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EXECUTIVE SUMMARY 

This Field Investigation Report for Waste Management Area S-SX presents the most recent 
comprehensive assessment of existing and new information to clarify the current understanding 
of the nature and extent of past releases in the S and SX tank farms that comprise waste 
management area (WMA) S-SX. This report evaluates the potential of corrective actions to 
reduce or eliminate the consequences of these past releases on human health and the 
environment. This report presents the results of the most thorough field investigation ever 
conducted on the impacts associated with tank leaks from S and SX farm single-shell tanks . 
Also presented are computer simulation results of future groundwater impacts from such past 
releases, as well as a risk assessment. The Resource Conservation and Recovery Act of 1976 
(RCRA) Corrective Action Program and its implementing regulations require a rigorous 
investigative process to maintain a high degree of technical integrity and usefulness to decision 
makers. This task included the integrated efforts of the Tank Farm Vadose Zone Project; other 
U.S. Department of Energy (DOE), Office of River Protection (ORP) tasks; the Hanford 
GroundwaterNadose Zone Integration Project; Hanford Groundwater Program; and National 
Laboratories and universities funded from DOE Headquarters. 

This Field Investigation Report for Waste Management Area S-SXwas mandated by the RCRA 
Corrective Action Process, as documented in Phase 1 RCRA Facility Investigation/Corrective 
Measures Study Work Plan for Single-Shell Tank Waste Management Areas. ' That work plan 
provides the overall framework to guide groundwater and vadose zone investigation and decision 
making for single-shell tank WMAs at the Hanford Site. The approved Hanford Federal Facility 
Agreement and Consent Order2 (HFFACO a.k.a. Tri-Party Agreement) Change Package 
M-45-98-03 establishes that this field investigation report is to support the development and 
implementation of interim measures and interim corrective measures and support single-shell 
tank waste retrieval and closure activities through integration with other projects (e.g., Hanford 
Groundwater/Vadose Zone Integration, Single-Shell Tank Retrieval). 

Major conclusions of this report follow. 

• Waste from tanks in the SX tank farm has impacted groundwater most likely due to 
enhanced contaminant transport caused by nearby waterline leaks, with technetium-99 
groundwater concentrations reaching over 80,000 pCi/L. The drinking water standard3 

for technetium-99 is 900 pCi/L. 

1 DOE-RL, 2000, Phase 1 RCRA Facility Investigation/Corrective Measures Study Work Plan for Single-Shell Tank 
Waste Management Areas, DOE/RL-99-36, Rev. l , U.S. Department of Energy, Richland Operations 
Office, Richland, Washington. 

2 Ecology, EPA, and DOE, 1989, Hanford Federal Facility Agreement and Consent Order, as amended, Washington 
State Department of Ecology, U.S. Environmental Protection Agency, and U.S. Department of Energy, 
Olympia, Washington. 

3 40 CFR 141 , "National Primary Drinking Water Regulations," Code of Federal Regulations, as amended. 
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• Waste from WMA S-SX is projected to significantly impact groundwater in the future, 
resulting in a projected maximum incremental lifetime cancer risk of O.01 for an 
industrial worker near the tank farm boundary. This is a theoretical calculation for an 
industrial worker consuming 2 L of water a day from a groundwater well at the tank farm 
boundary. 

• Predictions of future contaminant behavior and groundwater impact are most sensitive to 
estimates of total inventory and recharge. 

• Control of moisture movement through the tank farms soils presents the greatest 
opportunity to minimize future impacts on groundwater resources. 

• The geochemistry associated with the movement of cesium-137 from tank leaks in 
WMA S-SX has been understood, thus providing an explanation of the depth of 
cesium-13 7 contamination associated with these tank leaks. Significant additional 
movement of cesium-13 7 is not expected. 

• The field, laboratory, and computational results associated with this effort have 
strengthened the support for conceptual models on moisture flow and contaminant 
transport and provide an improved understanding of contaminant profiles in highly 
impacted regions of the WMA S-SX tank farm vadose zone. 

• The fine-grained sediments associated with the undifferentiated Hanford 
formation/Pho-Pleistocene unit have retarded migration of many of the contaminants 
released from the tanks. 

• Interim measures have been identified and completed in WMA S-SX that are expected to 
significantly reduce future consequences. 

• Drilling technology advancements developed under this project have resulted in 
improved sample quality and reduced costs over past drilling efforts in highly 
radiologically contaminated areas. 

Recommendations in this report address interim measures, accelerated corrective measures, 
future tank operations, collection of additional WMA S-SX data and information, lessons 
learned, and restructuring of the RCRA Corrective Actions Program schedule. 
Key recommendations are the following. 

• The interim measures (waterline isolation and leak testing, runon/runoff controls, 
groundwater remediation) should be extended to other tank farms. Periodic waterline 
testing should be conducted. 

• An engineering study is required to determine the costs and impacts of placing an interim 
surface barrier to determine the impact to tank farm operations and planned waste 
retrieval actions. 

• Aboveground piping should be used whenever possible for improved leak detection. 
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• Future liquid waste retrieval activities should evaluate the use of either limited 
water-based or dry waste retrieval methods instead of supernate where significant 
cesium-13 7 exists in soils. 

• A limited number of additional characterization activities that may be useful in making 
long-term remedial action decisions have been identified. Additional data collection is 
warranted only if the data collected are anticipated to have a significant impact on the 
findings presented in this report. Additional data are not necessary to support interim 
action decisions. 

The following sections provide further details and support: 

• Section 1.0. Introduction 
• Section 2.0. Investigative Approach 
• Section 3.0. Investigative Results and Conclusions 
• Section 4.0. Summary and Conclusions of the Impact (Risk) Evaluations 
• Section 5.0. Conclusions 
• Section 6.0. Recommendations. 

Section 1.0, Introduction and Section 2.0, Investigative Approach 

Twelve 23-m (75-ft) diameter underground tanks in the Stank farm and 15 similar tanks in the 
SX tank farm have stored hazardous, high-level radioactive mixed wastes for several decades. 
These tanks, along with their associated infrastructure for WMA S-SX, are located in the 
200 West Area of the Hanford Site (Figure ES .l). This WMA was placed in RCRA groundwater 
monitoring assessment because of elevated specific conductance and high-levels of 
technetium-99 in downgradient monitoring wells .4 Based on the groundwater impacts at WMA 
S-SX and similar determinations for other SST farm releases, DOE established the RCRA 
Corrective Action Program to characterize the vadose zone and groundwater; to perform 
analyses to aid in the understanding of contaminant fate, moisture movement, and contaminant 
transport; and to estimate future environmental impacts from past leaks. 

The framework for the investigative approach for the RCRA Corrective Action Program was 
developed through negotiations with the Washington State Department of Ecology and DOE in 
Hanford Federal Facility Agreement and Consent Order Change Package M-45-98-03. 
The RCRA facility investigation/corrective measures study work plan1 encompasses the aspects 
of work common to all WMAs and establishes the regulatory and programmatic framework for 
the overall RCRA Corrective Action Program. 

4 Caggiano, J.A. 1996, Groundwater Water Quality Assessment Monitoring Plan/or Single-Shell Tank Waste 
Management Area S-SX, WHC-SD-E -AP-191 , Rev. 0, Westinghouse Hanford Company, Richland, 
Washington. 
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Figure ES.1. Location Map of Single-Shell Tank Waste Management 
Area S-SX and Surrounding Facilities in the 200 West Area 
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To ensure appropriate data were collected to meet the needs for field investigation reports as 
identified in site-specific work plans, an implementation plan was prepared as Appendix J of the 
RCRA facility investigation/corrective measures study work plan. 1 Key to the implementation 
plan approach is first understanding what efforts would be most appropriate for a field 
investigation report and then addressing assimilation of data necessary to complete those 
evaluations. As documented in the Appendix J implementation plan, the key evaluation for 
assessing effectiveness of interim measures and the need for additional data is that of the 
potential risk to a human receptor. 

The effort for WMA S-SX included collecting and analyzing available information, identifying 
data gaps, and planning future field characterization activities. The extensive available 
information is summarized in A Summary and Evaluation of Hanford Site Tank Farm Subsurface 
Contamination5 and in Subsurface Physical Conditions Description of the S-SX Waste 
Management Area.6 This information was used in a set of data quality objectives processes to 
determine data gaps. Data gaps were filled under two field programs documented in Preliminary 
Site-Specific SST Phase I RFIICMS Work Plan Addendum for W.MA S-SX7 and Site-Specific SST 
Phase I RF I/CMS Work Plan Addendum for W.MA S-Sx.8. These work plan addenda were 
approved by DOE and the Washington State Department of Ecology. Other work, particularly 
that of the national laboratories and universities funded by DOE headquarters, is in addition to 
and complements the work presented in the work plan addenda. 

Section 3.0, Investigative Results and Conclusions 

Much new data were collected as part of the total WMA S-SX characterization effort. 
This discussion is divided into three main sections: 

• Field activities, which involves the collection of soil samples and geophysical 
measurements 

• Laboratory analyses of those soil samples 

• Data evaluations of these measures and analyses as well as numerical simulations of past 
events. 

5 Jones, T.E. , R. Khaleel, D.A. Myers, J.W. Shade, and M.l. Wood, 1998, A Summary and Evaluation of Hanford 
Site Tank Farm Subsurface Contamination , HNF-2603 , Rev. 0, Lockheed Martin Hanford Corporation, 
Richland, Washington. 

6 Johnson, V.G. , T.E. Jones, S.P. Reidel, and M.l. Wood, 1999, Subsurface Physical Conditions Description of the 
S-SX Waste Management Area, HNF-4936, Fluor Daniel Hanford, Incorporated, Richland, Washington. 

7 Henderson, J.C., 1999, Preliminary Site-Specific SST Phase 1 RFIICMS Work Plan Addendum/or WMA S-SX, 
HNF-4380, Rev. lB, Fluor Daniel Hanford, Incorporated, Richland, Washington. 

8 Rogers, P.M. and A.J. Knepp, 2000, Site-Specific SST Phase 1 RFIICMS Work Plan Addendum/or WMA S-SX, 
HNF-5085 , Rev. l , CH2M Hill Hanford Group, Incorporated, Richland, Washington. 

C:\Documents and Settings\h4604938\Desktop\s-sx _ fir\ExecSum _ O 13 1.doc Vll Januar 



RPP-7884, Rev. 0 

Field Activities. Major field investigations defined in the work plans were conducted at the 
following locations (see Figure ES.2): 

• Installation of a RCRA-compliant groundwater well (299-W23-l 9) southwest of tank 
SX-115 

• Sediment sampling and decommissioning of borehole 41-09-39 (well 299-W23-234) 

• Collection of vadose zone characterization data from the installation of three RCRA 
groundwater monitoring wells (299-W23-48, -49, and -50) 

• Installation of an exploratory slant borehole (299-W23-64) beneath tank SX-108 

• Shallow vadose zone soil investigation around tank S-104. 

For each of the boreholes drilled, soil samples were retrieved for laboratory analyses and 
geophysical logging was performed. In each of these boreholes, gamma logging (to measure the 
concentration of gamma-emitting radionuclides) and neutron logging (to measure moisture 
content) were performed. In addition, thermal logging (to measure the temperature of the 
borehole casing and hence the soil temperature) was performed on borehole 41-09-39 and the 
SX-108 slant borehole. Finally, neutron activation measurements were done on borehole 
299-W23-19 to determine concentrations of certain nuclides. The shallow soil investigation 
performed gamma logging and limited soil collection. 

Additional geophysical logging was performed in existing boreholes within WMA S-SX. 
To supplement earlier gamma-logging work, boreholes with high gamma radiation were 
relogged with a high-rate detector to quantify the highest concentrations of cesium-137 
contamination. Such information was used in the determination of the amount and extent of this 
radionuclide. In addition, neutron logging was performed on most of the existing boreholes in 
the south end of the SX tank farm . 

The major field characterization accomplishments included the following . 

• Improvements in drilling technology allowed safe and efficient sample collection of 
contaminants in the high radiation zone beneath tank SX-108. Other improvements aided 
the program in a variety of areas. 

• Use of the specially developed sampler is an effective means for sample collection in 
high radiologically contaminated areas. 

• Air rotary drilling can be performed in the tank farms but is not cost effective due to the 
high cost of contamination confinement and associated air release risk to the 
environment. 

• The distribution of moisture content, on the basis of drywell measurements, helps to 
identify areas where potential sources ofrecharge from water-line leaks may exist. 
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Figure ES.2. Waste Management Area S-SX, Location Map of 
Characterization Activities, Surrounding Facilities, and Wells 
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Laboratory Analyses. Extensive analyses were performed by the RCRA Corrective Action 
Program on the samples gathered from the boreholes. Because the amount of soil collected 
during the shallow vadose zone soil investigations was limited, analyses of those samples were 
much more selective. In addition to the RCRA Corrective Action Program activities, the 
national laboratories and universities investigated certain samples with highly advanced 
techniques. 

Typical RCRA Corrective Action Program laboratory analyses included the measurement of 
physical properties ( density, moisture content, specific conductivity) and elemental and isotopic 
concentrations. Concentrations were measured using water and strong acid extracts from the soil 
samples as well as using porewater. Anions typically investigated included nitrate, nitrite, 
chloride, fluoride, and sulfate. Cations typically investigated included aluminum, arsenic, boron, 
calcium, chromium, cobalt, iron, magnesium, manganese, molybdenum, nickel, potassium, 
selenium, silicon, sodium, strontium, and zinc. The major isotopes are technetium-99 and 
cesium-137. Isolated occurrences of slightly elevated uranium are present and very small 
quantities of iodine-129 are observed in the some soils from the SX-108 slant borehole. 

Key findings from the RCRA Corrective Action Program-sponsored work include the following. 

• Groundwater samples collected from groundwater wells 299-W23-15 , 299-W23-19, 
299-W22-48, 299-W22-49, 299-W22-50, 299-W22-80, 299-W22-81 , and 299-W22-82 
ranged from less than 10 pCi/L to 81 ,500 pCi/L for technetium-99. The drinking water 
standard3 is 900 pCi/L for technetium-99. The highest technetium-99 groundwater 
concentration on the Hanford Site is in well 299-W23-19. Multiple groundwater sources 
of technetium-99 within the WMA boundary are indicated. 

• Analyses of tank farm soils show elevated concentrations of several constituents that are 
attributed to tank fluid leakage (primarily tanks SX-108 and SX-115) into the soil 
column. High concentrations of cesium-137 were found 16 to 30 m (52 to 100 ft) below 
ground surface, with concentrations as high as 96,000,000 pCi/g. High concentrations of 
more mobile contaminants (technetium-99, chromium, nitrate) in porewater or water 
extract samples were found deeper (down to 49 m [160 ft] below ground surface) in all 
3 boreholes drilled inside the SX tank farm, primarily in the lower subunits of the 
Hanford formation (Hl and H2) and the upper Pho-Pleistocene unit (subunit PPlz). 
In the high-concentration depth intervals (21 to 49 m [70 to 160 ft] below ground), 
porewater concentrations of technetium-99 ranged from 95,000 to 240,000,000 pCi/L; 
chromium ranged from 3 to 21 ,800 mg/L; and nitrate from 6,000 to 1,000,000 mg/L. 

• The bulk of the matric potential measurements for sediments from four boreholes 
(W22-48, W22-50, W23-19, and W23-234) in and around WMA S-SX suggest a draining 
profile throughout the Hanford formation. For the two boreholes inside the tank farm the 
matric potential profiles indicate draining throughout the vadose zone. For two boreholes 
outside the tank farm fences the matric potential profiles suggest that the 
anthropomorphic activities (removal of vegetation) resulted in a enhanced wetting front 
that has traveled through the Hanford formation and is presently very slowly wetting the 
deeper sediments. That is, for the two boreholes outside the tank farm fences, the deeper 
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sediments in the Pho-Pleistocene unit and Ringold Formation are wetting as opposed to 
draining. 

The Science and Technology activity of the Hanford GroundwaterN adose Zone Integration 
Project conducted focused fundamental research in the areas of mineralogy, geochemistry, 
reactive transport modeling, and determination of field hydro logic parameters to address specific 
tank farm vadose zone issues. Laboratory experiments on tank farm sediment have provided 
results that led to an understanding of complex relationships between sodium ion concentrations 
and the mobility of cesium-13 7 in the Hanford vadose zone. Other laboratory studies have led to 
the development of a plausible hypothesis to explain the unexpected 'apparent' retardation of 
chromium(VI) in the Hanford sediments. These studies indicate that approximately 50% of the 
chromium(VI) may be immobilized in the vadose zone by post implacement reduction to 
chromium(III). Desorption kinetic studies with chromium and cesium contaminated sediments 
have produced release-rate models that can be used for defensible projections of the future 
mobility of these sorbed contaminants. Isotope geochemistry studies have suggested that 
additional insight into multiple tank leak events can be developed by coupling Hanford irradiated 
fuel composition records with trace isotope analyses. Fluid flow, heat transport, and 
nonisothermal multiphase fluid flow and transport numerical modeling studies have provided 
considerable insight into the impacts of high-heat tank waste storage and leakage on the vadose 
zone geochemical environment. Finally, large-scale field investigations provide a better 
understanding of realistic hydro logic parameters required for transport modeling studies. 

In particular, a key finding from this Science and Technology activity effort is that: 

• The mobility of cesium is now quantitatively understood. 

