboratory and it appears their level of detection was lower than
the measurements made later. If these measurements were averaged with the lowest level of detection
for all the other samples, the concentration would be similar to those measured later, although the
variability would still be greater. These measurements were not used in later analysis of the data.

The results of statistical analysis of the data are presented in Table 4. The results show the
expected significant effect of treatment in the Tc-99 data for the grass and crop lysimeters. The
comparison of the controls to all of the lysimeters containing saltstone indicates a significant effect of
the saltstone. In addition to the Tc-99 concentration, a significant difference in the saltstone and control
lysimeters is found for Cs-137 in the grass and tree lysimeters, and for H-3 and organic nitrogen (total
Kjeldahl nitrogen) in the seed of crops grown in the crop lysimeter, Therefore a further analysis was
made of the T¢-99, and Cs-137. The differences between H-3 and organic nitrogen in the control and
other treatment lysimeters were too small to be of practical significance. The seed was air dried and had
not received water from the roots for some time before harvest. The nitrogen effect in the crop could
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real since the crop could get additional nitrogen from the saltstone butitis hard to explain the effect being
present in the seeds and not the crop or other type of vegetation.

Technetium-99

The results of the Tc-99 measurements are illustrated in Figures 4, 5, 6, and 7. The most
outstanding feature of these figures is the very low concentration and very low variability of the control
lysimeters. There is less variation in the control lysimeter between vegetation types than between the
measurements of any other treatment in the same vegetation type. This is not surprising if the source
of the Tc-99 is the saltstone in the lysimeters.

There appears to be a general time trend in the concentrations in the grass lysimeters. The
Tc-99 concentrations are low early in the experimental period and rise to a peak around 1986. The
concentrations then decrease in 1987 and hold at about the same level in 1988 (measurements made in
the winter of 1988-89). The time trend in the tree needle and crop concentration is not as clear. Samples
of tree needles were not taken before 1986 and the early period of low uptake was not recorded in the
tree lysimeters. Crops were not grown in the crop lysimeters in 1986 or after 1987. The five CTOpS grown
(one in 1984 for which there was no concentration above the detection limit and two in 1985) support
the trend found in the grass lysimeters of little or no uptake before 1986, followed by higher uptake in
1987.

There is little difference in the peak concentration between types of vegetation. The corn grown
in 1987 in the crop lysimeter had the highest concentration of all the vegetation. This crop was grown
at the time that the peak concentration of Tc-99 would be expected in the lysimeter soil, based on the
concentration found in the lysimeters sumps. The low uptake before 1986 appears to be related to the
availability of Tc-99 from the saltstone. It will be shown in a later section that this is supported by the
concentration of Tc-99 in the lysimeter sump water. All lysimeters containing saltstone show an
increase in the Tc-99 in the vegetation after 1986 above that found before that time or at any time in the
controls.

The other notable finding is the comparatively low levels of Tc-99 in the crop seeds when
compared to vegetation (leaves) from the same crops. The kernel concentrations in corn plants is three
orders of magnitude less than those in the leaves. The difference in concentration between the seed and
vegetative parts of the soybean is not as great but still a factor of 10 less. In both crops grown in 1987,
the seeds grown in the control lysimeters are still less than those grown in any of the other lysimeters.
The lower concentration in crop seed has been documented elsewhere and appears to be caused by
differences in the chemical constituents between vegetative and reproductive organs of plants .°

Cesium-137

As shown in Figure 8, the concentration of Cs-137 in the grass is much lower than the
concentration of Tc-99 and the difference between the vegetation grown in control lysimeters and
vegetation grown in lysimeters containing saltstone is much less. However, with one exception during
1985, the Cs-137 concentration in the grass grown on the control lysimeters was always less than the
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grass grown on any of the lysimeters containing saltstone.

The lag in uptake, and the corresponding peak in 1987 found in the Tc-99 lysimeters is not as
clearly defined in the Cs-137 concentrations. There does appear to be a trend toward lower
concentrations in the 1989 samples. The results for the other vegetation types appear to be similar,
though the smaller number of samples make it more difficult to follow any trends.

