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ABSTRACT 
 
Metals at impacted and unimpacted sites are generally found in one of the following fractions: 1) 
dissolved, 2) occupying exchange sites of inorganic and organic soil constituents, 3) specifically 
adsorbed on inorganic soil constituents, 4) complexed with insoluble soil organics, 5) 
precipitated or coprecipitated as solids, or 6) occluded within the structure of primary and/or 
secondary minerals.  Sequential extraction of soils and sediments has been developed to 
selectively remove and quantify contaminants from various defined geochemical fractions or 
mineral phases.  The objective of these sequential extraction procedures (SEPs) is not to identify 
the actual form of a given metal in a soil or similar material, but to categorize the metals into 
defined geochemical fractions: e.g., exchangeable, acid extractable, reducible, organic, 
oxidizable, or residual.  SEPs provide: 1) information on likely metal immobilization 
mechanism(s), 2) a mass balance of metal immobilization mechanisms, which can be used to 
gauge long term stability and develop site management criteria, 3) estimates on the fraction of 
metal in soil or sediment that may have ready impact to human health and the environment (free 
ion concentration from the exchangeable extraction), 4) estimates on the fraction of metal in soil 
or sediment that has the potential to be bioaccumulated in less-complex organisms and plants, 5) 
estimates on the fraction of metal in soil or sediment that has the potential to be bioaccumulated 
by more complex organisms.   

SEPs were utilized on the untreated and stabilized tuff and sediment materials from the PRS 21-
011(k) site at the Los Alamos National Laboratory to determine the distribution of cesium and 
strontium across the geochemical fractions.  This data would be used to assess the potential 
mobility of the Cs-137 and Sr-90 in the soil environment and bioavailability in the sediment and 
tuff materials present at the site and to assess the effect of stabilization/solidification (S/S) 
treatment on these properties. 

The distribution of the Cs-137 and total Cs were similar among the SEP fractions, suggesting 
that Cs-137 deposited by the treated liquid radioactive waste effluent respeciated into the same 
geochemical fractions as the naturally occurring Cs in the affected materials.  The distribution of 
total Sr in the tuff material was similar to that of Sr-90, while the distribution of total Sr in the 
sediment and sediment/tuff materials were dissimilar. The higher mobility and bioavailablity of 
the Sr-90, as compared to the total Sr, in the sediment and sediment/tuff materials would suggest 
that the Sr-90 contamination deposited by the liquid radioactive waste effluent may be 
preferentially associated with sediment cation exchange sites and has not respeciated in a similar 
manner to naturally-occurring total Sr.   The same phenomena appear to occur to some extent for 
the tuff material, but is not very pronounced. 
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The Cs-137 and total Cs in the PRS-021-011(k) site materials would be considered subject to 
natural attenuation, while the Sr-90 and total Sr  would not. The stabilization treatment had little 
to no effect on reducing the percentage of Cs-137 or total Cs considered to be potentially mobile 
in the soil environment or bioavailable, though the stabilization treatment appeared to decrease 
the percentage of Sr-90 considered to be potentially mobile in the soil environment or 
bioavailable by 1/2.  The effect of the stabilization on the total Sr appears mixed.   

 
INTRODUCTION 
 
Sequential Extraction Procedure and Metal-Soil Interactions 

The potential for metals to present a risk to human health and or the environment is largely 
dictated by the interaction of metals with soil solids (minerals and organic matter).  These 
interactions can lead to metal respeciation and complexation.  As metals reside in the soil they 
may become sequestered at mineral surfaces or precipitate and/or co-precipitate in solid phases. 
These processes can greatly reduce metal solubility and bioavailability over time.  Stabilization 
of metals with amendment (lime, phosphate, etc.) addition is generally performed to maximize 
these processes and reduce metal solubility.   

Unlike organics, the intimate interaction of metal contaminants with soil solids typically prevents 
complete removal of anthropogenic metals during cleanup of these sites.  Stabilization/fixation is 
one of the most widely used techniques for site remediation wherein amendments are added to 
maximize complexation, sequestration, precipitation, and/or sorption, thus reducing the potential 
for metal exposure or transfer to another media.  Generally, these processes result in decreased 
metal solubility.  As currently practiced, the efficacy of stabilization/fixation is verified by 
performing some variation of soluble metal analysis like the Toxicity Characteristic Leaching 
Procedure (TCLP) or the Synthetic Precipitation Leaching Procedure (SPLP) to determine the 
fraction of metal soluble in the stabilized material.  Though this testing does provide some 
information on the potential for metals to migrate at the time of stabilization, the analysis does 
not address the bioavailability and/or long-term stability of the fixated or sequestered metal. 