Cesium is quite mobile under high aqueous sodium conditions ( e.g., the initial phase of the tank 
SX-108 leak), but is highly retarded for low concentrations of sodium ( e.g. , SX-115 leak). 
Thus, the observations that greatly contributed to the creation of the RCRA Corrective Action 
Program (the unexplained presence of a material far from its source, which was thought to be 
highly retarded in its movement) are now explained. Central to this explanation is the current 
belief that sodium concentrations in some of the leaked tank supemate (e.g., SX-108) were 
higher than originally thought. These concentrations may have exceeded 15 mol/L, a 
concentration that virtually eliminates the retardation of cesium. The existence of these high 
sodium concentrations, which resulted from the boiling and self-concentration of the wastes, was 
suggested by modeling performed by the Science and Technology effort and porewater 
characterization data from the slant borehole samples. 

Data Evaluation. Data from previous efforts and from current laboratory measurements were 
extended by data evaluation efforts, particularly in the areas of inventory, recharge, and thermal 
modeling. 

Previous estimates of soil inventories resulting from the major tank leaks have been enhanced. 
Improved estimates of in-tank inventories as a function of time have been derived from the 
Hanford defined waste model, thus allowing better estimates of the composition of the waste at 
the time of leak. Because of the extensive measurements of cesium-13 7 soil concentrations and 
because of the known ratios of other contaminants to cesium-13 7 in tank waste, cesium-13 7 
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became a key contaminant for inventory analyses. Multiple kriging analyses were completed 
using a variety of cesium-13 7 data sources. In particular, the last analysis included gamma data 
from existing boreholes, lateral tubes beneath the tanks, as well as cesium-13 7 concentrations 
from soil samples gathered in this field investigation. Combining the results of these efforts with 
contaminant concentrations from the new borehole samples greatly increased the knowledge of 
the level and extent of the leaked waste. 

Key inventory estimates for WMA S-SX include the following: 

• The total amount of tank waste leaked is 435 ,275 L (115,000 gal), with 90,800; 57,500; 
56,775; and 189,250 L (24,000; 15,200; 15,000; and 50,000 gal) leaked, respectively, 
from tanks S-104, SX-108, SX-113 , and SX-11 5. 

• The total amount of cesium-13 7 leaked in the SX tank farm is 100,000 Ci, with 41 ,000 Ci 
from tank SX-108 as well as 19,000 Ci from tank SX-115 and 17,000 from tank SX-107. 

• The total amount of technetium-99 leaked in the SX tank farm is 30 Ci, with 12 Ci from 
tank SX-108 as well as 5.5 Ci from tank SX-115 and 5 Ci from tank SX-107. 

Because no site-specific recharge measurements are available, estimates of natural recharge are 
based primarily on analogous Hanford Site measurements (e.g. , lysimetry studies). Results of an 
evaluation of recharge conducted to estimate drainage through the vadose zone indicate that 
natural and artificial recharge influence contaminant migration. Shedding from the tank domes 
enhances recharge. In the absence of site-specific data, natural recharge estimates at the tank 
farm are assumed to range from 10 mm/yr (0.4 in./yr) to 100 mm/yr (4.0 in./yr). Artificial 
recharge due to leaking water lines can overwhelm natural recharge and hence significantly 
enhance contaminant migration, as suggested by the groundwater measurements near 
tank SX-115 . 

The Science and Technology activity of the Hanford GroundwaterN adose Zone Integration 
Project performed a series of numerical simulations to investigate the effects of temperature on 
moisture flow. The temperatures in many SX tanks exceeded 100 °C (212 °F) in the 1950s and 
1960s because of the high concentration of short-lived fission products in the REDOX high-level 
waste. The simulations indicate that there was significant dry-out of the soils beneath such 
tanks, and that the presence of a 'heat pipe ' effect may have caused liquid moisture to move from 
surrounding vadose zone sediments toward the tank. A key finding is that: 

• Thermal effects will have minor impact on moisture movement (and hence contaminant 
transport) after year 2000. However, in-ground temperatures are and will remain well 
above ambient temperature at depth in the vadose zone, and such temperatures do have 
implications for both chemical and hydrologic processes. 

Section 3.5, Interim Measures 

The field investigations for WMA S-SX suggest that anthropomorphic water sources have 
resulted in accelerated contaminant migration. Therefore, interim measures were identified and 
have been completed to minimize the infiltration from these sources. These interim measures 
include the following: 
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• Upgradient surface water run-on control measures 

• Cut and capped two water lines running to the SX tank farm and leak-tested two water 
lines running to the S and SY tank farms 

• Released water-line status maps for the S, SX, and SY tank farms. 

The Office of River Protection has implemented interim measures related to up gradient surface 
water run-on control measures, cutting and capping water lines at other 200 West Area tank 
farms and plans to implement these same interim measures in the 200 East Area during fiscal 
year 2002. The key finding is that: 

• The leak testing and cutting of water pipelines and building of run-on/run-off barriers 
should be performed for all single-shell tank farms. 

Efforts have also been started to investigate the feasibility of remediating the groundwater 
technetium in the vicinity of the tank SX-115 borehole (well 299-W23-19). 

Section 4.0, Summary and Conclusions of the Impact (Risk) Evaluations 

To estimate the future impact of past tank leaks, a suite of numerical simulations was performed. 
For the most important simulations, the results were converted into risk values. 

Modeling Data Package for S-SX Field Investigation Report (FIR/ provided the models and 
parameters used in the two-dimensional numerical simulations for the 13 cases studied. 
The simulations started in the year 2000, using an initial contaminant distribution in the vadose 
zone based on the results of the inventory data evaluation. A period of 1,000 years was 
simulated. Potential leaks from tank waste retrieval and from tank closure were not included. 
In all scenarios, a final closure barrier was in place by 2040. Important cases analyzed the effect 
of an interim surface barrier, different recharge rates, and the initial distribution of contaminants 
in the vadose zone. The modeling focused primarily on the WMA S-SX boundary. To meet the 
requirements established by the Washington State Department of Ecology, three additional 
compliance points were analyzed at the 200 West Area fence, 200 Area exclusion zone 
boundary, and the Columbia River. 

Key findings from the numerical simulations include the following . 

• Projected groundwater concentrations for technetium-99, nitrate, and chromium exceeded 
the drinking water standard3 at the WMA S-SX boundary for all scenarios and cases 
except for projected nitrate groundwater concentrations for the two low recharge cases 
(i.e., 30 and 10 mm/yr). 

9 Khaleel, R. , T.E. Jones, A.J. Knepp, F.M. Mann, D.A. Myers, P.M. Rogers, R.J. Serne, and M.l. Wood, Modeling 
Data Package/or S-SX Field investigation Report (FIR) , RPP-6296, Rev. 0, CH2M Hill Hanford Group, Inc., 
Richland, Washington. 
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• For the base case (100 mm/yr recharge and a closure surface barrier) and the case having 
an interim surface barrier, simulated technetium concentrations exceed the drinking water 
standard at the WMA S-SX boundary and 200 West fence. 

• For the base case, the estimated arrival times of the peak concentration for technetium-99 
at the WMA S-SX boundary is estimated to be year 2046 . 

• The placement of an interim surface barrier in the year 2010 would reduce peak 
technetium-99 concentrations at the WMA S-SX boundary by about a factor of 2, 
yielding peak concentrations still above drinking water standards. 

• The key factors affecting the estimation of risk near the S and SX tank farms as estimates 
of vadose zone contaminant inventory and recharge. 

Arrival times for peak concentrations for chromium and nitrate are projected to be similar to 
those for technetium-99, with the differences being primari ly due to the initial inventory 
distributions. Because of its retardation factor and radioactive decay, cesium-13 7 is projected to 
be undetectable at the WMA S-SX boundary for all simulation runs . 

The interim surface barriers, as expected, reduce fluxes to the water table. The technetium-99 
peak concentrations were reduced by over a factor of 2 with placement of barriers that causes the 
earlier reduction ofrecharge relative to the base case (which has only a closure surface barrier). 
However, the use of interim surface barriers did not result in projected contaminant 
concentration levels below drinking water standard maximum contaminant levels. 

Simulation results indicate that two key drivers affecting future contaminant migration are 
estimates of vadose zone contaminant inventory and recharge. The contaminant inventories have 
a major influence on the peak concentrations and arrival times of long-lived mobile 
radionuclides and chemical species at the WMA S-SX boundary. The inventory mass 
(i.e., curies or kilograms) has a much more significant influence on estimated groundwater 
concentrations than the spatial distribution of the contaminants. Sensitivity analyses indicate that 
recharge estimates have a major influence on the peak concentrations and their arrival times. 
As discussed earlier, no tank farm-specific recharge estimates are presently available. 

Risk and dose were evaluated for five of these 13 cases using the Hanford Site Risk Assessment 
Methodology 10 and "Model Toxics Control Act"' 1 Method B (unrestricted) and Method C 
(industrial) exposure scenarios. The major findings include the following. 

• Incremental lifetime cancer risk ranges from 9.98 x 10·3 to 1.33 x 10-6 at the four points 
of compliance for the industrial worker scenario. Technetium-99 is the key contaminant 
of concern for cancer risk. 

10 DOE-RL, 1995, Hanford Site Risk Assessment Methodology, DOE/RL-9 1-45, Rev. 3, U.S. Department of Energy, 
Richland Operations Office, Richland, Washington. 

11 "Model Toxics Control Act," RCW 70. 105D, Revised Code of Washington , as amended. 
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• The hazard index ranges from 0.0045 to 300 at the four points of compliance for the 
industrial worker scenario. Chromium is the key contaminant of concern for the hazard 
index. 

Section 5.0, Conclusions 

Eight major outcomes have resulted from this work. 

• A workable, effective approach has been developed to improve the characterization of 
vadose zone contamination in all the tank farm WMAs, to interpret past contamination 
events, and to estimate future contaminant migration. 

• A set of data collection activities has been completed to fill major gaps in the database 
that quantify the nature, extent, and mobility of contamination in the vadose zone. 
From these data, a conceptualization of contaminant migration events has evolved. 

• Through cooperation with the Science and Technology activity of the Hanford 
GroundwaterNadose Zone Integration Project and other Hanford Site projects, resources 
normally unavailable to the RCRA Corrective Action Program were put to use on soil 
and groundwater issues. These activities provided significant insight into their 
resolution. 

• The insertion of DOE national laboratory and university laboratory expertise was directed 
at important issues and yielded significant results over a very short time period. 

• Future migration patterns and associated risk from groundwater contamination have been 
projected for the next 1,000 years. 

• A series of interim measures have been identified and implemented that immediately 
reduce the potential of accelerated contaminant migration. 

• The approach used by the RCRA Corrective Action Program is successful and should be 
used for future efforts . The approach of the RCRA Corrective Action Program (gather 
existing data, identify gaps, collect new data based on gaps, analyze the consequence of 
the data obtained, and document all the efforts) worked extremely well. 

• The current conceptual model should be the basis for further RCRA Corrective Action 
Program activities and modeling. 

In addition, some more general conclusions can be reached. These conclusions involve the 
approach taken by the program itself and the conceptual models used. 

Prior to the initiation of the WMA S-SX characterization effort, a conceptual model was 
developed from the existing data to explain contamination events that lead to the current state of 
contamination in the WMA S-SX vadose zone and nearby unconfined aquifer. This conceptual 
model pictured the contaminant transport having two stages (an early stage driven by the 
chemical constituents of the leak including enhanced moisture flow, followed by a second stage 
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where the natural systems of the vadose zone reasserted themselves). In general, this conceptual 
model has been strengthened by the new information gathered. 

Section 6.0, Recommendations 

This section provides recommendations for further investigations and decisions based on 
findings from the WMA S-SX vadose zone and groundwater characterization activities. 
Recommendations for further investigations and decisions are provided for the following: 

• Interim measures 
• Accelerated corrective measure studies 
• Future tank farm operations 
• Collection of additional data and information 
• Lessons learned 
• Restructuring of the RCRA Corrective Action Program. 

Interim Measures . Interim measures (leak testing and capping of waterlines as well as 
run-on/run-off controls) were identified and have already been completed at WMAs S-SX, U, T, 
and TX-TY. Such measures should be performed for all tank farms and are planned. 

Work has begun to test the feasibility ofremediating the technetium groundwater plume 
identified at well 299-W23-19 located near tank SX-115 . This work should continue to 
determine the need for and most appropriate means for remediation, if necessary. 

Accelerated Corrective Measure Studies. A poss ible corrective measure would be the 
placement of interim surface barriers. Numerical simulation results suggest that compared to the 
final-surface-barrier-only alternative, placement of an interim surface barrier provides a twofold 
improvement in peak concentrations for mobile contaminants because of the earlier reductions in 
recharge. However, contaminant concentrations even with an interim barrier are still projected 
to be higher than drinking water standards . An engineering study with full tank farm staff 
involvement should be performed to determine the impacts from placing interim barriers inside 
the tank farms on tank farm operations as well as on waste retrieval and closure activities. 

Future Tank Farms Operations. Numerous tank waste leaks have occurred in the SST farms 
through overfilling of tanks or through leaks in ancillary equipment (e.g. , piping) during transfers 
of waste from one tank to another. This characterization program has shown how important the 
effects of manmade leaks from tank infrastructure have been in the migration history of tank 
leaks. Therefore, the recent use of aboveground piping and similar types of best management 
practices should be continued before, during, and after waste retrieval activities to minimize 
potential releases to the environment in the future during waste retrieval activities . 

The new enhanced understanding of cesium migration implies that new sodium sources should 
not be applied to the vadose zone. Without such sources, the cesium-137 is not expected to 
move significant distances. Thus, future liquid waste retrieval activities should evaluate the use 
of either limited water-based or dry waste retrieval methods instead of sodium-rich supernate as 
the waste retrieval media to ensure cesium does not migrate further downward, especially on 
known past leaking tanks like tank SX-108. 
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Collection of Additional WMA S-SX Data and Information. Additional data collection is 
warranted only if the data collected are anticipated to have a significant impact on the findings 
presented in this report. Additional data do not appear to be necessary to support interim action 
decisions. 

To reduce uncertainty, additional data could be obtained in WMA S-SX: 

• Quantify gamma activity directly beneath the tanks through the use of the laterals located 
beneath SX farm tanks 

• Quantify recharge rates for tank farm sediments 

• Obtain vadose zone samples near tanks SX-107, S-104, and SX-115 and analyze those 
samples for important contaminants. 

The matric potential and moisture measurements for sediment samples in WMA S-SX are 
valuable in determining the tank farm soil moisture regime and potential for contaminant 
migration. These measurements can and should be extended to other tank farms . In FY 2001, a 
plan similar to that used for analyses of gross gamma measurements was developed to analyze 
previously collected moisture content measurements. Such analyses should be performed for all 
SST farms to aid in identifying opportunities for enhanced contaminant migration. 

Data and models have been developed by the Science and Technology activity that can be used 
to evaluate the effects of aqueous sodium releases on the remobilization of cesium-13 7 that is 
sorbed to sediments in the vadose zone. These models can be used to evaluate the effects of 
different retrieval scenarios and leak losses on the stability of the sorbed, in-ground cesium pool. 

Lessons Learned. Much has been learned from the characterization, laboratory analyses, and 
modeling done for WMA S-SX. For example, the drilling techniques developed from the 
SX-108 slant borehole may be applied to characterization of the TX tank farm. The use of a 
tiered analysis approach has greatly decreased costs while prioritizing areas of greatest interests . 
Finally, non-isothermal and isothermal modeling has improved the assessment of future releases 
to the groundwater and an understanding of thermal effects for contaminant migration through 
the vadose zone. 

The main lesson learned is the approach used in creating this field investigation report was 
successful and should be repeated for other field investigation report efforts. The FIRs will 
provide the baseline information to support tank waste retrieval and tank farm closure. 
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2.2.3.3 Cone Penetrometer-Based Exploration. Two cone penetrometer-based devices were 
deployed around tanks S-102 and S-104. The primary tool was a sodium-iodine-based 
gross/spectral gamma system. The secondary tool was a sampling tool. A series of pushes were 
made in regions determined through the Spectral Gamma Program (DOE-GJPO 1997) to 
potentially be contaminated due to tank losses or piping leaks. Calibration of the system is 
documented in Calibration of the Cone Penetrometer Gamma Probe (Myers 2001a) and results 
documented in Cone Penetrometer Tests with Gross and Spectral Gamma at the S-Tank Farm, 
200 West Area, Hanford Site, Richland, Washington (Myers 2001b). 

2.2.3.4 Cable-Tool Drilling and Sampling. Cable-tool drilling was used to advance 
borehole 41-09-39 (299-W23-234) from 43 m (132 ft) to total depth. Both drive-barrel and 
hard-tool techniques were used. During decommissioning of the borehole a sidewall sampling 
device was deployed using a work-over rig operating as a cable-tool system. 

2.2.3.5 Air-Rotary Drilling and Sampling. Air-rotary drilling was used to advance 
well 299-W23-19 from ground surface to total depth. Near continuous sampling was 
accomplished using the down-hole air hammer to advance split-spoon samplers into the 
formation. Once the sampler had been retrieved to the surface, the borehole was reamed to full 
diameter and the drill casing advanced to maintain the hole. Extensive efforts were taken to 
control discharges from this system. These efforts included double-encasing the discharge hose, 
diverting the hose through a cyclone to capture the coarsest materials, and then routing all air 
through an entrained filtration system (i.e., Torit®) to remove fine-grained material. Finally, all 
exhaust air was routed through a high-efficiency particulate air filtration system. The cyclone 
and Torit® were further contained inside a sealed, limited-access tent. 