Radionuclide and Chemical Concentrations in Lysimeter Sump Water

The surface of soil solids tends to be negatively charged and repel negatively charged ions in soil
solution, For this reason, anions generally move freely with soil water and the concentration of anions
that the water collected from the sumps at the bottom of the lysimeters is a measure of the concentration
of these constituents in the soil water. The samie is not true for cations. Depending on the type of soil,
there is considerable capacity for cation absorptionin soils. Itis possible for the concentration of cations
in soil solution to change as cations are absorbed in a soil column. The various cations in solution will
compete for the available cation exchange capacity. The addition of one type of cation may lead to the
release of another cation as that cation is displaced at the exchange surfaces.

Cation exchange can eliminate certain materials from the sump water that are found in the
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vegetation. This appears to be the case for Cs-137. Cs-137 is found in the vegetation from all the
lysimeters and appears to be taken up by the plants (some Cs-137 reached the plants by fallout from the
atmosphere). However, there is no measurable Cs-137 in the sump water.

Because anion mobility in soil is high and cation mobility is restricted by absorption, the
discussion of radionuclides and chemical materials in the sump water is almost totally limited to a
discussion of the materials that are anions in solutions of soil water. As shown in Tables A.5, A.6, and
A.7 of the Appendix for the chemical materials, the materials that show differences with treatment are
the anions nitrate, nitrite, and sulfate. The main treatment differences appear to be in the control versus
all other treatments. The same pattern of anionic mobility is found for the radionuclides (Tables A.8,
A.9, and A.10 of the Appendix) where Tc-99 is the only radionuclide that appears to have a greater
concentration in the lysimeters containing saltstone than in the control lysimeters.

The statistical analysis (Table 5) confirms the choice of radionuclides and chemical constituents
that are mobile in the sump water, with the exception of nitrite where the differences are not statistically
significant. The statistical analysis also indicates that in some cases there is an increase in concentration
in the water from the lysimeters which contained broken blocks. This contrasts with the fact that in no
case was there an increase in the concentration of radionuclides in vegetation grown on the broken block
lysimeters as compared to the other lysimeters containing saltstone.

Nitrate

As shown in Table 2, nitrate is the primary anion found in saltstone. Generally there is a low
capacity for absorption of nitrate in soils and it can be expected that the nitrate concentration of the sump
water reflects the nitrate concentration of the soil water (appropriately lagged for the time it takes for
the water to percolate through the soil column). The nitrate concentrations in the sump water, as shown
in Figures 9, 10, and 11) are characterized by a period of little or no increase in concentration above
controls before late in 1985. The initial lagis followed by arapid increase in all the lysimeters containing
saltstone blocks, with a peak concentration in 1986 or 1987, Following the peak, it is difficult to tell if
the concentrations in 1988 and 1989 are still decreasing or have reached a constant level. For all three
vegetation types, the concentrations in the control lysimeters remain low and the highest concentrations
during the peak period are found in the sump water of the broken block lysimeters.

The concentration of nitrate in the sump water of the grass and crop lysimeters is very similar.
The peak concentrations in the tree lysimeters is somewhat lower. However, the high evaporation of
water from the tree lysimeters severely limited the volume of water percolating through the lysimeter
soil (and the water available to sample) after 1986 and it is possible that the nitrate may still be retained
in the soil of these lysimeters.
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Sulfate

Because the concentration patterns for sulfate in the sump water is very similar for all vegetation
types, only the grass lysimeter results are shown in Figure 12. The results are similar to the nitrate results
in that the controls are lower than the lysimeters with saltstone blocks and the broken block lysimeters
are higher than any of the other saltstone containing lysimeters once the peak in concentration has been
reached. However, the lag before the peak was reached was much longer. It appears that the increase
in concentration does not begin until 1987 and may have been reached in late 1988 or early 1989. No
data are available to determine if the sulfate concentrations will decrease after the peak has beenreached
as was the case for nitrate.