Metals at impacted and unimpacted sites are generally found in one of the following fractions: 1) 
dissolved, 2) occupying exchange site of inorganic and organic soil constituents, 3) specifically 
adsorbed on inorganic soil constituents, 4) complexed with insoluble soil organics, 5) 
precipitated or coprecipitated as solids, or 6) occluded within the structure of primary and/or 
secondary minerals (1).  Based on the specific conditions (e.g., pH, oxidation/reduction potential, 
wet/dry cycling, freeze/thaw cycling) in the soil, metals can move from one fraction to another. 

Sequential extraction of soils and sediments has been developed to selectively remove and 
quantify contaminants, primarily metal cations, from various defined geochemical fractions (2 - 
7) mineral phases.  These procedures have been utilized to selectively remove contaminants from 
various waste materials.  The objective of these sequential extraction procedures (SEPs) is not to 
identify the actual form of a given metal in a soil or similar material, but to categorize the metal 
into defined geochemical fractions: e.g., exchangeable, acid extractable, reducible, organic, 
oxidizable, or residual.   
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SEPs can provide vital information on metal sequestration that can be used to verify successful 
sequestration/fixation.  SEPs provide: 1) information on likely metal immobilization 
mechanism(s), 2) a mass balance of metal immobilization mechanisms, which can be used to 
gauge long term stability and develop site management criteria, 3) estimates on the fraction of 
metal in soil or sediment that may have ready impact to human health and the environment (free 
ion concentration from the exchangeable extraction), 4) estimates on the fraction of metal in soil 
or sediment that has the potential to be bioaccumulated in less-complex organisms and plants, 5) 
estimates on the fraction of metal in soil or sediment that has the potential to be bioaccumulated 
by more complex organisms.   

TA-21 Site Conditions 

TA-21 is the former plutonium processing facility at the Los Alamos National Laboratory 
(LANL).  At TA-21, PRS 21-011(k) was the outfall for industrial wastewater from Building TA-
21-257, the new industrial wastewater treatment plant. The wastewater treated at Building TA-
21-257 consisted of liquids remaining after plutonium extraction.  An interim action (IA) was 
conducted at PRS 021-011(k) site in 1996 and 1997, removing a significant portion of the 
radionuclide source term and installing storm water control measures as a best management 
practice (BMP).  A corrective measure for the remaining tuff and sediment at the PRS 21-011(k) 
site is under consideration.   

The purpose of this corrective measure is to return the site to a condition safe for human 
recreational use and to be acceptable from an ecological risk evaluation perspective. The tuff and 
sediment at the PRS 21-011(k) site was exposed to treated liquid radioactive waste effluent for a 
number of years.  Radionuclides of concern in the treated effluent included: Cs-137, Sr-90, Pu-
239, and Am-241.  The cesium and strontium are the most prevalent contaminants with trace and 
localized "hot spots" of the heavier isotopes.  In-situ stabilization/solidification (S/S) of the tuff 
and sediment material is being considered to reduce the mobility of the radiological 
contaminants of concern and to produce a durable and relatively impervious treated material. 

SEPs were utilized on the untreated and stabilized tuff and sediment materials from the PRS 21-
011(k) site to determine the distribution of cesium and strontium across the geochemical 
fractions.  This data would be used to assess the potential mobility of the Cs-137 and Sr-90 in the 
soil environment and bioavailability in the sediment and tuff materials present at the site and to 
assess the effect of S/S treatment on these properties. 