2.2.3.6 Percussion-Driven Drilling and Sampling. A specially constructed percussion drilling 
machine and sampling system was employed to advance the slanted borehole (299-W23-64) 
beneath tank SX-108. The purpose of this system was to collect samples from the very highly 
contaminated region beneath an SST. No drill cuttings were brought to the surface as the hole 
was driven. Driving force was transmitted from a 1,8 14 kg (4,000 lb) diesel pile driver through 
the outer casing and an inner drill string. Once the drill string reached a predetermined sample 
depth the inner string was removed, which opened the end of the outer casing to the formation. 
An internally shielded split-spoon sampler was then attached to the inner drill string centered in 
the drive casing and lowered to the sampling horizon. The sampler was then driven into the 
formation using the diesel hammer. The inner string was extracted and the sampler detached and 
prepared for shipment. The drive-head was reconnected to the inner string, lowered to the 
bottom of the bore, and the process repeated. All contaminated materials were handled remotely 
by a mechanical arm. 

2.2.4 Deviations from Waste Management Area Addenda 

Deviations from the two work plan addenda and the activity plan for WMA S-SX (Henderson 
1999; Rogers and Knepp 2000; Myers 1997) were documented as approved Engineering Change 
Notices issued against the original documents. By updating the plan in this manner, there were 
no true deviations from the planned work. There were, however, moderate differences between 
how the work was originally planned and how the work was actually accomplished for two tasks: 
borehole 41-09-39 and the SX-108 slant borehole. There were no deviations for the other three 
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tasks (i .e. , borehole 299-W23-19, RCRA groundwater wells, or the shallow soil investigations). 
The following sections summarize the deviations encountered at borehole 41-09-39 and at the 
SX-108 slant borehole. 

2.2.4.1 Borehole 41-09-39 (299-W23-234). Borehole 41-09-39 was originally driven from the 
surface to 40.1 m (131.5 ft) using a closed-end casing. The borehole was then extended to a 
depth of 68 .6 m (225 ft) using the cable-tool method to drive sampling devices and casing. 
After the bore reached groundwater a temporary screen was set, a series of groundwater samples 
were collected, and tests were conducted to provide information on the unconfined aquifer. 
The borehole was decommissioned and vadose zone soil samples were collected from the upper 
40.1 m (131.5 ft) of the borehole. 

Some of the water used to cool the milling tool while cutting the heavy wall casing was lost to 
the formation. The original design of the casing shoe for the 11.4 cm ( 4.5 in.) casing called for a 
flush outside surface. Friction buildup against the casing increased the force required to drive 
this casing to the point where advancement was not possible. The casing was removed from the 
bore and a more standard, under-reaming casing shoe was deployed. Minimal carry-along took 
place following this change. 

A change was implemented to carry out a test using borehole 41-09-39 as an injection site for 
sodium-bromide tracer. 

Decommissioning of the lower portion of the borehole went according to plan (Henderson 1999). 
However, several changes were necessary to decommission the upper portion of the bore. 
Additional cuts of the heavy wall casing were needed to enable the casing to be removed. 
The first cut was to remove the casing drive shoe and the second was to overcome an apparent 
bend in the casing. Sections of casing were grouted in place. 

Changes in implementing laboratory analyses were also made. The work plan (Henderson 1999) 
called out specific samples to be analyzed. As the borehole extension progressed, it became 
evident that more information would be garnered if the samples to be selected for detailed 
analyses were selected based on the screening analyses performed on every sample. 
The samples for detailed analyses were selected by a group representing Ecology, DOE, and 
Tank Farm Vadose Zone Project personnel and subcontractors. 

Changes to the original work plans for extending and decommissioning borehole 41-09-39 were 
communicated to Ecology via formal Engineering Change Notices made to work plans and by 
including personnel in meetings and discussions where selections of which samples to be 
analyzed for what constituents were made. 

2.2.4.2 SX-108 Slant Borehole (299-W23-64). The surface location of the SX-108 slant 
borehole was established based on the intended target zone beneath the tank, the surface and 
subsurface infrastructure of the farm, and the restrictions on how close to the base of the tank the 
borehole would be allowed to pass. Ground-penetrating radar was used to map and confirm the 
locations of subsurface utilities . From a three-dimensional map the surface location was 
selected. 
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This borehole was advanced at an angle 30° from vertical passing approximately 3 m (10 ft) from 
the base of tank SX-108. Ten samples were called out in the work plan for this effort 
(Rogers and Knepp 2000); that number was increased to 17 to more fully characterize this 
environment. One of the 17 samples was lost from the sampler during drilling, but 16 were 
successfully recovered. The borehole was advanced to a depth of 43.9 m (144 ft) vertically, 
52.2 m (171.2 ft) absolute distance (Sydnor 2000). The last sample collected was from the 
fine-grained sediments of the undifferentiated Hanford formation/Pho-Pleistocene unit silty 
sands. 

The borehole was geophysically logged and subsequently decommissioned. Because the driven 
casing could not be successfully cut, the final decommissioning was carried out under a variance 
granted by Ecology. 

The analytical scheme developed in conjunction with Ecology was significantly altered. 
The analytical program developed early in the planning of this work was designed to be the same 
as that applied to boreholes 41-09-39 and 299-W23-19. Based on the lessons learned from those 
efforts, many of the analyses that would have been conducted during the second or third phases 
were run during the initial phase. Sharing of samples with the S&T activity of the Hanford 
GroundwaterNadose Zone Integration Project has resulted in an extensive suite of analyses 
being run that were not part of the planning document. 

The number of intervals sampled was increased to ensure that critical zones of interest were not 
overlooked. Because sampling could only take place at 1.5 m (5 ft) intervals, bypassing zones 
where potentially significant information could be gathered was determined to be inappropriate. 
The analytical scheme was changed to take advantage of the information collected during 
preceding characterization efforts and to make most efficient use of laboratory resources. 
The S&T activity, with its access to research facilities across the nation, expressed keen interest 
in the knowledge to be gained from these unique samples. Because of this interest, the sum of 
information to be gained has been exponentially expanded. 

Because the changes increased the level of effort and increased the amount of information to be 
gained from this portion of the work plan, only oral notification of the changes was made. 
Formal documentation of the changes associated with decommissioning were made and written 
confirmation of these alterations received. 

2.3 INTEGRATION WITH OTHER PROJECTS 

Other projects from the Hanford Site as well as from offsite have contributed significantly to this 
document. Because much of the effort was actually made inside the tank farm fences, the active 
support of RPP Tank Farm Operations staff was crucial to success. Much of the information 
gathered during these tasks will not only affect the RCRA Corrective Action Program activities 
performed by the Tank Farm Vadose Zone Project, but will also support the activities needed for 
SST retrieval and closure. Other projects (e.g., Hanford Groundwater Program, 200 Area 
Remedial Action Project, the Hanford GroundwaterNadose Zone Integration Project, and 
projects supported by DOE Headquarters) contributed during the planning and often provided 
specialized analyses. 
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2.3.1 River Protection Project Tank Farm Operations 

The CHG Tank Farm Vadose Zone Project worked with the RPP Tank Farm Operations to 
ensure that characterization activities were conducted safely, within the bounds of established 
procedures, and fit within the authorization basis (Goetz 1999). 

Work to be performed within the bounds of any tank farm is planned in accordance with nine 
CHG enhanced work plan procedures. Once the scope of work is established in an approved 
work plan, the details of how, where, and who will do the work are further defined through the 
enhanced working plan process. The end result of an enhanced working plan process is a work 
package that defines all elements of a piece of work. A draft work package is often prepared and 
then presented to those individuals who will be directly involved as well as representatives from 
Radiological Control, Health and Safety, Authorization Basis, and management. 

To the extent possible, for the work described by this report a single work crew was assigned. 
Continuity of the work crew contributed significantly to the successful completion of in-farm 
work. 

2.3.2 River Protection Project Single-Shell Tank Retrieval and Closure Project 

The CHG Tank Farm Vadose Zone Project worked with the RPP SST Retrieval and Closure 
Project to ensure appropriate data were collected to aid in waste retrieval decisions . Various 
meetings were held with SST Retrieval and Closure Project personnel to ensure information 
obtained during the field investigation could be incorporated into planned SST waste retrieval 
operations. The sharing of information assists the waste retrieval program in establishing the 
appropriate retrieval technologies and in setting criteria for leak detection, monitoring, and 
mitigation strategies. 

The past leak model results were incorporated into the ongoing retrieval performance evaluation 
modeling effort for S tank farm (Thompson 2001) to ensure consistency among the two 
programs. Although there are differences in the duration of analysis (i .e., 1,000 vs . 
12,000 years), the information for the past leak source term used in the retrieval performance 
evaluation for Stank farm is the same as presented in Section 4.0 and Appendix E. 

2.3.3 Hanford Groundwater Project 

The Hanford Groundwater Project is responsible for monitoring and remediation 
(where necessary) of the groundwater at the Hanford Site. 

2.3.3.1 Geological Investigation. Both the Hanford Groundwater Project and the Tank Farm 
Vadose Zone Project have interest in the role of the geologic system in controlling the movement 
of contaminants. The Tank Farm Vadose Zone Project has participated in ensuring that at least 
one new monitoring well being drilled through the Hanford Groundwater Project is sampled in a 
near-continuous manner at each WMA. Adjacent to WMA S-SX, the Tank Farm Vadose Zone 
Project has participated in the sampling of three such wells. 

2.3.3.2 Completion of Borehole 41-15-08 as Monitoring Well 299W-23-19. The vadose zone 
characterization borehole adjacent to tank SX-11 5 was advanced, per the work plan 
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(Henderson 1999), into the groundwater to permit one-time sampling of that medium under the 
Hanford Groundwater Project. Analytical results from that groundwater sample showed 
significant technetium-99 contamination to be present. A decision was made to convert the test 
borehole to a RCRA-compliant groundwater monitoring we ll so that this occurrence could be 
monitored over time. Personnel have been trained in tank farm entry procedures to permit the 
well to be sampled. 

2.3.3.3 Sampling and Tracer Test in Borehole 41-09-39. Borehole 41-09-39 was made 
available to the Hanford Groundwater Project for sampling and testing before it was 
decommissioned. The groundwater in this borehole was essentially free of contaminants. 
This well exhibited the highest levels of vadose zone contamination known to date when the 
sampling was accomplished. The high contamination was present predominantly in the upper 
regions of the vadose zone. The borehole presented an opportunity to directly measure the rate 
and direction of groundwater movement beneath the WMA. A groundwater tracer test using 
sodium-bromide was proposed, planned, and implemented. Because groundwater movement is 
only about 50 rn/yr (164 ft/yr), the tracer has not yet reached the nearest downgradient 
groundwater monitoring wells. Additional reasons for not reaching downgradient groundwater 
monitoring wells include change in groundwater flow direction, uncharacterized heterogeneity, 
and well screen locations. 

2.3.4 200 Area Remedial Action Assessment 

Interaction with the 200 Area remedial investigation/feasibility study work in adjacent cribs 
included sharing and review of work plans, site conditions description report, and data that 
became available as work progressed. Work in and around the tank farms conducted by the RPP 
is ahead of work scheduled to be done under the Environmental Restoration Program. 

2.3.5 Hanford Groundwater/Vadose Zone Integration Project 

The work reported in this FIR was done with full cooperation and input from the Hanford 
GroundwaterNadose Zone Integration Project. Progress reports were made through the DOE 
Headquarters-mandated Integration Project Expert Panel, convened by the Integration Project as 
well as through other public meetings hosted by the Integration Project. Input from this body of 
experts was used to help guide the direction taken by the Tank Farm Vadose Zone Project. 
In addition, the Integration Project offered numerous opportunities to enhance the investigation 
beyond the requirements of the accepted work plans, thus expanding the state-of-knowledge 
upon which decisions will be made. The fo llowing sections outline contributions from specific 
organizations within the Hanford GroundwaterNadose Zone Integration Project. 

2.3.5.1 Science and Technology Activity. The S&T activity of the Integration Project is an 
important aspect of the team effort that produced this document. The fo llowing outline some of 
the S&T activity functions. 

• Liaison with DOE Headquarters-Funded Efforts. Samples collected during drilling of 
the characterization and RCRA-supported boreholes were made available to researchers 
in the Environmental Management Sciences Program for additional analyses. 
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• Enhanced Analyses. In addition to DOE Headquarters funding, the Integration Project 
funded enhanced analyses of the samples from the characterization and RCRA-supported 
boreholes. Appendix D summarizes much of the important efforts. 

• Advanced Modeling. Although the modeling done by the Tanlc Farm Vadose Zone 
Project was relatively complex, some effects (e.g., thermal, transient chemical effects) are 
not included. The S&T activity investigated the impacts of such effects. Appendix D 
summarizes much of their important efforts. 

• Inventory Modeling. As part of the effort to understand the Hanford Site inventory as a 
whole, the inventory modeling activity reinvestigated the process knowledge of tanlc 
waste transfers and, importantly, what the inventory of tanlcs were at the times of 
potential leakage. These efforts are described as part of the inventory effort. 

• Venue for Presenting Results . Cooperation with the S&T researchers provides a venue 
by which individual research efforts are presented through a variety of media, including 
peer-reviewed journal articles. This wider audience and availability for outside review 
increases the technical acceptance of the entire program. 

2.3.5.2 Input to System Assessment Capability. The System Assessment Capability Project is 
intended to provide the means by which the impact of all Hanford activities can be assessed. 
One of the potential impacts on the Columbia River and the surrounding environment is the 
inventory of wastes lost from the SSTs over the 50-year operating history of the Hanford Site. 
Direct and frequent interaction with the developers of the System Assessment Capability has 
been and will continue to be an important focus of the Tanlc Farm Vadose Zone Project. 

2.3.5.3 Expert Panel Review. The Integration Project's panel of experts provided continuing 
review and advice on how to optimize the value of information gathered during the field 
investigation. Data derived from the investigation were scrutinized by the panel and the panel 
provided independent interpretations of those data; this level of review helped to ensure that all 
reasonable explanations for the findings were considered. 

2.3.5.4 Public Interactions. The Integration Project provides a variety of venues where the 
public can learn about tanlc farm activities. Two public meetings a month are normally held. 
Additional special meetings (e.g. , with the Oregon Office Of Energy) are often held. 

2.3.6 DOE Headquarters-Funded Activities 

Through the Environmental Management Sciences Program, DOE Headquarters has funded a 
number of researches to study vadose zone issues. Many of these researches are taking 
advantage of using the soil samples taken from this characterization effort to perform advanced 
analyses. A summary of some of these activities is provided in Appendix D. 
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3.0 INVESTIGATIVE RESULTS AND CONCLUSIONS 

The WMA S-SX field investigation included the following activities: 

• Installation of a RCRA-compliant groundwater well southwest of tank SX-115 

• Installation of an exploratory slant borehole beneath tank SX-108 

• Sediment sampling and decommissioning of borehole 41-09-39 

• Shallow vadose zone soil investigation around tank S-104 

• Collection of vadose zone characterization data from the installation of three RCRA 
groundwater monitoring wells (299-W23-48, 299-W23-49 and 299-W23-50). 

The major investigation findings are summarized as follows. 

• Radiologic and chemical analyses of water extract samples of soils were taken from three 
characterization boreholes in the SX tank farm (299-W23-19, 41-09-39, and SX-108 slant 
borehole) with depth. Similar analyses were also done for soils from two RCRA 
boreholes (299-W22-48 and 299-W22-50) that were not exposed to tank fluids . 
Comparison of these analyses for tank farm versus non-tank farm soils shows elevated 
concentrations of several constituents in the tank farm borehole soils that are attributed to 
tank fluid leakage (primarily tanks SX-115 and SX-108) into the soil column. The set of 
tank leak constituents includes technetium-99, cesium-13 7, chromium, and nitrate. 
With the exception of cesium-13 7, high concentration depth intervals were observed in 
all three boreholes, primarily in the lower subunits of the Hanford formation (Hl and H2) 
and the upper Pho-Pleistocene unit (PPlz). In these high concentration depth intervals, 
technetium-99 ranged from 95,000 to 237,000,000 pCi/L; chromium ranged from 3 to 
218,000 mg/L; and nitrate ranged from 6,000 to 994,000 mg/L. High cesium-137 
concentrations were found in the two boreholes contaminated by the tank SX-108 leak 
(41-09-39 and SX-108 slant borehole) . High cesium-137 concentration ranges occurred 
in subunits Hl and H2 between 125,000 and 95,700,000 pCi/g. 

• Groundwater samples have been collected from monitoring wells adjacent to WMA S-SX 
including 299-W23-15, 299-W23-19, 299-W22-48, 299-W22-49, 299-W22-50, 
299-W22-80, 299-W22-81 , and 299-W22-82 beginning in the early 1990s. Most recently 
published values are provided in Appendix C, Section C.7 from Johnson and Chou 
(2001). Also unpublished data are available in the Hanford Environmental Information 
System database. Collectively, maximum concentrations of 81 ,500 pCi/L, 220 mg/L, and 
562,000 µg/L for technetium-99, chromium, and nitrate were measured. Of these well 
data, a strong indication of tank leak waste sources is found only at well 299-W23- l 9 
next to tank SX-115. In this well, the highest technetium-99 concentrations (up to 
81,500 pCi/L) have been measured and currently the concentration values have reduced 
to 36,000 pCi/L (September 2001). Maximum values for all three contaminants exceed 
current drinking water standards (900 pCi/L for technetium-99, 50 µg/L for chromium, 
and 45 ,000 µg/L for nitrate). 
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• The bulk of the matric potential measurements for sediments from four boreholes in and 
around WMA S-SX suggest a draining soil profile . Because no site-specific recharge 
measurements are available, estimates of natural recharge are based primarily on other 
Hanford Site measurements ( e.g., lysimeter studies). These data suggest that recharge in 
the tank farms under current conditions can be as high as 100 mm/yr (4 in./yr) . Recharge 
also appears to have occurred as a result of manmade events (e.g., water-line leaks, 
particularly near tank SX-115) . Recharge rates from these events are highly uncertain 
and quantitative estimates are not available . 