Conductivity

As indicated in Tables A.5, A.6, and A.7 of the Appendix and Table 5, the conductivity of the
soil water solution collected in the sump water is lowest in the control lysimeters and highest in the
broken block lysimeters. Conductivity is a measure of the total ionic strength of the solution. Since the
lysimeter sump water in the lysimeters containing saltstone is dominated by the anion nitrate, it is
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Figure 12. Mean Concentration of Sulfate and One Standard Deviation of the Mean in Sump
Water of Lysimeters Containing Grass.

reasonable to assume that the increase in conductivity is cansed by the increase in the soluble nitrate salts,
Figure 13 shows that conductivity and nitrate concentrations are very closely correlated, supporting the
conclusion that they are related.

Metals

Even though the levels of heavy metals in the saltstone are low, their toxicity makes it necessary
to determine their concentration in the soil water. AsTables A..5,A.6and A.7 of the Appendix indicate,
most of the time the levels of heavy metal in the soil water were below the detection limit. This supports
the finding of no Hg in the vegetation. While the statistical summary does suggest some effect of
treatment on the levels of heavy metals in the sump water, an inspection of the data show that the few
samples which had concentrations above background did not show these levels to be higher or more
frequentin the lysimeters containing saltstone than in the lysimeters containin g no blocks (controls). In
fact, in many cases the control lysimeters had the highest concentrations. This su ggests that the saltstone
is able to isolate these metals at the concentrations found in the supernate.
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Technetium-99

The results of measurements of Tc-99 in the lysimeter sump water for the three different types
of vegetation are shown in Figures 14, 15, and 16. The results are similarto those found for nitrate. There
isaperiod oflittle or noincrease in concentration before 1986, followed by a peak in 1987, and adecrease
1o a constant level in late 1987 and 1988. After the initial period, the sump water concentrations in the
control lysimeters are always lower than those in the lysimeters containing saltstone. The sump water
concentrations in the broken block lysimeters, with some exceptions, are higher than those in any of the
other lysimeters containing saltstone,

Tc-99 is the only material measured in this study that is taken up by the vegetation and shows
up in the lysimeter sump water, The trends in these two types of measurements are compared in Figures
17,18, and 19. When interpreting these trends it is necessary to understand the relationship between the
measurements. There is a lag between the release of Tc-99 into the soil from the saltstone and when the
water reaches the sump. Sump water accumulates durin g the winter and the spring. It is sampled during
the winter and at the beginning of the summer, during years when two samples were collected. In years
when only one sample is collected, the collection is generally made at the beginning of the summer.
Therefore, in addition to the lag due to the transport time in the soil, there is also a lag due to the sampling
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Figure 14. The Concentration, Mean Concentration, and One Standard Deviation of
the Mean of Tc-99 in the Sump Water of the Grass Lysimeters.
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Figure 16. The Concentration, Mean Concentration, and One Standard Deviation of
the Mean of Tc-99 in the Sump Water of the Crop Lysimeters.
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frequency.

Similarly, vegetation samples are collected at the end of the period of growth of a crop or after
the period of growth of the grass or trees. The concentration of Tc-99 in the plant tissue is likely to be
most affected by the concentration in the soil water during the period of growth. In most cases this will
mean that the proper comparison between concentrations in the vegetation and the sump water will need
to take the lags in sampling times and growth periods into account,

The comparison of Tc-99 in the grass and the lysimeter sump water shows a correspondence
in the patterns of the two concentrations. This suggests that the grass takes up Tc-99 from the soil water
after release from the saltstone. This, in turn, suggests that the lag in release of Tc-99 is related to release
from the saltstone. The concentrations in the needles show a definite lag behind the concentrations in
the sump water. This can be explained by the fact that the species of pine used in these experiments,
loblolly pine, retains its needles for two years. Each year the older needles were collected. This was
done because the present years needles are usually the most efficient in providing food for the tree and
itwas decided that collecting these needles would least affect the vigor and chance of survival of the tree.
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Figure 17. Comparison of Tc¢-99 Concentrations in Sump Water and Vegetation in the
Grass Lysimeters (Bars are One Standard Deviation of the Mean).
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Figure 18. Comparison of Tc¢-99 Concentrations in Sump Water and Vegetation in the
Tree Lysimeters (Bars are One Standard Deviation of the Mean).
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Figure 19. Comparison of Tc-99 Concentrations in Sump Water and Vegetation in the
Crop Lysimeters (Bars are One Standard Deviation of the Mean).