 

EXPERIMENTAL SECTION 
 
Materials   
 
Four 5-gallon buckets of the contaminated tuff and four 5-gallon buckets of the sediment 
material were supplied by LANL for testing.  The tuff sample buckets contained material less 
than 3-inches in diameter.  The contaminated tuff was transferred into a three foot wide by six 
foot long stainless steel metal tray.  Tuff pieces greater than 1/2-inch in diameter were size-
reduced with a 5-kg drop hammer.  The size-reduced tuff material was transferred to a 30-gallon 
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plastic container and mixed using a double helical mixer until it was visually uniform.  Similarly, 
the sediment was transferred into a similar stainless steel metal tray.  The sediment material was 
transferred to a 30-gallon plastic container and mixed using a double helical mixer until it was 
visually uniform.  A composite of the sediment and tuff materials was produced by blending the 
two materials 60:40 by weight.  The sediment/tuff composite material was then mixed with a 
double helical mixer until it was visually homogenous.  

Geotechnical characterization of the tuff and sediment composite materials are summarized in 
Tables I and II.  The size-reduced tuff composite material was dry, non-plastic, gravelly sand in 
nature, with moisture contents ranging from 14% to 20% on a dry weight basis.  The sediment 
composite material was dry, loam or sandy loam soil with moisture contents ranging from 5% to 
7% on a dry weight basis.  The low plasticity index of the sediment composite material 
confirmed its sandy nature.  The particle size distribution was consistent across the sediment 
composite samples, with moderate levels of silt and low clay contents.  The limited variability in 
the sediment geotechnical composite samples suggests that it should have consistent material 
handling properties. 

 
Table I. Physical Characterization of the Tuff and Sediment Composite Samples 

 
 

Liquid 
Limit 

 
Plastic 
Limit 

 
Plasticity 

Index  
Soil Fraction 

 
Moisture 
Content 

(% dwb1)  
Moisture Content (%) 

 
Wet 

Density 
(lb/ft3) 

 
Tuff #4 

 
20.0 

 
NP 

 
NP 

 
NP 

 
71.9 

 
Sediment #6 

 
6.9 

 
25 

 
26 

 
-1 

 
71.2 

 
1 determined on a dry weight basis (weight moisture/weight dry solids) 
2 NP = non-plastic 
 
 

Table II. Particle Size Distribution of the Tuff and Sediment Composite Samples 
 

 
Particle Size 

Fraction 
 

Tuff Composite 
 

Sediment Composite 

 Percent Solids by Weight 

Gravel 
 

24.7 
 

1.5 
 

Sand 
 

51.7 
 

43.6 
 

Silt 
 

20.4 
 

44.4 
 

Clay 
 

3.2 
 

10.5 
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Portions of the tuff, sediment and a tuff/sediment composite were stabilized with either a 
formulation consisting of 20% Portland cement, 6% bentonite, and 2.5% soluble silicates or a 
formulation of 20% Portland cement and 6% bentonite.  These formulations produced stabilized 
material which met site-specific performance criteria during stabilization treatability testing for 
the PRS-021-011(k) site.  Each formulation was mixed in a planetary mixer.  A 4,000 g aliquot 
of contaminated material was added to the mixing bowl.  The dry reagents were weighed out, 
blended, and mixed into an equal weight of water.  Soluble silicate or an additional 200 mL of 
water was then added to the reagent slurry.  The reagent slurry was then added to the soil in the 
mixing bowl. Additional water was added to the formulation as necessary to produce a moist 
soil-like consistency.  The soil and reagent slurry was mixed at 30-40 rpm for 1 to 2 minutes to 
produce a homogeneous treated material.  The treated material was poured into 2-inch by 4-inch 
right cyclinder molds, vibrated to remove air pockets, and capped to minimize moisture loss.  
After 28 days of curing, the stabilized materials were utilized for SEP testing.   

Sequential Extraction Procedure   
 
The SEP approach utilized for untreated and stabilized sediment, tuff and sediment/tuff 
composite samples is a form of the consensus method for extraction being calibrated by the 
National Institute of Standards and Technology (8).  The following description identifies the 
metal immobilization phase with a description of how the metals present in each of these phases 
is extracted during the SEP process. 

Exchangeable Phase - metals that are reversibly sorbed to soil minerals, amorphous solids, 
and/or organic material by electrostatic forces.  These forces are overcome by using a 
concentrated electrolyte leach (1M MgCl2) that displaces the metal ions from solid surfaces.  The 
metals solubilized by this extraction are analyzed to determine metals present in the 
exchangeable phase. 