• Improvements in drilling technology sponsored by this activity allowed safe and efficient 
sample collection in the high radiation zone underneath SX-108. Other improvements 
aided the programs in a variety of areas (Section 2.2). 

Because the investigative results (particularly soil and groundwater data near tank SX-115) 
suggest that manmade water sources have accelerated contaminant migration (Section 3.4.2), 
interim measures (Section 3.5) have been initiated to minimize the infiltration from manmade 
sources. These measures include capping monitoring wells, cutting water pipelines, and building 
berms around the Sand SX tank farm boundaries . 

Section 3 .1 provides the geology and hydrology information collected or interpreted from the 
field investigation activities. Section 3.2 provides the geochemical information collected or 
interpreted from the field investigation activities. Section 3.3 provides the nature and extent of 
contamination for the soils and groundwater data sampled and analyzed from the field 
investigation activities. Section 3.4 provides the conceptual model based on the preceding three 
sections. Section 3.5 discusses interim measures and ICMs as being conducted or planned in 
FY 2001 and 2002 . 

3.1 HYDROGEOLOGIC CONDITIONS 

Geologic and hydrologic characteristics of the Hanford Site and local areas within the Hanford 
Site ( e.g., WMA S-SX) have been extensively studied. In this section the results of those 
studies, both regional and site-specific, are summarized. More detailed discussion of the 
geologic and hydro logic characteristics of the WMA S-SX vadose zone and unconfined aquifer 
are provided in Appendix C, Sections C.4.0 and C.5.0, respectively. Geologic cross-sections 
used in numerical modeling and impact assessment (Section 4.0) are included in Appendix E. 

3.1.1 Geology 

The Hanford Site is located within the Columbia Plateau of southeastern Washington State. 
This broad plain, situated between the Cascade Mountains to the west and the Rocky Mountains 
to the east, is underlain by a thick sequence of Miocene age tholeiitic basalt flows (the Columbia 
River Basalt Group). These basalt flows have been folded and faulted, creating broad structural 
and topographic basins, separated by asymmetric anticlinal ridges . Sediments of late Miocene, 
Pliocene, and Pleistocene age have accumulated up to 518 m (1 ,700 ft) thick in some of these 
basins. The Hanford Site lies within one of the larger of these basins, the Pasco Basin. 
This basin is partially bisected by the Umtanum-Gable Mountain anticline creating two 
subordinate synclinal basins. The largest of these is the Cold Creek syncline, which is further 
subdivided into two basins, the Wye Barricade depression and the Cold Creek depression. 
The Cold Creek depression underlies the principal WMAs (200 East and 200 West Areas) of the 
Hanford Site. The generalized stratigraphy beneath the Hanford Site consists of, in ascending 
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order, the Columbia River Basalt Group, the Ringold Formation, the Pho-Pleistocene unit, and 
the Hanford formation (Figure 3 .1 ). Thin veneers of Holocene alluvium, colluvium, and eolian 
sediments discontinuously overlie these principal geologic units. 

The WMA S-SX stratigraphic characteristics are shown by a northeast-to-southwest 
cross-section across the SX tank farm (Figures 3.2 and 3.3). The S and SX tank farms were 
constructed into the upper Hanford formation sediments underlying the 200 West Area, along the 
north limb of the Cold Creek syncline, which exists just west of WMA S-SX and is oriented 
generally north to south. Stratigraphic units in the vadose zone underlying or adjacent to these 
tank farms (in descending order) include backfill materials and naturally occurring Hanford 
formation sediments, the Plio-Pleistocene unit, and the Miocene- to Pliocene-age Ringold 
Formation. Because these units are part of the synclinal structure, there is a general tendency for 
these units to dip west to southwest in this area. The water table lies in the Ringold Formation, 
and the unconfined aquifer is located entirely in the Ringold Formation. 

The Hanford formation sediments are divided into three subunits in WMA S-SX. In descending 
order, the subunits are Hla, Hl, and H2 . Their characteristics are described as follows. 

• Subunit Hla - Comprised predominantly of interstratified slightly silty, medium to very 
fine sands (Figure 3.3), ranging in thickness from Om (0 ft) where it was removed during 
excavation of the S and SX tank farms, to about 9 to 12 m (30 to 40 ft) to the southwest 
(Figure 3.3) . The top of this unit dips slightly (approximately 2°) to the southwest. 

• Subunit Hl - Comprised primarily of a gravel to gravelly sand intercalated by coarse 
sand (Figure 3.3) that appears to correlate beneath the SX tank farm. This sequence 
ranges in thickness from 1 m (3 ft) to nearly 10 m (30 ft) beneath the Stank farm. 
Sobcyzk (2000) reports subunit Hl to be thickest beneath tank S-1O2 (Figure 3.4) where 
coarse-grained flood deposits backfilled an apparent channel eroded into the top of the 
underlying subunit H2 . This subunit is also notable because of its high cesium-137 
content in the area south and west of tank SX-1O8. 

• Subunit H2 - Comprised predominantly of silty fine sand that ranges in thickness from 
about 24.3 m (80 ft) east of the SX tank farm to approximately 10.7 m (35 ft) west of the 
tank farm (Figure 3.5). Johnson and Chou (1998) suggests that this thinning may signify 
some scouring on top of the subunit, perhaps associated with a secondary flood channel, 
similar to the north-south trending flood channel that bisects Cold Creek bar (Figure 3.6). 
The top of this subunit generally dips about 6° to the southwest, with some local relative 
highs and lows present throughout. The base of this subunit is indicated by a diagnostic 
increase in total gamma activity on borehole geophysical logs. 

The Pho-Pleistocene unit sediments are divided into two distinct facies in WMA S-SX, subunits 
PPlz and PPlc, in descending order. Subunit PPlz is characterized by an abundance of silt 
interstratified with fine sand and clay. Subunit PPlc is characterized by an abundance of 
pedogenic calcium-carbonate cement, often in multiple carbonate-cemented zones. 
Calcium-carbonate contents do not exceed 10 wt¾ in the SX tank farm boreholes evaluated in 
the WMA S-SX field investigation. The combined total thickness of the Plio-Pleistocene unit is 
up to 13.1 m (43 ft) in the vicinity of the SX tank farm (Figure 3.5). Subunit PPlz is relatively 
thick (up to 10.7 m [35 ft]) , compared to subunit PPlc, which measures only 1 to 4 m (4 to 13 ft) 
in thickness. 
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Figure 3.1. Generalized, Composite Stratigraphy for the Late Cenozoic Sediments 
Overlying the Columbia River Basalt Group on the Hanford Site 
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Figure 3.2. SX Tank Farm and Vicinity Showing Location of Borehole 299-W23-19 
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Figure 3.3. Hydrogeologic Cross-Section of the Vadose Zone Beneath the SX Tank Farm 
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Figure 3.4. Fence Diagram of Vadose Zone Stratigraphy 
Underlying Waste Management Area S-SX* 
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Figure 3.5. Elevation Maps of Stratigraphic Unit Tops 
Underlying Waste Management Area S-SX* 
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Figure 3.6. Digital Elevation Model Map of a Portion of the Pasco Basin Showing 
Routes and Facies Distributions for the Last Pleistocene Cataclysmic Floods 
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The Ringold Formation lies directly on top of the Columbia River Basalt Group and is 
approximately 125 m (410 ft) thick beneath the Sand SX tank farms. A relict erosional and 
weathered surface occurs at the top of the Ringold Formation beneath the SX tank farm and dips 
to the southwest beneath that tank farm. The northwest-southeast trending trough-shaped surface 
appears to conform to an ancestral Cold Creek channel and drainage system that developed 
following late Pliocene incision of the Ringold Formation, and prior to early Pleistocene 
cataclysmic flooding, during the period between approximately 2 to 3 million years ago. 
The Ringold Formation locally consists of three principal stratigraphic units (see Figure 3.1): 

• Flu vial gravels of unit A 
• Fine-grained, paleosol-lacustrine sequence referred to as the lower mud unit 
• Fluvial gravels of unit E. 

Ringold unit E contains the main unconfined aquifer beneath 200 West Area. 

In addition to the primary stratigraphic units described, elastic dikes may be present in the WMA 
S-SX vadose zone. Although elastic dikes have been observed in numerous locations around 
WMA S-SX, none have been observed in the WMA S-SX vadose zone itself. Clastic dikes are 
vertical to near-vertically oriented sedimentary structures that cut across horizontal bedding 
planes. The dikes have been observed in all types and ages of geologic materials found beneath 
the Hanford Site including basalt; interbed sediments; the Ringold Formation; and the sands, 
mud, and gravels of the Hanford formation (Fecht et al. 1999). Clastic dikes are especially 
notable within the sand- and silt-dominated facies of the Hanford formation where they have 
been observed to be a few centimeters to more than a meter thick and extend to depths of 36 m 
(120 ft) bgs or more . 

3.1.2 Hydrology 

Tank leaks occur under variably saturated conditions, making natural recharge from meteoric 
water (from winter precipitation and snowmelt), artificial recharge from operations-related 
sources, and vadose zone hydrology important drivers for contaminant movement to 
groundwater. Recharge, vadose zone, and groundwater conditions for WMA S-SX are briefly 
discussed in the following sections. 

3.1.2.1 Recharge. Sand SX tank farm surfaces are covered with gravel to prevent vegetation 
growth and provide radiation shielding for site workers . Bare gravel surfaces, however, enhance 
net infiltration of meteoric water, compared to undisturbed, naturally vegetated surfaces. 
Infiltration is further enhanced in the tank farms by the effect of percolating water being diverted 
by an impermeable, sloping surface of the tank domes. This umbrella effect is created by the 
23 m (75 ft) inside diameter buried tank domes . Water, shed from the tank domes, flows down 
the tank walls into underlying sediments. Sediments adjacent to the tanks, while remaining 
unsaturated, can attain elevated moisture contents (Kline and Khaleel 1995). Enhanced 
infiltration from a gravel-covered tank dome can provide potential for faster transport of 
contaminants to the water table. In addition, other sources of recharge include unintentional 
surface spills, infiltration of surface runoff from leaking water lines, and ancillary tank-related 
equipment. 
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Natural recharge can vary greatly depending on factors such as climate, vegetation, surface 
condition, and soil texture. Studies conducted at the Hanford Site suggest that recharge rates can 
vary from less than 0.1 mm/yr (0.004 in./yr) on a variety of soil and vegetative combinations to 
greater than 130 mm/yr (5.1 in./yr) on bare basalt outcrops or bare, gravel-covered waste sites 
(Gee et al. 1992). Data from experimental sites such as the Field Lysimeter Test Facility and the 
prototype Hanford barrier, both in the 200 East Area, suggest that recharge through gravels can 
vary from 15% to 70% of precipitation, with the lower amount occurring under vegetated 
conditions (Gee et al. 1993; Fayer and Walters 1995; Fayer et al. 1996; Gee et al. 1996). With a 
long-term annual average precipitation of 160 mm (6.3 in.), the higher percentage translates into 
a recharge rate of about 100 mm/yr ( 4.0 in./yr) and was observed on clean gravels that were kept 
free of vegetation. Drainage from bare sands is about 70 mm/yr (2.8 in./yr) under Hanford Site 
climatic conditions (Ward et al. 1997). However, there has been no direct measurement of 
recharge on tank farm gravels, which are known to contain a larger amount of fines than clean 
gravels. Thus, it is entirely possible that the tank farms experience a recharge rate that ranges 
between that observed for bare sand and clean gravels (Ward et al. 1997). 

Recharge estimates based on environmental tracer techniques (Prych 1995; Murphy et al. 1996) 
are generally consistent with those based on lysimeter studies. However, the tracer techniques, 
while powerful, are not applicable to disturbed sites such as the tank farms. Also, these 
techniques have been unable to measure significant recharge at sites with coarse soils and 
shallow-rooted vegetation, because of deep percolation of natural tracer at these sites. 

Soil matric potential is often used as an indicator for deep drainage (recharge) conditions. 
However, it should be noted that, while matric potentials can provide useful information about 
the variability of recharge across WMA S-SX, they cannot discern differences in contribution to 
recharge from natural and artificial sources. 

Matric potential measurements are available for sediments from four boreholes 
(Serne et al. 2OO1a, 2OO1b, 2OO1c): 

• RCRA boreholes 299-W22-48 and 299-W22-5O outside of the SX tank farm 
• Contaminated borehole 41-09-39 near tank SX-1O9 
• Contaminated borehole 299-W23-19 near tank SX-115. 

The matric potential measurements for the 10 sleeves from borehole 299-W23-19 are relatively 
high (sediments relatively wet) throughout the sediment profile, and the measurements suggest a 
draining profile. Unit gradient conditions persist throughout the profile. Serne et al. (2001 b) 
postulates that a recharge estimate of 50 to 100 mm/yr (2.0 to 4.0 in./yr) would not be 
inconsistent with the measured matric potentials for borehole 299-W23-19 samples. However, it 
should be noted that it is more likely that an artificial source, rather than meteoric recharge, is 
responsible for the high matric potential values at borehole 299-W23-19 near tank SX-115. 
There is a huge depression south of tank SX-115 and an 8-in. water line running directly south of 
the tank. Water lines are prone to leaks and the depression south of tank SX-115 provides an 
excellent location for collection of water from water-line leaks. In fact, a cottonwood tree has 
grown in this area (Johnson and Chou 1998). This, combined with the upward trend of 
technetium-99 in borehole 299-W23-19 directly west-southwest of tank SX-115, provides 
circumstantial evidence that the matric potential data for borehole 299-W23-19 are more of a 
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reflection of artificial than natural recharge. (The technetium-99 concentration in borehole 
299-W23-19 increased from 39,000 pCi/L in October 1999 to 81,500 pCi/L in March 2001.) 

For the two RCRA boreholes outside of the SX tank farm (299-W22-48 and 299-W22-50), it 
appears that at 30 m (100 ft) bgs, the measured matric potentials are low (the sediments are 
relatively dry), compared to sediments in the contaminated borehole 299-W23-19. Unlike 
borehole 299-W23- l 9, matric potential data for the two RCRA borehole sediment samples do 
not suggest unit gradient conditions (Seme et al. 2001a). However, matric potential data for 
sediment samples from the upper horizon do indicate that meteoric recharge ( or recharge from 
man-made sources) has penetrated to a depth of at least 30 m (100 ft) bgs at the two RCRA 
borehole sites. Below that depth, sediments from these two RCRA well sites are significantly 
drier, compared to those from the contaminated borehole 299-W23-19. This suggests that the 
wetting front has not penetrated the lower horizons and non-equilibrium conditions persist below 
30 m (100 ft) bgs. 

Lysimeter studies (Gee et al. 1992) suggest that sediments kept free of vegetation can cause 
accelerated drainage. Such conditions are believed to exist at the two RCRA borehole sites. 
With the disruption caused by the initial construction of the tank farms in the late 1950s, one 
could assume that the there has been nearly 40 years of elevated drainage resulting from the 
severe disturbance and vegetation removal. It is clear that, at a disturbed site such as the RCRA 
borehole sites where vegetation has been removed, equilibrium is altered and non-equilibrium 
conditions can persist for quite some time. 

Unlike matric potential data for samples from borehole 299-W23-19 near tank SX-115 , 
measurements from borehole 41-09-39 samples near tank SX-109 show considerable variability. 
While the majority of the data are indicative of a draining profile, a number of measurements 
suggest an upward flow (Seme at al. 2001 c ). Seme at al. (2001 c) attributes this to the drying 
effect resulting from the heat load from high-heat tank SX-108. Given the large variability of the 
measured matric potentials for the 30 samples and the lack of unsaturated hydraulic properties 
for the SX tank farm sediments, it is not possible to estimate the magnitude of deep drainage 
(recharge) at this borehole site. 

For the purposes of field investigative report modeling, a base case recharge estimate of 
100 mm/yr (3 .9 in./yr) is used. Such an estimate is similar in magnitude to measured drainage 
rates from gravel surfaces kept free of vegetation (Gee et al. 1992). For simulations involving 
tank farms with an interim barrier, a recharge rate of 0.5 mm/yr (0.02 in./yr) is used. This is 
based on experimental data from a prototype Hanford barrier that has been designed and built in 
200 East Area to limit recharge to less than 0.5 mm/yr (0.02 in./yr) (DOE-RL 1999a). This is 
also supported by the numerical simulation results in Smoot et al. (1989) where it is reported that 
with a relatively impermeable barrier over the tank farm, the drainage to a 2 m (7 ft) backfill 
depth decreased to less than 0.5 mm/yr (0.02 in./yr) after 8 years for cases of either a backfill or a 
clean graveled surface. 

The closure barrier for tank farms is assumed to be an enhanced RCRA Subtitle C barrier with a 
design life of 500 years. The recharge through such a barrier is estimated to be 0.1 mm/yr 
(0.004 in./yr) (Fayer et al. 1999). For a degraded closure barrier, recharge rates are expected to 
return to predevelopment conditions (i.e., the same as a shrub-steppe ground cover) with a 
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recharge estimate of 3. 5 mm/yr (0 .14 in./yr). Such an estimate is within the range of values 
reported in Fayer and Walters (1995). Table 3.1 summarizes the timeline estimates for barrier 
emplacement at the S and SX tank farms and the corresponding recharge estimates. 