-31-



The comparison of the crops indicates that crops were grown in the lysimeters before and after
the peak concentration of Tc-99 in the soil water. However, there is still sufficient Tc-99 in the soil water
to explain the concentrations found in the vegetation planted in 1987.

Concentration Factors for Tc-99 Uptake from Lysimeter Soil Water

Since both the soil water and vegetation concentration are available for Tc-99 in the saltstone
lysimeters, it is possible to compute the concentration factors for this radionuclide. Inorder to avoid the
ambiguity caused by the lags involved in the measurements, concentration factors were calculated for
periods when there was the least change in the soil water concentration. The results are illustrated in
Figures 17, 18, 19, and 20 and summarized in Table 6.

There are two outlying points in the concentration factors calculated for the grass lysimeters.
Inspection of the data did not reveal a reason for the behavior of the two lysimeters during the period
of measurement. The average concentration factors are given for the grass lysimeters including all of
the data and excluding the outlying points (in parenthesis). An outlier also exists in the crop lysimeter
data. Inspection of the data indicated that these data were collected at a lysimeter that had recurring
drainage problems and had yielded very poor crops. The concentration factors for the crops are shown

(PCi/gm)/{pCiL)
4

1887 1988
Year

Figure 20. Concentration Uptake Factor for T¢-99 from Sump Water to Grass (Bars
are One Standard Deviation of the Mean).
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Figure 21. Concentration Uptake Factor for Tc-99 from Sump Water to Trees (Bars

are One Standard Deviation of the Mean).
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Figure 22, Concentration Uptake Factor for Tc-99 from Sump Water to Vegetation and

Seed of Crops (Bars are One Standard Deviation of the Mean).
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with and without inclusion of the data from this lysimeter.

The results indicate that the concentration factors for the vegetative parts of all the species are
very similar with average values of between 0.167 and 0.371 (when outliers are removed). The
concentration factors for the corn and wheat kernels are very similar to each other but are over two orders
of magnitude less than those for the vegetative parts of the plants. These findin gs have some implication
for dose calculation since the edible part of many plants are the seeds. The concentration ratios are in
agreement with the findings of other investigators®,

Note:
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CONCLUSIONS

The results of this experiment indicate that the primary class of materials moving into the
environment from this saltstone formulation are anions in water solution. Tc-99, which has an anionic
soluble pertechnetate form, is the only significant element of this type in the saltstone. Other anions
measured in the sump water collected from below the soil column in the lysimeters were nitrate and
sulfate.

There was no evidence of either heavy metal contamination of the soil water or uptake of heavy
metals by plants growing in the lysimeters,

Small amounts of cesium were taken up from material leaching from the saltstone into the soil.
Cs-137 is not found in the lysimeter sumps, as was the case for Tc-99, because cesium is absorbed by
the soil near the saltstone blocks in the lysimeters. The concentration difference between the plants
grown in control and the saltstone lysimeters was very small and the consequences of this uptake are
likewise likely to be small.

Uptake factors were calculated for uptake of Tc-99 from soil water. The results were very
similar for the vegetative parts of all of the species grown. The uptake factors calculated for the seed
of crops were less by a factor of 100 than the uptake factors for the vegetative parts,

The amount of Tc-99 uptake was not consistently related to the depth of burial of the saltstone.
Blocks of saltstone purposely broken at the start of the experimentdid release greater amounts of nitrate,
sulfate and Tc-99. However, the only significant differences in vegetative uptake found between
different treatments was the lower value of the control lysimeters,

The results indicate that the formulation of saltstone used in this experiment will allow uptake
of Tc-99 into vegetation that penetrate into the region where the saltstone is buried. The uptake appears
tobe related torelease of the Tc-99 from the saltstone into the soil water where it is taken up by the plants,
Only minor amounts of other radionuclides associated with saltstone were detected in vegetation,
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Table A.5 Average Nonradioactive Eysimeter Sump Water Conceritrations for

ass Lysimeters (ng/L).
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