Acid Extractable Phase- metals that are irreversibly sorbed or otherwise bound in carbonate or 
other acid-soluble minerals.  These forces are overcome by using a mild acid (1M NaOAc 
solution in 25% HOAc at pH 5) to dissolve carbonate minerals.  The metals solubilized by this 
extraction are analyzed to determine metals associated with the carbonate phase or other metals 
that are solubilized by acidic conditions. 

Reducible Phase - metals bound to hydroxides of iron, manganese, and/or aluminum and easily 
solubilized oxides.  These forces are overcome by using a solution of 0.1 M hydroxylamine 
hydrochloride in pH 2 nitric acid to reduce the soil or sediment sample.  The metals solubilized 
by this extraction are analyzed to determine metals associated with the reducible phase.  

Organic Phase - metals bound to soil organic matter (e.g., stable humus).  These forces are 
overcome by oxidizing the soil organic matter with a pH 8.5, 5% NaOCl solution. The metals 
solubilized by this extraction are analyzed to determine metals associated with the organic 
matter.  
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Oxidizeable Phase – metals bound to sulfide minerals.  The forces binding metals to sulfides are 
overcome by leaching with a 4M HNO3 solution at 95oC.   The metals solubilized in this 
extraction are analyzed to determine metals associated with sulfide minerals. 

Residual Phase - The remaining metals are distributed between silicates, phosphates, and 
refractory oxides.  A mixture of HNO3 /HCl/HF (SW846 Method 3052) is used to digest/extract 
the remaining metals.  

The concentrations of total Cs and Sr in the SEP extracts were measured by inductively coupled 
plasma atomic emission (ICP-AE) spectroscopy.  The Cs-137 concentration in the SEP extracts 
was quantified by gamma spectroscopy.  For the Sr-90, a known portion of each SEP extract was 
acidified with concentrated nitric acid and passed through a Empore Strontium Rad Disk (3M 
Filtration Products, St. Paul, MN).  The Sr-90 retained on the filter disks was quantified by low 
background gas flow proportional counting. 

 
RESULTS AND DISCUSSION 
 
The results of the SEP testing are summarized in Tables III and IV.  The distribution of the Cs-
137, total Cs, Sr-90 and total Sr among the various fractions is displayed in Figures 1 through 4. 

Metals associated with the ion exchangeable and acid extractable fractions are often considered 
to be potentially mobile in the soil environment and bioavailable if ingested.  Metals associated 
with the reducible fraction are considered to be immobile in the soil environment, but potentially 
bioavailable as they can be extracted in acidic stomach fluids.  Metals associated with the 
organic, oxidizable, and residual fractions are considered to be immobile in the soil and 
biologically unavailable if ingested.  Figures 5 through 8 illustrate the percentage of Cs-137, total 
Cs, Sr-90 and total Sr that would be considered potentially mobile, bioavailable or immobile and 
biologically unavailable.  

Untreated TA-021 Material 

The SEP results for Cs in the untreated materials (Figures 5 and 6) suggests that the Cs-137 and 
total Cs in the sediment, tuff, or sediment/tuff materials would not be considered potentially 
mobile in the soil environment or bioavailable, as most of the Cs-137 and total Cs is associated 
with the oxidizable and residual phases.   The Sr-90 in the sediment, tuff, and sediment/tuff 
materials would be considered potentially mobile in the soil environment or bioavailable, as most 
of the Sr-90 in these materials is associated with the exchangeable phase.  For the sediment and 
sediment/tuff materials, the total Sr is distributed differently than the Sr-90.  The percentages of 
the total Sr that would be potentially mobile in the soil environment or bioavailable were less 
than half those for the Sr-90 (Figures 7 and 8).  This would suggest that the Sr-90 would be more 
mobile or bioavailable than the total Sr.   