Table 3.1. Timeline Estimates for Emplacement of Interim and Closure Barriers 
at the Sand SX Tank Farms and Corresponding Recharge Estimates 

Condition Simulated 
Recharge Estimate 

(mm/yr) 

No barrier [years 2000 to 2010] 100 

Interim barrier [years 2010 to 2040] 0.5 

Closure barrier (design life 500 yrs) [years 2040 to 0.1 
2540] 

Degraded closure barrier (after 500 yrs) [years 2540 to 3.5 
3000] 

3.1.2.2 Vadose Zone Hydrology. Because water movement is the primary mechanism for 
radionuclide and chemical transport, an objective of the WMA S-SX field investigation was to 
evaluate the potential for radionuclide and chemical transport beneath the tank farms by 
considering the nature and distribution of flow within the vadose zone. In general, two types of 
moisture movement can occur in the vadose zone beneath the tank farms. 

• Piston flow - Uniform moisture movement through the soil matrix whereby infiltrated 
water displaces initial water (wetting-front infiltration). Under piston-like flow 
conditions most, if not all, preexisting water ('old' water) is displaced and moved ahead 
of the 'new' infiltration water added from above this zone. Under natural recharge 
conditions, the medium- to coarse-grained sands at tank farm sites are expected to be 
quite conducive to piston flow. 

• Preferential flow - Process whereby water and contaminants move along preferential 
pathways. Preferential pathways can be natural (e.g. , elastic dikes) or anthropomorphic 
(e.g., unsealed monitoring wells) . While preferential flow has been recognized and 
widely studied under saturated or near-saturated flow conditions 
(Nkedi-Kizza et al. 1983 ; De Smedt and Wierenga 1984), there is little evidence of it in 
arid and semiarid climates or under low water fluxes, particularly where soils are 
coarse-grained such as those under tank farms. Thus, under natural recharge conditions, 
precipitation at arid sites is usually too low to invoke preferential flow; much of the water 
in the dry soils is simply adsorbed onto the grain surfaces and cannot move along 
preferred pathways. 

Other potential preferential pathways during tank leaks include wetting front instability or 
' fingering ' flow. Wetting front instability, reported in petroleum-related literature, is a special 
case of interface instability during immiscible fluid displacement in porous media. 
The phenomenon is triggered by unfavorable differences between the viscosities and densities of 
two fluids across their interface-a condition that can potentially exist during tank leaks. 
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Among potential preferential pathways, the probability of a tank encountering a elastic dike is 
substantial. For example, numerous elastic dikes occur at the US Ecology site southwest of the 
200 East Area that may serve as conduit for preferential flow. While a elastic dike can 
potentially increase flow rate, it is less likely to intersect large segments of leaked wastes, and 
when it does the cross-sectional area of the intersection is small (DOE-RL 1997b). Therefore, 
presence of elastic dikes in unsaturated media appears unlikely to contribute much to the 
transport to groundwater of the bulk quantity of leaked tank wastes. Nonetheless, as described in 
Appendix E, the elastic dike effects are included in modeling. 

A field study in the 200 East Area south of the Plutonium-Uranium Extraction Plant 
demonstrated the effect of geologic heterogeneities on water contents in a natural arid setting 
(Sisson and Lu 1984). The observed higher water contents were strongly correlated with fine 
soil layers, which have a higher water-holding capacity than coarse soils. In addition, the 
observed profiles were remarkably similar for the 15-year interval between measurements at the 
field site (Fayer et al. 1995). This suggests that, in the absence of artificial recharge, the 
'natural ' moisture contents of the sediments are essentially determined by the nature of geologic 
heterogeneity, and the vadose zone water content profiles are at quasi-equilibrium with the 
natural recharge rate. This is also demonstrated by the moisture content profiles in RCRA 
boreholes 299-W22-50 and 299-W22-48 (Seme et al. 2001a) and contaminated boreholes 
41-09-39 (Seme et al. 2001c), 299-W23-19 (Seme et al. 2001b), and 299-Wl0-196 
(Freeman-Pollard et al. 1994) near tank T-106. The measured water contents are much higher in 
the Pho-Pleistocene unit than in the Hanford formation. 

The dominance of lateral movement is a unique feature of unsaturated flow, especially in an arid 
setting (Yeh et al. 1985a, 1985b ). Horizontal stratification enhances such movements, because at 
high tension (i .e. , dry soil) hydraulic conductivities of fine-textured materials are relatively high 
and the fluid prefers to spread laterally in the fine media than to move vertically through the 
coarse media. Such a phenomenon is referred to as moisture-dependent anisotropy and can 
potentially be a dominant mechanism for lateral flow. This has important implications for 
vadose zone contaminant transport from tank leaks. For example, measurements of vadose zone 
contamination at the SX tank farm (DOE-GJPO 1996b) and the tank T-106 leak 
(Routson et al. 1979) suggest significant lateral movement. As described in Appendix E, 
moisture-dependent anisotropy effects are included in modeling. 

• A description of geologic heterogeneities as well as soil hydraulic properties (i.e. , moisture 
content versus matric potential and unsaturated hydraulic conductivity versus moisture content 
relationships) is needed to evaluate the storage and flow properties of tank farm soils. 
Furthermore, assessing the ability of the vadose zone to act as a buffer requires properly 
accounting for conditions whereby the tank leak chemistry itself may affect physical and 
hydraulic properties of the soil and therefore the mobility of contaminants . 

No site-specific data on soil moisture characteristics are available for vadose zone sediments in 
the S and SX tank farms. However, several data catalogs exist on physical and hydraulic 
properties for sediments in the 200 and 100 Areas (Khaleel and Freeman 1995; 
Khaleel et al. 1995; Khaleel and Relyea 1997; Khaleel 1999; Khaleel et al. 2000; Khaleel and 
Relyea 2001). As part of other Hanford Site projects, particle-size distribution, saturated 
hydraulic conductivity, moisture retention, and unsaturated hydraulic conductivity data have 
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been collected in the vicinity of the S and SX tank farms. Sediment samples were collected in 
the vicinity of the Environmental Restoration Disposal Facility, tank T-106, and operable units 
200-UP-l and 200-UP-2 in the 200 West Area. Also available are physical and hydraulic 
properties data for the sandy gravel sediments in the 100 Area along the Columbia River 
(Khaleel and Relyea 2001 ). These samples were used as surrogates to represent the hydraulic 
properties for the gravel-dominated sequence at the S and SX tank farms. Details are provided in 
the WMA S-SX FIR modeling data package (Khaleel et al. 2000). The data used in modeling 
are summarized in Appendix E. Appendix E also provides effective (upscaled) values of flow 
and transport parameters for the vadose zone at the S and SX tank farms. 

3.1.2.3 Groundwater Conditions. The water-table map for March 2000 (Hartman et al. 2001) 
indicates that the direction of groundwater flow in the southern portion of the 200 West Area is 
primarily toward the east, with a slight southeastern component. The natural flow pattern in this 
area was altered by the formation of groundwater mounds created by the discharge of large 
volumes of wastewater at disposal facilities. The southeastern trend is more apparent in the area 
of the decommissioned U pond. These mounds are declining, and groundwater flow is gradually 
returning to pre-Hanford conditions. The water table is gradually declining at the rate of 
approximately 0.6 m/yr (2 ft/yr), which may result in a future shift to a more easterly direction 
and decreased flow rates as the gradient declines. 

The unconfined aquifer in WMA S-SX resides in partially cemented Ringold Formation sands 
and gravels. The cementing is not present at greater depths. This may result in a more 
transmissive aquifer in the future as the water table continues to decline. 

Hydraulic conductivities based on slug tests for RCRA wells 299-W22-48, 299-W22-49, and 
299-W22-50 cover a range of 1.55 to 8.2 m/day (0.5 to 27 ft/day) (Johnson and Chou 2001). 
Such a range brackets the averaged, large-scale hydraulic conductivity estimate used in the 
Hanford Site-wide groundwater model for the WMA S-SX region (Appendix E). Estimates for 
effective porosity, based on tracer test analysis, range between 0.068 and 0.257 (Johnson and 
Chou 2001); such a range falls within that usually reported for semi-consolidated to 
unconsolidated alluvial aquifers of 0.05 to 0.30, and again brackets the large-scale value used in 
the Hanford Site-wide groundwater model (Appendix E). Hydraulic gradient, based on tracer 
test analysis, is about 0.002 whereas the groundwater velocity ranges from 0.013 to 0.374 m/day 
(0.04 to 1.2 ft/day) (Johnson and Chou 2001). 

3.2 GEOCHEMICAL CONDITIONS 

Geochemical conditions in WMA S-SX are determined by in situ undisturbed vadose zone 
characteristics, the chemistry of leaked tank fluids, and the interactions between fluids and the 
soil-soil water system. Because tank fluids of varying composition were distributed over parts of 
the vadose zone at various times, geochemical conditions affecting contaminant and other 
constituent behavior vary, temporally and spatially. The effect of these variable conditions on 
contaminant mobility is of key interest. This section focuses on those aspects of vadose zone 
geochemistry that influence contaminant migration. The four contaminants of interest identified 
by these studies are cesium-13 7, technetium-99, chromium, and nitrate. 
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A substantial database has been developed to quantify past and current geochemical conditions 
in contaminated areas in WMA S-SX. The majority of data used to understand geochemical 
conditions are soil sample and soil water analyses from boreholes drilled in contamination areas 
inside the SX tank farm and in nearby relatively undisturbed zones (see Appendix B for detailed 
discussion). Also, laboratory studies and analyses focused on mechanisms controlling 
contaminant migration (see Appendix D for detailed discussion) provide useful insights. 
Geochemical conditions are of greatest interest in soils contaminated by the tanks SX-107, 
SX-108, SX-109, and SX-115 leaks. Because the tank leak fluid chemistry has some significant 
differences that have affected contaminant migration, geochemical conditions are discussed 
separately for each contamination area as well as the undisturbed area east of WMA S-SX. 

3.2.1 Undisturbed WMA S-SX Vadose Zone Soil Geochemical Conditions 

Two RCRA groundwater monitoring wells (299-W22-48 and 299-W22-50) were drilled on the 
east side ofWMA S-SX where vadose zone soils have not been subjected to tank leaks. 
The soils analysis database (Seme et al. 2001a) shows a standard set of soil minerals (primarily 
quartz, feldspars, and minor amounts of smectite, illite, chlorite, kaolinite, and calcite) and 
particle-size distribution typical of the stratigraphic units in this area. Cation exchange capacity 
varies between 6 and 40 meq/1 00 g depending on the procedure used. 

For the most part, soil water chemistry derived from 1: 1 extracts is fairly consistent throughout 
the soil column. The pH values in both boreholes fall into a normal range (7 to 8.5) except at 
18 to 21 m (60 to 68 ft) bgs in borehole 299-W22-50 where elevated pH values (about 10 and 9) 
are measured. The reason for this increase is not clear. Primary anions are nitrate, chloride, and 
sulfate concentrations. Other than slight enrichment of nitrate and sulfate in Pho-Pleistocene 
subunit PPlc, the profiles are undistinguished. 

Water extract cation concentrations as a function of depth are listed for borehole 299-W22-48 in 
Appendix B, Table B.21 and graphed in Appendix B, Figure B.28. Appendix B, Table B.22 
provides cation concentrations for borehole 299-W22-50. Primary cations are sodium, 
magnesium, potassium, and calcium. Generally, total anion concentrations are 50 to 60 mg/L. 
In both boreholes slight elevations of calcium and natural strontium occur in subunit PPlc 
because of the relatively high quantities of calcium carbonate (40 wt%). A slight unexplained 
calcium enrichment anomaly occurs at 18 m (60 ft) bgs in borehole 299-W22-50. 

3.2.2 Tanks SX-107, SX-108, SX-109 Vadose Zone Soil Geochemical Conditions 

Soil samples from two boreholes near tanks SX-107, SX-108, and SX-109 were collected and 
analyzed. The SX-108 slant borehole was drilled beneath tank SX-108 to collect samples as 
close to the leak point from the tank and beneath the tank, a location that had not been previously 
sampled. Borehole 41-09-39 lies about 20 m (66 ft) southwest of tank SX-108, and soils from 
this borehole represent a location far enough removed form the tank leak point to demonstrate 
the effects of lateral movement on tank fluid distribution in the vadose zone. 

Based on the presumed volumes leaked and gamma radiation measurements taken in many 
drywells, the tank SX-108 leak is considered to be the primary source of tank waste 
contamination in borehole 41-09-39 and the SX-108 slant borehole. Estimates of tank fluid 
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chemistry (Section 3.3; Appendix C, Section C.3.0; and Appendix D, Section D.7.3) that had a 
dominating impact on local chemical conditions and contaminant mobility are extremely high 
pH, and extremely high cesium-137, sodium, aluminum, and nitrate concentrations. 
High cesium-137 concentrations in the upper subunits of the soil column (17 to 26 m [55 to 
86 ft bgs]) in both boreholes (Appendix B, Sections B.2.0 and B.4.0) indicate that cesium-137 
was highly mobile initially, essentially migrating with the tank fluid for some limited time. 
This pattern of cesium-13 7 migration is rarely seen in Hanford Site soils. 

Extensive laboratory experiments (Appendix D, Section D.3.0) clearly demonstrate the 
importance of competition for sorption sites between cesium-13 7 and sodium and show that 
estimated tank fluid composition was suitable for favoring sodium versus cesium-13 7 sorption, 
thereby mobilizing cesium-13 7. The current distribution of tank fluid constituents in the soil 
column also explains why cesium-13 7 is currently fairly immobile. Geochemical conditions 
have changed over time as tank fluid has migrated and continued to interact with the soil column. 
Water extract data in soil columns from both boreholes show a distinct chromatographic 
separation of cesium-13 7 and sodium with depth. Once cesium-13 7 and sodium were 
sufficiently separated, cesium-137 sorption became favorable, fixing it in place. Empirical 
sorption data, estimated by ratioing cesium-13 7 concentrations in water extractions versus total 
concentration based on gamma logging data, show increasing sorption with decreasing sodium 
concentrations. 

Little data exist, suggesting that nitrate behavior is affected either by tank fluid chemistry, the 
soil-soil water system, or chemical interactions between them. Consequently, the vertical extent 
of tank fluid migration in both boreholes is indicated by nitrate concentration profiles with depth. 
The profiles in both boreholes indicate that tank fluids have not penetrated beyond the 
Plio-Pleistocene unit. The borehole soil sample analyses show that technetium-99 concentration 
profiles generally match well with nitrate showing that technetium-99 is also essentially 
unreactive with solids. Therefore, past and present in situ geochemical conditions have no real 
affect on their mobility. 

Chromium mobility apparently has been slightly influenced by geochemical reactions. 
High chromium concentration zones are slightly shallower than high technetium-99 zones, 
indicating occurrence of a small degree of retardation and chemical interaction for chromium 
species. Over time, interactions between tank fluid and the soil column have created a combined 
porewater chemistry characterized by intermediate pH values and total dissolved solids 
concentrations. Laboratory tests and chromium species characterization (Appendix D, 
Section D.4.0) indicate that the limited retardation of chromium in the soil column has occurred 
because iron(II)-bearing minerals reduce chromium from the VI to the III valence state which 
allows sorption or co-precipitation to occur. Chromium(III) was also measured in soil samples. 
The results also indicate that highly caustic solutions dissolved iron(II)-bearing minerals, thereby 
facilitating the kinetics of chromium reduction. 

3.2.3 Tank SX-115 Vadose Zone Soil Geochemical Conditions 

Soil samples from borehole 299-W23-19 just southwest of tank SX-115 were collected. 
Geochemical conditions in this borehole, based on soil water extract data, are generally similar to 
those in borehole 41-09-39 and the SX-108 slant borehole. Soil water extract compositions show 
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a moderate pH with zones of higher concentrations of tank fluid constituents (nitrate, sodium, 
and technetium-99) at different depths in the soil column. The significant exception is that there 
are only trace quantities of cesium-137 at tank bottom depth in this borehole. This difference is 
readily explained by the initial tank fluid composition estimates (Table 3.2), which show a much 
more dilute solution with much reduced cesium-13 7 and sodium content. Because of this initial 
condition, insufficient competition for sorption sites occurred, and cesium-13 7 sorbed very 
quickly into soil as the tank fluid leaked from the tank. 

Table 3.2. Summary of Selected Tank Supernate/Salt Concentrations at Time of Leak 

Tank S-104 SX-107 SX-108 SX-109 SX-110 SX-111 SX-112 SX-113 SX-114 SX-115 

Assumed 
1965 

Ave. Ave. Ave. 
1974 1973 1969 1962 1972 1964 

Leak Date 1964-1967 1965-1966 1964-1967 

Chemicals (mole/L) (mole/L) (mole/L) (mole/L) (mole/L) (mole/L) (mole/L) (mole/L) (mole/L) (mole/L) 

Sodium 8.7E+00 l.9E+0l 2.0E+0l 1. SE+0l 6.I E+00 5.3E+00 l .3E+0l 8.0-E+00 8.9E+00 3.6E+00 

Aluminum l.6E+00 3.3E+00 3.4E+00 2.6E+00 7.3E-0 l 5.3E-01 2.2E+00 l.3E+00 9.7E-01 8.3E-0l 

Chromium 1.6E-0 I 3.9E-01 4.IE-01 3.2E-01 6.8E-02 5.9E-02 2. IE-01 l.7E-01 l.0E-01 5.IE-02 

Nitrate 3.0E+00 4.9E+00 5.SE+00 4.SE+00 l.7E+00 l.SE+00 3.SE+00 2.8E+00 2.SE+00 l .2E+00 

Nitrite 1.6E+00 4.SE+00 4.4E+00 3.2E+00 1.3E+00 1.IE+00 3. IE+00 l.3E+00 1.9E+00 7.8E-01 

Radionuclides (Ci/L) (Ci/L) (Ci/L) (Ci/L) (Ci/L) (Ci/L) (Ci/L) (Ci/L) (Ci/L) (Ci/L) 

Technetium-99 4.2E-05 2.4E-04 2.3E-04 l .6E-04 l.6E-04 2. IE-04 l.6E-04 4.4E-05 2.9E-04 2.9E-05 

Cesium-137 1.2E-0 I 8.4E-0 I 7.7E-01 5.2E-0l 1.27E-0 I 5.8E-02 5.3E-0 I 1.3E-0 I l.4E-0 I 9.9E-02 

The relative positionings of nitrate, technetium-99, and chromium are similar to those shown in 
borehole 41 -09-39 and the SX-1O8 slant borehole. Nitrate and technetium-99 are concentrated at 
the bottom of the tank-fluid-soil-interaction zone at the Pho-Pleistocene unit, and the high 
chromium zone occurs at a shallower depth. As before, it is concluded that nitrate and 
technetium-99 are essentially unaffected by geochemical conditions and partial reduction of 
chromium has occurred, aided by higher pH tank fluids. 

3.3 NATURE AND EXTENT OF SUBSURFACE CONTAMINATION 

A reasonable understanding of the nature and extent of subsurface contamination in WMA S-SX 
is required to complete transport modeling and risk calculations (Section 4.0 and Appendix E). 
Initially, this understanding was developed through extensive reviews of historical records and 
integration of data from previous field investigations. In this characterization effort, additional 
and complementary studies were completed to improve estimates ofWMA S-SX vadose zone 
contamination, including the following: 

• Additional inventory estimates derived from the historical records of tank operations 

• Kriging analyses to determine cesium-13 7 distribution and total inventory 

• Speciation analyses using thermodynamic concepts 
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• Analysis of soil samples contaminated by tank waste taken from exploratory boreholes in 
the SX tank farm. 

Results of these studies, summarized in the following sections, provide a consistent correlation 
between theoretical inventory estimates and field measurements of vadose zone contamination. 
This observation improves confidence that tank inventory estimates are reasonable source term 
estimates for flow and transport modeling and risk evaluation. 

The current WMA S-SX field investigations have not addressed the near-surface contamination 
that resulted from routine tank farm operations. The current state of understanding of 
near-surface contamination is found in Appendix B, Section B.6.0. 

3.3.1 Tank Leak Inventory Estimates 

The importance of developing quantitative inventory estimates for tank waste materials lost to 
the soil column during leak events was fully appreciated during development of the technical 
basis for the current SST vadose zone characterization program (Jones et al. 1998). The impacts 
for a given contaminant are proportional to the amount of contaminant in the soil column and 
thus to the initial amount of the contaminant lost from the tanks . As noted in the discussions of 
cesium-13 7 migration in the vadose zone in Section 3 .2.2, the rate of movement of contaminants 
in the soil column may be impacted by other co-contaminants. Therefore, the goal was to 
develop reasonably complete inventories for tank wastes lost to the vadose zone. 

The approach for developing inventory estimates has focused on combining leak volume 
estimates with waste composition estimates (Jones et al. 2000a). The development of tank leak 
inventory estimates was made possible by a number of recent SST waste investigations. Efforts 
to develop current tank waste inventory estimates led to both a compilation of tank waste transfer 
records (Agnew et al. 1997) and a model providing current inventory estimates in all Hanford 
Site SSTs and double-shell tanks (Agnew 1997). These models have been used to predict 
inventories of tank wastes at times of suspected leaks and proposes an approach for estimating 
leak volumes for high-heat tanks (Agnew and Corbin 1998). 

The long-term gross gamma logging (Myers 1999; Myers et al. 1999) and more recent spectral 
gamma logging data (DOE-GJPO 1996, 1998, 2000a, 2000b) have provided by far the best 
overall understanding of the nature and extent of gamma-emitting radionuclide contamination in 
the SST farms . Analysis of the gamma logging data and other soil analysis data provided 
quantitative estimates of cesium-13 7 contamination in the SX tank farm vadose zone 
(Goodman 2000; Sullivan et al. 2001) . The development of work plan addenda for WMA S-SX 
was greatly enhanced by a number of expert panel reports (DOE-RL 1997b; DOE-RL 1999d) 
and supporting documents (Johnson et al. 1999). As described in the following sections, 
information gleaned from these sources provided a basis for developing preliminary inventory 
estimates for most known tank leaks in the 12 SST farms (Jones et al. 2000a; Jones et al. 2000b; 
Corbin et al. 2001; Jones et al. 2001 ). Although the discussion focuses on the WMA S-SX field 
investigation results, this broader perspective provides a better basis for developing conceptual 
models for tank leak events. As constrained by the available modeling programs, the initial 
tank-leak inventory estimates were provided on a total elemental and curie basis (with the 
exception of a few anions such as chloride and nitrate). 
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A more complete understanding of the long-term impacts of tank leaks on the vadose zone 
environment requires specific knowledge of chemical species present in the leaked tank waste. 
Two speciation-modeling analyses of the materials lost from tanks in WMA S-SX have been 
completed (Appendix D, Section D.7.3; Jones et al. 2000a). The speciation modeling results 
provide ( 1) a better understanding of the bounding conditions for RED OX boiling-waste system 
operations and (2) guidance for geochemical modeling required to better understand radionuclide 
and chemical migration in the vadose zone. 

Section 3 .3 .1.1 describes the present understanding of tank waste composition at the time of a 
tank leak. Building on the gamma logging data (Section 3.3.1.2) and on soil data analyses 
(Section 3.3.4), the amount and distribution of cesium-137 leaked into the soil is determined 
(Section 3.3.1.3). Knowing the tank waste composition and the amount of tank waste leaked, 
estimates of all the major contaminants are derived and presented (Section 3.3.1.4). Speciation is 
described in Section 3.3 .2. The results are summarized in Section 3.3.3 . 

3.3.1.1 Waste Composition Estimates. There has long been an interest in using flowsheet data 
from various Hanford Site chemical processes coupled with waste transfer records to develop 
tank waste inventory estimates (Jungfleish 1984). Researchers at Los Alamos National 
Laboratory, supported by many individuals associated with the Hanford tank waste 
characterization program (Agnew 1997) brought the approach developed by Jungfleish to 
fruition. The Los Alamos National Laboratory task involved two major activities. 

• The extensive waste transfer records were centralized into a single document, 
Waste Status and Transfer Record Summary (WSTRS Rev. 4) (Agnew et al. 1997). 

• Flowsheet information was coupled with an understanding of the chemistry of each waste 
stream to develop estimates of solid and liquid compositions for each waste stream. 

The composition of each major waste stream was coupled with the waste volumes for each of the 
transfers into and out of each Hanford Site waste tank. Using simple waste mixing rules for the 
sum of waste transfers through individual tanks, current waste compositions and total inventories 
were calculated for each Hanford Site waste tank. This approach is termed the Hanford defined 
waste (HDW) model (Agnew 1997). The HDW model develops two waste composition 
estimates: 

• Sludge composition, estimated by the tank layering model 
• Supernate composition, estimated by the supernatant mixing model. 

The waste composition estimates from the supernatant mixing model module are a combination 
of liquid and salt cake (Agnew 1997). 

Although the driver for the HDW model was to develop 'current ' tank inventory estimates, the 
HDW model provides the capability for developing inventory estimates at any point in time in 
each tank. As noted above, the HDW model results for selected SX tank farm high-heat tanks 
are used in Agnew and Corbin (1998) to develop the 'Hanford leak model,' which projects 
preliminary leak volume estimates for tanks SX-108, SX-109, SX-111 , and SX-112. The Agnew 
and Corbin (1998) approach for developing tank composition estimates at specific points in time 
was used in estimating tank leak events in WMA S-SX (Jones et al. 2000a) and in other WMAs 
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(Jones et al. 2000b; Corbin et al. 2001 ; Jones et al. 2001). Table 3.2 contains the waste 
composition estimates for selected contaminants for the 10 tanks in the S and SX tank farms 
thought to have leaked (see major discussion in Jones et al. 2000a). Complete waste 
composition estimates for those 10 tanks are listed in Appendix C. 

Complete waste compositions can be coupled with leak volumes to develop leak inventory 
estimates. However, published leak volume estimates (Hanlon 2001) are highly uncertain for a 
number of the SX tank farm leaks (Jones et al. 2000a). Thus, it was necessary to use other data 
sources to develop leak volume estimates. This process is discussed in the following sections. 

3.3.1.2 Gamma Logging Data. Since the early 1960s gamma logging data have been used as a 
secondary tank leak monitoring system (Isaacson and Gasper 1981). In practice, strategically 
placed shallow boreholes (24 to 46 m [80 to 150 ft] bgs), called ' drywells,' were routinely 
monitored for changes in total gamma activity. Hence, the activity is known as gross gamma 
logging. Drywells were located approximately 3 .1 m (10 ft) from the tanks and generally 4 to 
8 drywells surrounded each ' active ' tank (that is, leak monitoring concentrated on tanks currently 
being used to store liquid wastes) . Tanks known to have leaked (e.g. , tank SX-113) where all 
pumpable liquids had been removed, were not given high priority to be monitored for additional 
leakage. For additional leak monitoring capability, 10 of the 15 tanks in the SX tank farm had 
laterals (i.e. , horizontal pipes radiating from a central caisson) installed approximately 3 .1 m 
(10 ft) below the base of the tank. Except for tank SX-113 , each tank had three laterals radiating 
from a nearby caisson. As the prototype for laterals as the tank leak monitoring system, tank 
SX-113 had five laterals installed under it. 

During the routine gross gamma logging program, changes in gamma activity in a borehole 
would suggest potential leakage from a nearby waste storage tank or waste transfer line. 
Although the gross gamma logging data were stored electronically from 1974 to the end of the 
logging program in 1994, data comparisons within any specific drywell were restricted to short 
time intervals. Gross gamma logging data were treated as being of value only for 'real-time' 
leak monitoring of active SSTs. 

As part of the WMA S-SX vadose zone characterization, historic gross gamma logging data are 
assessed in Myers (1999) and Myers et al. (1999). Although the gamma logging instrumentation 
underwent major modifications (particularly the probes) over the 20 years of data collection, the 
data exhibited surprising reproducibility as shown in stack plots (Myers et al. 1999). The data 
analysis also provided useful information about the potential movement of gamma emitting 
radionuclides over the 20-year period. 

The validity of gross gamma logging methodology as a tank leak detection system was critically 
evaluated in A Scientific Basis for Establishing Dry-Well Monitoring Frequencies (Isaacson and 
Gasper 1981). One of the conclusions from the evaluation was that the gross gamma data 
provided far more insight into the migration of radionuclides in the soil than it did about 
potential leaks in active tanks. With the passage of time and thus decay of the short-lived mobile 
gamma emitting radionuclides ( e.g. , ruthenium-106) the 1981 conclusions are more valid than 
ever. 
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In 1994 a baseline spectral gamma-logging program was initiated to assess the nature and extent 
of gamma emitting radionuclides in the tank farms vadose zone (DOE-GJPO 1995a, 1995b, 
1995c; DOE-RL 1996) by using the unique radiation emitted to identify and quantify the 
radionuclides. Essentially all existing drywells within each tank farm were logged with a system 
designed to provide specific isotopic composition of gamma-emitting radionuclides . Baseline 
spectral gamma logging results were published for each tank farm. The gamma-logging probe 
selected for the initial logging runs became saturated at approximately 1,000 pCi/g of 
cesium-13 7. Thus, in the most highly contaminated zones, quantitative values were not 
determined. At a later date the highly contaminated zones were re-logged using a less sensitive 
probe and updated results were published in supplemental tank farm reports . Ninety-eight 
drywells were logged in the SX tank farm and results were published in Vadose Zone 
Characterization Project at the Hanford Tank Farms, SX Tank Farm Report (DOE-GJPO 1996) 
and its supplement, Addendum to the SX Tank Farm Report (DOE-GJPO 2000b ). Seventy-two 
drywells were logged in the S tank farm; results are published in DOE-GJPO (1998) and its 
supplement, Addendum to the S Tank Farm Report (DOE-GJPO 2000a). 

The baseline spectral gamma-logging program has made major contributions to the current tank 
farm vadose zone characterization efforts . The main radionuclide found was cesium-13 7. 
Only very small amounts (i.e ., a few pCi/g) of cobalt-60 and/or europium-154 were found in the 
S and SX tank farms. 

3.3.1.3 Kriging Analysis. The SX tank farm gamma logging and soil analysis data for 
cesium-137 represent 'point measurements ' along a vertical, horizontal, or slant direction. 
The goal of kriging analysis of the cesium-13 7 data was to establish mathematically defensible 
inventory estimates associated with the gamma contamination around each tank in the SX farm. 
Two separate data analyses were conducted. The first, conducted by Professor Dan Goodman, 
Montana State University (MSU) beginning in 1998, combined gross gamma and spectral 
gamma logging data with soil analysis data from borehole 41 -09-39 and historical soils data 
(Raymond and Shdo 1966; Goodman 2000). The MSU results are referred to as 'MSU kriging 
results' in this document. The second statistical analysis of the SX tank farm cesium-13 7 data, 
conducted by HydroGeologic, Inc. (HGL) (Sullivan et al. 2001), began with the same data set as 
used by MSU but also included newly acquired soils analysis data from the SX-108 slant 
borehole (Seme 2001d) and the updated spectral gamma logging results (DOE-GJPO 2000b). 

The MSU statistical analysis focused on two objectives. 

• The gross gamma logging data were evaluated to establish calibration curves so as to use 
the gross gamma data to develop 'data patches' for the regions of the spectral gamma 
data set lost because of detector saturation in the initial spectral gamma logging. 

• The resulting enhanced gamma logging-based cesium-137 data set was coupled with soils 
analysis data to develop cesium-13 7 inventory estimates for the regions around each tank 
in the SX farm. 

The projected cesium-13 7 inventory estimate for each tank in the SX tank farm is listed in 
Table 3.3. Inventory estimates are reported at both the 50 and 95 percentiles. 
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Table 3.3. SX Tank Farm Cesium-137 Inventory 
Estimates from Kriging Analyses* 

Tank 
MSU50% 

(pCi) 

SX-101 9.1E+09 

SX-102 0.0E+00 

SX-103 0.0E+00 

SX-104 2.7E+08 

SX-105 5.5E+09 

SX-106 0.0E+O0 

SX-107 8.0E+ l5 

SX-108 l.4E+ l6 

SX-109 7.2E+ l4 

SX-110 2.0E+ l2 

SX-111 2.3E+ l l 

SX-112 l. 8E+l3 

SX-113 0.0E+00 

SX-114 0.0E+00 

SX-115 N/R 

* Includes surface spills. 

HGL = HydroGeologic, Inc. 
MSU = Montana State University. 
N/R = not reported. 

MSU95% HGL50% 
(pCi) (pCi) 

2.lE+ l0 2.3E+ l0 

0.0E+00 l.5E+ l0 

0.0E+O0 2. lE+ l0 

l.6E+09 7.7E+09 

l.3E+ l0 l.3E+ 10 

0.0E+O0 5.9E+09 

l.5E+ l6 4.2E+ l6 

3.6E+l6 3.9E+ l6 

2.3E+ l5 l.6E+ l5 

l.3E+ l 3 7.5E+ l2 

l.1E+ l2 2.3E+ 11 

9.5E+ l3 2.9E+ l 3 

0.0E+00 6.4E+07 

0.0E+00 l.9E+08 

N/R l.lE+ 14 

The second kriging analysis was focused on understanding the impact of the addition of the 
cesium-137 soils analysis data from the SX-108 slant borehole investigation on the overall 
cesium-137 inventory estimate. Also included in the second kriging analysis were the updated 
spectral gamma logging data for cesium-137 from highly contaminated zones 
(DOE-GJPO 2000b ). Thus, the data patches from historical gross gamma data developed by 
MSU for that kriging analysis were not required for the HGL kriging analysis. 

The first step in any kriging process is the development of a variogram model. Vertical and 
horizontal correlation lengths are determined during the variogram analysis. Significantly 
different correlation lengths were reported between the two kriging analyses. 

• MSU variogram analysis led to a horizontal correlation length of 8.2 m (27 ft) and a 
vertical correlation length of 3 m (10 ft) 

• HGL variogram analysis led to horizontal and vertical correlation lengths of 15 m (49 ft) 
and 20 m (66 ft) , respectively . 