The SEP results indicate that the stabilization treatment on sediment material appeared to 
increase the portion of Cs-137 and total Cs associated with the exchangeable, acid extractable, 
reducible phases, while reducing the portion associated with the oxidizable fraction, as compared 
to the untreated material.  This trend is more pronounced with the sediment material.  These  
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Table III. Sequential Extraction of Cs-137 and Total Cs from Untreated and  

Stabilized LANL Materials 
 
Sediment Composite 

Untreated Stabilized with 
Formulation 1 

Stabilized with 
Formulation 2 Untreated Stabilized with 

Formulation 1 
Stabilized with 
Formulation 2 Phase 

Fraction of Cs-137 in each Phase (%) Fraction of Total Cs in each Phase (%) 
Exchangeable <0.2 3.7 -- <0.2 3.0 -- 
Acid Extractable <0.2 8.9 -- <0.2 9.2 -- 
Reducible 0.9 2.3 -- 1.3 2.6 -- 
Organic 2.5 11.9 -- 2.4 13 -- 
Oxidizable 44.2 4.7 -- 46.5 3.8 -- 
Residual 52.4 68.5 -- 49.8 68.3 -- 

Tuff Composite 

Untreated Stabilized with 
Formulation 1 

Stabilized with 
Formulation 2 Untreated Stabilized with 

Formulation 1 
Stabilized with 
Formulation 2 Phase 

Fraction of Cs-137 in each Phase (%) Fraction of Total Cs in each Phase (%) 
Exchangeable 0.6 <0.2 -- <0.2 <0.2 -- 
Acid Extractable 1.9 2.1 -- 2.3 2.3 -- 
Reducible 1.2 <0.2 -- 1.1 0.9 -- 
Organic 4.4 3.3 -- 4.8 4.3 -- 
Oxidizable 41.3 57.5 -- 39.7 54.6 -- 
Residual 50.6 37.1 -- 52.1 38.0 -- 

Sediment/Tuff Composite 

Untreated Stabilized with 
Formulation 1 

Stabilized with 
Formulation 2 Untreated Stabilized with 

Formulation 1 
Stabilized with 
Formulation 2 Phase 

Fraction of Cs-137 in each Phase (%) Fraction of Total Cs in each Phase (%) 
Exchangeable 0.3 1.0 1.0 <0.2 0.7 1.0 
Acid Extractable 1.9 2.3 2.7 2.4 1.9 1.7 
Reducible <0.2 0.5 1.0 <0.2 0.9 1.4 
Organic 3.2 4.8 4.4 4.0 5.4 4.4 
Oxidizable 48.4 52.1 55.1 40.5 44.1 45.6 
Residual 46.1 39.3 35.9 53.1 46.9 45.9 

 
 

changes could result in the Cs-137 and total Cs in the stabilized sediment being slightly more 
potentially mobile in the soil environment or slightly more bioavailable after stabilization 
treatment.   

The stabilization treatment on the sediment material appeared to decrease the portion of Sr-90 
associated with the exchangeable fraction and to increase the portions associated with the acid 
extractable, reducible, organic, oxidizable, and residual phases.   These changes should result in 
the Sr-90 in the stabilized sediment material being less potentially mobile in the soil environment 
and less bioavailable after stabilization treatment.  The stabilization treatment of the sediment 
material appeared to significantly increase the total Sr associated with the exchangeable, acid 
extractable, reducible, organic, and oxidizable fractions, at the expense of the residual fraction.   
This would indicate that the stabilization treatment is causing dissolution of the geochemical 
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species comprising the residual fraction.  These changes should result in the total Sr in the 
stabilized sediment material being potentially more mobile in the soil environment and more 
bioavailable after stabilization treatment.   

The stabilization treatment on the tuff material appeared to decrease the portion of Cs-137 and 
total Cs associated with the residual phase and to increase the portion associated with the 
oxidizable phase, as compared to the untreated tuff material.  These changes in the Cs-137 and 
total Cs distribution would not affect the potential mobility and bioavailability after stabilization.  
The stabilization treatment of the tuff material appeared to decrease the portion of Sr-90 and total 
Sr associated with the exchangeable fraction and to increase the portions associated with the acid 
extractable, reducible, organic, oxidizable, and residual phases.   These changes should result in 
the Sr-90 and total Sr in the tuff material being less potentially mobile in the soil environment 
and less bioavailable after stabilization treatment. 
 