The practical result of longer correlation lengths is the projection of somewhat larger plume 
volumes with the existing data set. 
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There are a number of reasons for the large correlation lengths reported in the HGL kriging 
analysis (Sullivan et al. 2001 ). The most obvious reason is the addition of the cesium-13 7 
concentrations along the SX-1O8 slant borehole, giving much better definition of the vertical 
contamination directly below tank SX-1O8. How~ver, there were also differences in approach. 
The MSU variogram analysis treated all of the available data within the SX tank farm while the 
HGL variogram analysis focused on the area around tank SX-108. The decision to estimate 
correlation lengths using data only from around tank SX-108 focused the analysis in the area 
where the maximum amount of data was available. The correlation lengths derived from the 
analysis of data around tank SX-1O8 were then used in the kriging analysis for all of the SX tank 
farm data. The intent was to apply the knowledge gained from detailed field investigations 
around tank SX-1O8 to the contamination found around and under other SX farm tanks. 
This was justified because very similar waste types leaked from all failed SX farm tanks and the 
geology was assumed to be reasonably similar across the SX tank farm. The HGL kriging 
analysis also reports results of sensitivity studies associated with data processing decisions. 

Both kriging analyses used data compression techniques to reduce the size of the data set prior to 
computations because the data set was too large to be processed with available computer 
systems. Both groups separated the tank farm area into a 1 m by 1 m (3.3 ft by 3.3 ft) grid size. 
MSU used a 1 m (3.3 ft) depth to form 1 m3 (35 ft3) sections. The geometric mean of all 
cesium-137 concentration values within the 1 m3 (35 ft3) was assigned to the point at the center 
of the cube. The variogram analysis and kriging were completed with this reduced data set. 
The HGL data process approach was quite similar except the grid size was 1 m by 1 m by 0.5 m 
(3 .3 ft by 3.3 ft by 1.6 ft) . Intuitively, reducing the grid size will better reflect the original data. 

The cesium-13 7 inventory estimates developed in the HGL kriging analysis are also listed by 
tank in Table 3 .3. An example of the graphical representation of cesium-13 7 activity generated 
in the HGL kriging analysis is shown in Figure 3. 7. Graphical representations of cesium-13 7 
activity at other concentrations are found in Appendix C. 

The cesium-13 7 inventory estimates reported by HGL are the mean values. The cesium-13 7 
inventory estimates reported by HGL and listed in Table 3.3 are most directly comparable to the 
50 percentile data reported by MSU and listed in Table 3.3 . 
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Figure 3.7. Plan and Cross-Section View of Cesium-137 
Contaminated Soil Above S x 103 pCi/g 
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The geometric mean is commonly used as an approach for compressing large environmental data 
sets, where values span multiple orders of magnitude (e.g. , the spectral gamma logging data in 
the SX tank farm). However, other approaches could be taken. For example, a more 
conservative approach would be to assign the data value of the volume space as the maximum 
value reported within that grid volume. As a sensitivity study, HGL completed a kriging 
analysis using 'maximum' values rather than geometric means. As expected, the cesium-13 7 
inventory estimates were somewhat higher (by a factor of about two) using the 'maximum' 
values. Sensitivity study results are included in Appendix C and in the HGL kriging analysis 
report (Sullivan et al. 2001 ). 

A comparison between MSU and HGL cesium-137 inventory estimates near and under SX farm 
tanks are shown in Table 3 .3. The only major difference in cesium-13 7 inventory estimates 
between the two studies involves tank SX-107. Although the HGL kriging analysis results 
suggest the cesium-13 7 inventory lost from tank SX-107 to be slightly larger than the total 
quantity of cesium-137 lost from tank SX-108, the volume of contaminated soil associated with 
tank SX-107 is less than half of the volume of contaminated soil associated with tank SX-108. 
The HGL kriging analysis results for tank SX-107 are driven by gamma logging data from the 
three laterals. One lateral is projected to have cesium-137 activity at levels close to 
8.0 x 108 pCi/g. With the larger correlation lengths calculated by HGL for tank SX-108 and 
applied to other tanks in the SX tank farm, this particularly highly radioactive lateral strongly 
influences overall cesium-137 inventory estimates for tank SX-107. It appears the tank SX-107 
cesium-137 inventory estimate is likely an artifact of the data handling methodology. Resolution 
of this issue will likely require re-logging of the laterals under tank SX-107 with a calibrated 
spectral gamma tool. 

3.3.1.4 Inventory Estimates for WMA S-SX Tank Leaks. Leak volume estimates and 
selected inventory estimates for WMA S-SX tank leaks are listed in Table 3.4. The complete 
data set is available in Appendix C and Jones et al. (2000a) . Leak inventory estimates for tanks 
SX-107, SX-108, and SX-109 were based on cesium-137 inventories developed by the MSU 
kriging analysis (Goodman 2000). Leak volumes for these three tanks were estimated from 
cesium-137 inventory estimates (Goodman 2000) coupled with waste composition estimates. 
Inventory estimates for tanks S-104, SX-113, and SX-115 were based on documented leak 
volumes (Jones et al. 2000a; Hanlon 2001). For these three cases, leak volumes were combined 
with tank waste inventory estimates (see Appendix C, Section C.3 .0) to develop inventory 
estimates for each tank leak. 

This discussion will focus on potential modifications to the published WMA S-SX inventory 
estimates based on the updated HGL kriging results. 

The inventory estimates shown in Table 3.4 for tanks SX-107, SX-108, and SX-109 were 
developed using 95 percentile cesium-137 data from MSU (Goodman 2000). That is, these 
inventory estimates reported in Jones et al. (2000a) were biased high by using the 95 percentile 
data rather than the mean or 50 percentile values . The decision to use the higher values was 
driven by an assumption that the cesium-13 7 plume estimates reported in Goodman (2000) failed 
to reflect realistic estimates of the cesium-13 7 inventories directly below the tanks. (This was 
one of the conclusions discussed in the MSU report [Goodman 2000) and was one of the 
technical justifications for drilling the SX-108 slant borehole.) 
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Table 3.4. Estimated Inventory Lost to Vadose Zone in the S and SX Tank Farms 

Estimated Estimated Estimated Estimated Estimated Estimated 
Tank S-104 Tank SX-107 Tank SX-108 Tank SX-109 Tank SX-113 Tank SX-115 
Inventory Inventory Inventory Inventory Inventory Inventory 

Loss Loss Loss Loss Loss Loss 

Leak Volume 24,000 gal" 6,350 galb 15,200 galb 989 galb 15,000 gal" 50,000 gal• 

Chemicals (kg) (kg) (kg) (kg) (kg) (kg) 

Sodium 1.82E+04 9.90E+03 2.37E+04 1.54E+03 1.05E+04 l .57E+04 

Aluminum 3.83E+03 2.00E+03 4.78E+03 3.11E+02 l .95E+03 4.24E+03 

Chromium 7.8 1E+02 4.71E+02 l.1 3E+03 7.33E+0 l 5.08E+02 5.03E+02 

Nitrate l.70E+04 7.40E+03 l.77E+04 l.15E+03 9.96E+03 3.87E+03 

Nitrite 6.87E+03 4.49E+03 l.07E+04 6.99E+02 3.50E+03 9.23E+03 

Radionuclides (Ci) (Ci) (C i) (Ci) (Ci) (Ci) 

Technetium-99 3.87E+00 5.03E+00 l.21E+0l 7.84E-0l 2.50E+00 5.52E+00 

Cesium-137 l.14E+04 l.71E+04 4. 10E+04 2.67E+03 7.34E+03 l.88E+04 

•Leak volumes from Hanlon (2001). 
bLeak volumes estimated from MSU kriging analysis of gamma logging data (see Jones et al. 2000a). 

Inventory and leak volume estimates developed in Jones et al. (2000a) are listed in Table 3.4 and 
Appendix C, Section C.3.0. These estimates remain as reasonable estimates for use in leak 
impact assessment studies (Appendix E, Attachment El). The HGL kriging analysis was more 
robust than the MSU efforts because only experimentally determined measurements were used 
by HGL, and correlation lengths determined by HGL were based on a single tank 
(i.e., tank SX-108). This was done because extensive data are available for tank SX-108; results 
based on tank SX- 108 were then applied to other SX farm tanks. 

If the HGL kriging results had been used in developing the inventory estimates, the values for 
tanks SX-108 and SX-109 listed in Table 3.4 would have changed very little. However, the 
tank SX-107 inventory estimates would have been slightly higher than those reported for tank 
SX-108 in Table 3.4. Leak inventory estimates for tanks S-104, SX-113 , and SX-115 were 
based on historical leak volumes. Leak volumes from tanks SX-113 and SX-115 are well 
documented (Hanson et al. 1962; Raymond and Shdo 1966) whereas the leak volume from tank 
S-104 is significantly more uncertain. The 24,000 gal (91 ,000 L) leak volume currently reported 
in Waste Tank Summary Report for Month Ending March 31, 2001 (Hanlon 2001) for tank S-104 
is based on long-term liquid level decreases (Agnew et al. 1997). However, the waste footprint 
(see Appendix B, Section B.6.0) proj ected from field investigations using cone penotrometer 
techniques and spectral gamma logging data fai l to document the inventory estimates shown in 
Table 3.4 for tank S-104. Thus, the tank S-104 inventory estimates li sted in Table 3.4 are 
conservative. 
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3.3.2 Speciation Analysis 

Significant quantities of high-level waste (HL W) were lost to the soil column from large 
underground tanks in WMA S-SX during long-term storage of the wastes produced in the 
REDOX Plant. An understanding of the mechanisms of soil and waste reactions controlling the 
movement of tank waste through the vadose zone requires knowledge of waste components on a 
molecular level. However, this level of tank waste chemistry is generally not available because 
that level of understanding was not required for the original plant operations or for long-term 
storage and waste management. REDOXTechnical Manual (GE 1951) and the updated flow 
sheets in Standard Inventories of Chemicals and Radionuclides in Hanford Site Tank Wastes 
(Kupfer et al. 1998) provide clear guidance as to the conditions required for successful 
separations process operations but only limited understanding of the underlying fundamental 
chemistry. Thus, the most practical approach for developing an understanding of the chemical 
species present in leaked tank waste comes from chemical equilibria-based computer models that 
develop speciation of bulk waste components. Chemical thermodynamic-based models of 
aqueous systems can predict reaction products if the controlling thermodynamic parameters are 
sufficiently well understood. However, the tank waste mixtures are extremely complex and 
many of the required thermodynamic parameters are only poorly understood. Because any 
thermodynamic-based modeling exercise involving a tank waste matrix will require many 
approximations and assumptions, speciation modeling results must be treated with considerable 
caution. 

The preliminary scoping studies for REDOX waste speciation (Jones et al. 2000a) were 
conducted using the Environmental Simulation Program, a thermodynamic-based chemical 
process simulator that has been widely applied at the Hanford Site (MacLean and Eager 1998). 
As discussed in Section 3.3 .1.1 , the compositions of the wastes in SSTs at the time of suspected 
leaks were developed using the HDW model (Agnew 1997). The tank waste supemate 
compositions were then used as input to the Environmental Simulation Program model with the 
goal of developing a better understanding of chemical speciation of the wastes at the time of 
suspected leaks (Jones et al. 2000a). A separate S&T activity focusing on contaminant migration 
in the subsurface conducted speciation analysis of the leaked fluids from tanks SX-108 and 
SX-115 (Appendix D, Section D.7.3). The results reported in Appendix D, Section D.7.3 
represent a far more detailed solution thermodynamic investigation than the results reported in 
Jones et al. (2000a). Appendix D, Section D.7.3 uses the Pitzer-based formulation for 
calculation activity coefficients, which is more consistent with contemporary goechemical 
modeling studies. 

The historical records (Harmon 1949; GE 1951 ; Barney 1976) clearly show that it was well 
known that the solution chemistry of REDOX HL W was dominated by the aluminum ion 
solubility and the aluminum solubility was controlled by the free hydroxide ion concentration. 
Thus, much of the speciation modeling efforts focused on developing a better understanding of 
aluminum ion chemistry in the REDOX waste matrix. Such an understanding is potentially 
important in geochemical processes impacting tank waste movement in the subsurface. 

The initial Environmental Simulation Program speciation modeling of REDOX HL W, reported 
in Jones et al. (2000a), assumed a 0.1 M free hydroxide concentration resulting in essentially all 
of the aluminum residing in the solid phase as aluminum hydroxide. However, in other 
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calculations (see Appendix C) the aluminum was shown to be primarily in the solution phase, as 
aluminate anion, at the likely free hydroxide concentrations in REDOX HL W. Much of the 
information in Appendix C, updating the preliminary speciation analysis reported in 
Jones et al. (2000a), was developed in response to questions raised in the Appendix D, 
Section D.7.3 speciation results. The initial step in any speciation modeling exercise is the 
development of a charge balance for the system. Jones et al. (2000a) fixes the hydroxide at 
0.1 Mand allows the sodium ion to vary until the overall charge balance is reached, leading to 
sodium ion concentration near 12 M. Appendix D, Section D.7.3 maintains the sodium ion 
concentration developed by the HDW model and allows hydroxide to be varied until a charge 
balance is reached. At equilibrium in tank SX-108 at 100 °C (212 °F), Appendix D, 
Section D.7.3 predicts the hydroxide to be 5.1 Mand the pH to be 14.1 with essentially all of the 
aluminum to be in solution as aluminate anion. The Appendix D, Section D.7.3 speciation 
results are consistent with the conditions one would predict from process flow sheet data 
(GE 1951). Thus, the Appendix D, Section D.7.3 results are the preferred data set for 
geochemical modeling studies. 

Corrections to errors in technetium-99 speciation estimates in Jones et al. (2000a) are also 
discussed briefly. The preliminary speciation modeling results suggesting that major fractions of 
the technetium-99 could reside in the solid phase as potassium pertechnetate (KTcO4) in highly 
concentrated REDOX HL W (Jones et al. 2000a) are of considerable interest. Initial modeling 
runs indicated that the majority of technetium-99 in wastes in tank SX-108 was incorporated into 
the solid phase as potassium pertechnetate but in the more dilute tank SX-115 wastes the 
technetium-99 remained in the solution phase (Jones et al. 2000a). A detailed review of the 
supporting information reported along with the speciation modeling results indicated that the 
potassium pertechnetate solubility was being driven by an unrealistically large activity 
coefficient term. Resolution of this issue was referred back to OLI Systems, 1 the software 
vendor, for resolution. The vendor reported that a programming error was found in the code. 
Basically, the silicate ion activity was being summed with pertechnetate activity leading to errors 
in solubility estimates. After correcting this programming error, the model predicted that all 
technetium-99 remained in the solution phase in the tank waste composition in each SX farm 
tank. Although, to date, no technetium-99 analysis data have been found for REDOX HL W, the 
suggestion that technetium-99 tends to remain in the solution phase is consistent with 
experimental data for plutonium-uranium extraction HL W (Godfrey 1971 ). 

3.3.3 Summary of Tank Leak Inventory Investigations 

The Jones et al. (2000a) preliminary tank leak volume estimates, waste composition estimates, 
and inventory estimates of tank waste lost to the soil column in WMA S-SX remain as a 
reasonable data set for tank leak impact investigations. These data are summarized in Table 3.4. 
Speciation data reported in Appendix D, Section D.7.3 is the preferred source for geochemical 
modeling studies. Uncertainties remain about inventory estimates for leaks from tanks S-104 
and SX-107. Because of these uncertainties, no modifications were made to the leak inventory 

1 OU Systems, Inc., Morris Plains, New Jersey. 
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estimates published in Jones et al. (2000a) . Any resolution of these uncertainties will require 
additional field characterization data. 

3.3.4 Correlation Between Projected Inventory Estimates and Field Investigation Data 

Soil sample analyses from the three boreholes drilled in the SX tank farm (41-09-39, SX-108 
slant, and 299-W23-19) near tank leaks provide data that qualitatively validate the reliability of 
these inventory estimates. The analyses revealed the presence of several constituents 
(radionuclide and chemical) that either were not derived from natural sources or were naturally 
occurring but at concentration levels too large to be derived solely from natural sources. 
These findings clearly demonstrate the existence of a nearby non-natural source, with tank leak 
fluids being the leading candidate. 

In the soils from the two boreholes (borehole 41 -09-39 and the SX-108 slant borehole) 
considered to be contaminated primarily by the tank SX-108 leak, elevated concentrations of 
cesium-13 7, technetium-99, nitrate, nitrite, chloride, sulfate, sodium, and chromium are found 
that originated in the tank SX-108 leak fluid (Appendix B, Sections B.2.0 and B.4.0). These 
elements are among the more concentrated constituents projected by inventory estimates 
(Table 3 .2 and Appendix C, Tables C.1 and C.2) . Higher levels of chloride and sulfate also may 
be attributed to the leak. Concentration ranges of these constituents in borehole soils are 
provided in Table 3.5. Similarly, for borehole 299-W23-19, soils are assumed to be 
contaminated by the tank SX-115 leak and high concentrations of technetium-99, nitrate, nitrite, 
sodium, chromium, chloride and sulfate are found (Table 3.5). 

Table 3.5. Summary of Tank Leak Constituent Concentrations and Technetium-99 
to Nitrate Ratios in the SX Tank Farm Characterization Boreholes 

Maximum Concentration Range in the Elevated Concentration Zones 

Borehole 41-09-39 SX-108 Slant 299-W23-19 

Technetium-99 (pCi/L) 3.9E+05 to 1.2E+07 l.65E+07 to 2.37E+08 9.50E+04 to 3.3E+06 

Cesium-13 7 (pCi/g) l.25E+05 to l. 76E+07 5.SSE+OS to 9.57E+07 Negligible 
"' .... 