 

Table IV. Sequential Extraction of Sr-90 and Total Sr from Untreated  
and Stabilized LANL Materials 

 
Sediment Composite 

Untreated Stabilized with 
Formulation 1 

Stabilized with 
Formulation 2 Untreated Stabilized with 

Formulation 1 
Stabilized with 
Formulation 2 Phase 

Fraction of Sr-90 in each Phase (%) Fraction of Total Sr in each Phase (%) 
Exchangeable 55.4 23.1 -- 24.5 37.0 -- 
Acid Extractable 1.3 16.8 -- 1.8 31.9 -- 
Reducible 1.4 9.4 -- 0.5 9.2 -- 
Organic 1.3 2.7 -- 0.3 4.7 -- 
Oxidizable 1.3 3.1 -- 3.9 6.1 -- 
Residual 39.3 44.8 -- 69 11.1 -- 

Tuff Composite 

Untreated Stabilized with 
Formulation 1 

Stabilized with 
Formulation 2 Untreated Stabilized with 

Formulation 1 
Stabilized with 
Formulation 2 Phase 

Fraction of Sr-90 in each Phase (%) Fraction of Total Sr in each Phase (%) 
Exchangeable 71.3 22.7 -- 54.6 30.5 -- 
Acid Extractable 4.6 11.9 -- 15.3 23.2 -- 
Reducible 3.7 7.9 -- 2.9 <0.2 -- 
Organic 0.5 2.1 -- 0.6 4.0 -- 
Oxidizable 0.9 2.5 -- 2.6 5.9 -- 
Residual 19.0 52.9 -- 23.9 36.4 -- 

Sediment/Tuff Composite 

Untreated Stabilized with 
Formulation 1 

Stabilized with 
Formulation 2 Untreated Stabilized with 

Formulation 1 
Stabilized with 
Formulation 2 Phase 

Fraction of Sr-90 in each Phase (%) Fraction of Total Sr in each Phase (%) 
Exchangeable 63.6 34.7 34.1 27.6 39.8 41 
Acid Extractable <0.2 15.1 18.0 <0.2 12.8 10.6 
Reducible 2.1 7.6 8.2 <0.2 4.8 5.1 
Organic 0.9 2.2 2.2 0.4 2.1 2.6 
Oxidizable 1.1 4.3 2.5 4.6 3.2 3.6 
Residual 32.4 36.2 35.0 67.4 37.3 37.1 
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Figure 1. SEP Distribution of Cs-137 in Sediment, Tuff, and Sediment/Tuff Materials 
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Figure 2. SEP Distribution of Total Cesium in Sediment, Tuff, and Sediment/Tuff Materials  
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Figure 3. SEP Distribution of Sr-90 in Sediment, Tuff, and Sediment/Tuff Materials 
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Figure 4. SEP Distribution of Total Strontium in Sediment, Tuff, and Sediment/Tuff Materials 
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Figure 5.  Distribution of Cs-137 between the potentially mobile, bioavailable, and immobile, non-
bioavailable phases  
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Figure 6.  Distribution of Total Cs between the potentially mobile, bioavailable, and immobile, 
non-bioavailable phases  
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Figure 7.  Distribution of Sr-90 between the potentially mobile, bioavailable, and immobile, non-
bioavailable phases 
 

0

10

20

30

40

50

60

70

80

90

Sediment
Untreated

Sediment
Stabilized with
Formulation 1

Tuff Untreated Tuff Stabilized
with Formulation 1

Sediment/Tuff
Untreated

Sediment/Tuff
Stabilized with
Formulation 1

Sediment/Tuff
Stabilized with
Formulation 2

Pr
es

en
t o

f T
ot

al
 S

r P
re

se
nt Mobile

Bioavailable

Immobile, Non-
Bioavailable

 
 
Figure 8.  Distribution of Total Sr between the potentially mobile, bioavailable, and immobile, 
non-bioavailable phases 
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The stabilization treatment on the sediment/tuff composite material appeared to have little effect 
on the distribution of Cs-137 and total Cs among the various phases, as compared to the 
untreated sediment/tuff composite material.  Therefore, the stabilization treatment of the 
sediment/tuff material would not alter the potential mobility and bioavailability of the Cs-137 
and total Cs.  The stabilization treatment of the sediment/tuff material appeared to decrease the 
portion of Sr-90 associated with the exchangeable fraction and to increase the portions associated 
with the acid extractable, reducible, organic, oxidizable, and residual phases.   These changes 
should result in the Sr-90 in the stabilized sediment/tuff material being less potentially mobile in 
the soil environment and less bioavailable after stabilization treatment.  The stabilization 
treatment of the sediment/tuff material appeared to significantly increase the total Sr associated 
with the exchangeable, acid extractable, reducible, and organic fractions, at the expense of the 
residual fraction.   This would indicate that the stabilization treatment is causing dissolution of 
the geochemical species comprising the residual fraction.  These changes should result in the 
total Sr in the stabilized sediment/tuff material being potentially more mobile in the soil 
environment and more bioavailable after stabilization treatment.   

Comparison between the SEP results for the Portland cement/bentonite formulation (Formulation 
2) and Portland cement/bentonite/silicate formulation (Formulation 1) indicates that the silicate 
has little effect on the distribution of the Cs-137, total Cs, Sr-90, and total Sr among the various 
phases.  Most of the redistribution is probably due to reaction with the Portland cement in the 
stabilization formulation. 

 
CONCLUSIONS 
 
The Cs-137 and total Cs in the PRS-021-011(k) site materials would be considered subject to 
natural attenuation. The SEP results for Cs in the untreated materials suggest that over 85% of 
the the Cs-137 and total Cs in the sediment, tuff, or sediment/tuff materials would not be 
considered potentially mobile in the soil environment or bioavailable.   

The Sr-90 and total Sr in the PRS-021-011(k) site materials would not be considered subject to 
natural attenuation. The SEP results for the Sr-90 in the untreated sediment, tuff, and 
sediment/tuff materials suggest that over 55 to 80% of the Sr-90 would be considered potentially 
mobile in the soil environment or bioavailable, as most of the Sr-90 in these materials is 
associated with the exchangeable phase. For the total Sr, the SEP results in the untreated 
sediment and sediment/tuff materials suggest that about 25% the total Sr would be considered 
potentially mobile in the soil environment or bioavailable, while the SEP results for the tuff 
material suggest that about 70% the total Sr would be considered potentially mobile in the soil 
environment or bioavailable.    

The stabilization treatment had little to no effect on the reducing the percentage of Cs-137 or 
total Cs considered to be potentially mobile in the soil environment or bioavailable.  The SEP 
results for the Cs in the stabilized materials suggest a slight increase in the Cs-137 and total Cs 
that would be considered to be potentially mobile in the soil environment or bioavailable.   

The stabilization treatment appeared to decrease the percentage of Sr-90 considered to be 
potentially mobile in the soil environment or bioavailable.  The SEP results for the Sr-90 in the 
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stabilized materials suggest that less than 35 to 50% of the Sr-90 would be considered potentially 
mobile in the soil environment and less bioavailable after stabilization treatment, approximately 
½ of that in the untreated materials.   

The effect of the stabilization on the total Sr appears mixed.  The SEP results for the total Sr in 
the stabilized sediment and sediment/tuff materials suggest that 65 to 80% of the total Sr would 
be considered potentially mobile in the soil environment and more bioavailable after stabilization 
treatment, indicating a negative effect of the stabilization treatment.  The SEP results for the total 
Sr in the stabilized tuff material suggest that about 55% of the total Sr would be considered 
potentially lessmobile in the soil environment and less bioavailable after stabilization treatment, 
indicating a positive effect of the stabilization treatment.    

The distribution of the Cs-137 and total Cs were similar among the SEP fractions, suggesting 
that Cs-137 deposited at the site by the treated liquid radioactive waste effluent was respeciated 
into the same geochemical fractions as the naturally occurring Cs in the affected materials.  The 
distribution of total Sr in the tuff material was similar to that of Sr-90, while the distribution of 
total Sr in the sediment and sediment/tuff materials were dissimilar. The higher mobility and 
bioavailablity of the Sr-90, as compared to the total Sr, in the sediment and sediment/tuff 
materials would suggest that the Sr-90 contamination deposited by the liquid radioactive waste 
effluent may be preferentially associated with cation exchange sites on the silt- and clay-sized 
particles and has not respeciated in a similar manner to naturally-occurring total Sr.   The same 
phenomena appear to occur to some extent for the tuff material, but is not very pronounced.      
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