Sodium (mg/L) l.02E+04 to l.53E+04 6.53E+04 to 3.91E+05 4.78E+02 to 3.08E+03 = <II 
::, .... Chromium (mg/L) l.75E+02 to 7.46E+02 5.02E+03 to 2. 18E+04 3.22E+00 to l.22E+02 ;:: 
"' = 0 Nitrate (mg/L) l.0l E+0S to 4.16E+05 l.98E+05 to 9.94E+05 6.03E+03 to 2.60E+04 u 

Chloride (mg/L) 3.58E+02 to 4.21 E+03 l.38E+03 to 6.71E+03 1.06E+02 to 2.15E+02 

Sulfate (mg/L) 5.79E+02 to 4.58E+03 l.93E+03 to 2.41 E+04 l.72E+02 to 9.35E+02 

Tc-99/ Nitrate (pCi/mg) 2.61 E+0l to 4.44E+02 3.46E+00 to 4.77E+02 4.09E+0l to 3.15E+02 

Tc-99/Nitrate (pCi/mg)* l.72E+02 2.44E+02 l.1 3E+02 

*The technetium-99/ nitrate ratios are the average of individual ratios by depth in the elevated concentration 
zones. 

A comparison of relative concentrations of these constituents with estimates of relative 
concentrations in the tank fluid provides another indicator of tank leak fluids as the contaminant 
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source. This approach is limited because most constituents are distributed differently in the 
vadose zone as different chemical reactions exist for the constituents, resulting in variable 
retardation and migration of each constituent. Thus, the comparison is usually difficult to make. 
The most straightforward comparison is to consider the technetium-99/nitrate ratios in soil versus 
the technetium-99/nitrate plus nitrite ratios in the inventory estimates. Data and chemical 
speciation knowledge indicate that technetium-99 and nitrate are essentially nonreactive with 
soils and migrate together. The soil data indicate that nitrite reacts by oxidizing to nitrate, but 
migration rates are not affected by this process. Therefore, if the technetium-99/nitrate plus 
nitrite source is the tank SX-108 fluid and no other sources provide contaminants at the borehole 
location, the ratios should be consistent. Similarly, if the technetium-99/nitrate plus nitrite 
source for borehole 299-W23- l 9 contamination is the tank SX-115 fluid, the ratios between 
estimated tank fluid inventory values and measured soil values should be comparable. 

The zones of elevated technetium-99 and nitrate concentrations in each borehole agree very 
closely with depth. The average of individual soil sample technetium-99/nitrate ratios by depth 
in the elevated concentration zones are listed in Table 3.5 for all three boreholes. 
The technetium-99/nitrate ratios calculated from technetium-99 and the sum of nitrate plus nitrite 
inventory estimates in Table 3.4 are 4.3 x 102 pCi/mg for the tank SX-108 leak fluid and 
4.2 x 102 pCi/mg for the tank SX-115 leak fluid. These ratios are within factors of two to four of 
the measured ratios. This is a very close correlation given the natural heterogeneities of fluid 
migration in the vadose zone. This correlation strongly supports both the causal relationship 
between tank leaks and soil contamination and increases confidence in the inventory estimate 
based on historical record. 

Other soil and soil-water characteristics that are significant relative to the projected leak 
inventories are the occurrences of elevated pH in soil column soils at the top of the contaminated 
zones and the absence of elevated aluminum and strontium-90 concentrations in soil water 
extracts. In all three boreholes, elevated pH values (greater than 8.5) occur at shallow depths in 
the Hanford formation subunit Hl and then decrease with depth to values approaching those 
normal to undisturbed vadose zone soil water (approximately 7.5 to 8). This pattern is consistent 
with an initial interaction between high pH tank leak solutions (estimated at greater than 12, 
Appendix D, Section D.7.3) at a depth when tank solution first comes into contact with the 
borehole soil water followed by longer interaction as tank solutions drain from the initial location 
and migrate vertically with pH-buffering reactions continuing to lower tank solution pH. 
The lack of aluminum in these soil samples is consistent with the speciation work 
(see Section 3.3.2 and Appendix D, Section D.7.3) suggesting that high dissolved aluminum 
concentrations require very high solution pH. If so, only a small decrease in pH such as would 
be expected shortly after tank fluid contact with the vadose zone soils would cause immediate 
formation of aluminum-bearing precipitates very near the leak location. The analyzed soil 
samples are presumably too far from the source to contain precipitated aluminum. 

An unequivocal explanation for the lack of strontium-90 in soil samples cannot be provided. 
Either strontium-90 was not present in solution as predicted or it sorbed rapidly and fell out of 
solution near the leak location. If so, as with aluminum, the soil samples would be too far from 
the source to contain sorbed strontium-90. 
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3.3.5 Integration of Inventory Information for Risk-Producing Contaminants of Concern 

In the previous section, a summary of data and inventory estimates is provided for the primary 
constituents determined to exist in tank leak fluids . Of these, technetium-99 and nitrate are 
highly mobile in the hydrogeologic environment and may contaminate groundwater at sufficient 
concentration levels to be of concern. Additional mobile constituents are estimated to be present 
in tank fluids at smaller concentrations that also must be considered as potential contributors to 
future environmental contamination (see the modeling and risk analysis discussion in 
Section 4.0). Given the tank leak inventory estimates, additional mobile radionuclide 
constituents include carbon-14, selenium-79, iodine-129, and the long-lived uranium isotopes 
(principally uranium-238 and uranium-234). Hazardous mobile constituents include chromium, 
fluoride, mercury, nitrate, nitrite, total uranium, and EDT A. Because estimates of human health 
risk levels provided by each of these constituents are generally proportional to its abundance in 
the vadose zone, vadose zone inventory estimates must be evaluated thoroughly, using all 
available information. The combination of both historical estimating approaches and data for 
contaminated soils provides a complementary and useful basis for completing this evaluation. 

All of the identified constituents are listed in the tank leak inventory estimates (Appendix C). 
Technetium-99, nitrate, nitrite, and chromium are primary constituents and, except for nitrite, 
have all been detected in the SX tank farm exploratory boreholes at high enough concentrations 
over large enough depth intervals to clearly indicate a tank leak source. Nitrite is currently at 
relatively low levels in the vadose zone because it has largely oxidized to nitrate since initial 
discharge. If these constituents are largely mobile in soils, then their relative concentrations 
present at the time of leakage should be preserved in the contaminated regions of the vadose 
zone. Comparison of water extract concentrations with tank inventory estimates of these 
constituents shows remarkable consistency in relative concentrations between the constituents. 
This observed consistency increases confidence that inventory estimates are reasonably close to 
real values. Consequently, these constituents have been incorporated into the risk analysis as 
legitimate potential contributors to future environmental contamination and risk. 

A second set of constituents (carbon-14, selenium-79, mercury, fluoride, and EDTA) are 
estimated to be present in relatively small quantities in the leaked fluid. Carbon-14 is the more 
abundant radionuclide and is estimated to occur at concentrations about seven to eight times less 
than technetium-99. Selenium-79 is estimated to occur at concentrations about 40 times less 
than technetium-99. Mercury, fluoride, and EDTA are estimated to occur at concentrations more 
than four orders of magnitude less than nitrate. one of these chemical constituents has been 
detected in vadose zone soil analyses . Attempts were made to measure mercury and 
selenium-79, but detection levels were too high to allow a positive measurement. Fluoride was 
measured but soil concentration values were indistinguishable from natural background. 
Carbon- 14 and EDTA were not measured. For the purposes of modeling and risk calculations, 
inventory estimates were used as the basis for quantifying vadose zone inventory. 

The final two constituents, iodine-129 and uranium isotopes, were measured in a small fraction 
of samples. Iodine-129 is found only in the SX-108 slant borehole at depths between 24 and 
40 m (80 and 130 ft) bgs (Appendix B, Section B.4.0 and Appendix D, Section D.6.1). 
These soil samples also contain high technetium-99 concentrations. In these soil samples, 
technetium-99 to iodine-129 activity ratios exceed 2,000. This compares to an estimated 
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technetium-99 to iodine-129 activity ratio of about 530 assumed for tank SX-108 supemate and 
supemate in the other assumed leaking tanks in WMA S-SX. Assuming that technetium-99 and 
iodine-129 are similarly distributed in the vadose zone because of their chemically similar 
behavior, this is a valid and reasonably close comparison. It is not surprising that the field ratios 
are lower given that estimates of iodine-129 content in tank fluids ignore the possibility that 
some portion of iodine-129 volatilizes during fuel processing and never reaches the tanks. 
For purposes ofrisk estimates, the estimated supemate iodine content provides a reasonable and 
conservative source term estimate. 

Uranium measurements in vadose zone soils are complicated by the fact that naturally occurring 
uranium is ubiquitous in vadose zone soils and when measured concentrations are close to 
natural concentration levels, determination of additional sources is uncertain. In these studies, 
uranium was analyzed from extracts of water and acid contacted with borehole soils . The largest 
water extract concentrations (7 to 55 µg/L) occurred in the tank SX-115 borehole, 299-W23-19, 
between 22 and 38 m (73 and 126 ft) bgs. This range slightly exceeds water extract values 
typical for uncontaminated soils ( e.g., about 1 to 10 µg/L are measured in water extracts from 
299-W22-48 and 299-W22-50, two RCRA boreholes east of the SX tank farm; sitewide 
background levels range from 0.5 to 13.9 µg/L [DOE-RL 1997a]). Only two samples in the 
SX-108 slant borehole show elevated uranium water extract concentrations (140 and 210 µg/L). 
No samples from borehole 41-09-39 yield water extract uranium values above the natural range. 

It is unclear from the water extract data whether the slight elevations in dissolved uranium from 
these soil samples represent contributions from tank leak sources. To get another perspective on 
this, it is instructive to compare the uranium to chromium concentration ratios in 
borehole 299-W23- l 9 versus the estimated inventory values for the leaked tank SX-115 
borehole. This comparison is indicated by the coincidence of highest uranium and chromium 
water extract values over the same depth interval in the borehole. Although chromium shows 
slightly retarded migration in these soils it is still a very mobile constituent and could be a 
surrogate for uranium in the risk analysis . The average uranium to chromium water extract 
values by mass is about 0.0015 . For the tank SX-115 fluid, the estimated uranium to chromium 
inventory ratio is about 7, a significant discrepancy of about 3 orders of magnitude. 
Two explanations are feasible. First, the uranium inventory estimate may be excessively high. 
Historical records indicate that the uranium would have been in the sludge fraction in the 
high-hydroxide REDOX wastes (Anderson 1954). Alternately, uranium may be present at high 
values in the leaking tank fluid, but is not mobile in the soil environment such that the bulk of the 
uranium is fixed in the soil closer to the tank leak source. In either case, an assumption of a large 
and mobile uranium inventory as a vadose zone source term for risk calculations is not 
warranted. Given the proportionality between risk estimates and starting inventory, use of a 
small uranium inventory indicated by the measured uranium to chromium ratio will result in an 
insignificant risk estimate compared to the other constituents. In the risk analysis (Section 4.0), 
uranium has not been included as a risk-producing contributor because of the inventory/risk 
relationship coupled with uncertainty about the real presence of tank source uranium in the 
vadose zone. 
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3.4 CONCEPTUAL MODEL DESCRIPTION 

An initial conceptualization of contaminant occurrences and characteristics in WMA S-SX was 
developed to support a work plan for additional characterization (Johnson et al. 1999). 
The additional database (referred to in this section as new work or new data) that has been 
developed has provided support for and clarification of the initial conceptual models. The focus 
of the conceptual models has been those events and processes that have led to the current state of 
vadose zone and near-field unconfined aquifer contamination. In this section, a description of 
the conceptual models is provided in which the new data provided in this WMA S-SX FIR are 
correlated with the appropriate aspects of the conceptualization. As before, it is most convenient 
to organize conceptualization by primary areas of contamination. These include the areas around 
tanks SX-1O7, SX-1O8, SX-1O9; tank SX-115, and tank S-1O4. 

3.4.1 Conceptual Model for the Contamination Area Below Tanks SX-107, SX-108, and 
SX-109 

Recent activities and data relevant to vadose zone contamination in this area include the 
following: 

• Deepening of borehole 41-09-39 and soil samples characterization from 40 m (130 ft) bgs 
to groundwater; additional characterization of selected soil samples between 8 and 40 m 
(25 and 130 ft) bgs (see Appendix B, Section B.2.O) 

• Drilling of a slant borehole beneath tank SX-1O8, soil sample characterization from 17 to 
41 m (55 to 135 ft) bgs, and gamma/moisture logging with depth 

• Additional calculations to estimate tank supemate inventory and speciation chemistry 
(Appendix C, Sections C.3.4 and C.3.5) 

• Kriging estimates of cesium-137 inventory by MSU and HGL (Appendix C, 
Section C.3.3) 

• Modeling of thermal effects on vadose zone moisture and temperature history and 
contaminant transport in the vadose zone from 1955 to present (Appendix D, 
Sections D.7.1, D.7.2 and D.7.4). 

These data combined with existing data from historical and spectral gamma logging, historical 
records, limited early soil and tank supemate analyses (Raymond and Shdo 1966), groundwater 
sample analyses, and hydrogeologic data, provide the basis for the conceptual model. 

The vadose zone contamination in this region is dominated by the waste leaked from 
tank SX-1O8 between 1962 and 1967. Smaller-volume leaks occurred from tanks SX-1O7 and 
SX-1O9. The vadose zone contamination is primarily derived from the tank SX-1O8 leak and is 
the focus of this conceptual model. 

Additional studies have been completed to estimate vadose zone contamination derived from 
these tank leaks (Section 3 .4 and Appendix C). Collection of new data has focused on statistical 
manipulation of cesium-13 7 spectral gamma data to estimate more directly the total inventory 
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and inventory distribution in the vadose zone (i.e., kriging methods). Estimates of other 
contaminants of interest are then determined by ratio to cesium-13 7 inventory in the tank 
supemate using the HDW model as the basis for estimate. Conversely, earlier inventory 
estimates (Johnson et al. 1999) were derived using leak volume estimates as the starting point, 
combined with supemate concentration estimates. The tank SX-108 leak estimates ranging from 
9,100 to 770,000 L (2,400 to 203 ,000 gal) were noted with a similar range in contaminant 
inventory estimates. The updated database provides a smaller range of vadose zone inventory 
estimates. These estimates are more consistent with volumes estimated by the historical record. 

As in the previous conceptualization, the new database supports the idea of a two-phase process 
leading to the current state of contamination. The two phases are distinguished by different 
conditions and mechanisms controlling contaminant migration. In the first phase, one or more 
rapid releases of tank supemate into the vadose zone occurred, creating a hydraulic driver that 
superseded natural infiltration. Both vertical and horizontal migration occurred quickly. 
Elevated temperatures occurred in much of the local vadose zone created by radioactive 
constituents present inside the tanks and in the leaked tank waste. Temperatures exceeded 
boiling near tanks SX-107, SX-108, and SX-109, which dried soils and inhibited recharge. 

The primary indicator of tank fluid migration in the initial phase is cesium-13 7 distribution and 
more indirectly pH measured in soil samples from boreholes 41-09-39 to the west of 
tank SX-108 and the SX-108 slant borehole. Normally, cesium-137 sorbs near the leak and 
drops out of solution very quickly; however, in this instance the supemate chemistry controlled 
the local chemical environment. Historical knowledge of tank supemate chemistry and 
laboratory sorption work (see Appendix D, Section D.3.0) indicates that the appropriate 
conditions to create high cesium-13 7 mobility did exist at the time of tank leak. The primary 
enabling conditions are a combination of very high sodium and cesium-13 7 concentrations in 
tank fluid. Under these conditions, sodium competes successfully with cesium-137 for sorption 
sites, forcing cesium-13 7 to remain in solution. 

High cesium-137 concentrations (more than 5 x 105 pCi/g) in the SX-108 slant borehole 
(Figure 3.8) begin at 17 m (55 ft) bgs in Hanford formation subunit Hla and continue throughout 
subunits Hl and H2 between 17 and 27 m (55 and 89 ft) bgs. This is a substantially thicker 
high-concentration zone than that observed in borehole 41-09-39 where similar concentrations 
occur between 19 and 25 m (61 and 83 ft) bgs, primarily in subunit Hl. This distribution 
suggests that vertical migration was more significant near the leak origin, although maximum 
depth of cesium-137 migration is not greatly different in the two boreholes. Conversely, the 
borehole 41 -09-39 data indicate extensive horizontal movement away from the tank that was 
largely confined to subunit Hl , a coarse sand-gravel unit that lies near the tank bottom and dips 
gently to the southwest (Figure 3.3). This correlation indicates that the hydrologic properties of 
subunit Hl combined with the high-rate, high-volume tank leak caused extensive horizontal 
migration. Figure 3.7 illustrates this horizontally biased migration pattern generated by kriging 
analysis of site-specific spectral gamma data. 
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Figure 3.8. Cesium-137 in Vadose Sediments at the SX-108 Slant Borehole 
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Additional features of cesium-13 7 distribution in these boreholes include separate 
high-concentration zones or, within the primary high concentration zones, smaller zones of high 
and low concentrations. For example, in borehole 41 -09-39, in addition to the primary 
high-concentration zone in subunit Hl , a secondary peak concentration also occurs in subunit H2 
at 31 and 33 m (103 and 109 ft) bgs. This multiple peak characteristic is seen frequently with 
other tank fluid contaminants as well in these soil columns. These variations could be attributed 
to variability in hydrologic properties for soil lenses occurring at different depths, geochemical 
variability affecting contaminant migration, or multiple leak events. The two-leak concept is 
supported by iodine fission product isotope measurements (iodine-127/iodine-129) in the SX-108 
slant borehole (Appendix D, Section D.6.1) showing two distinct isotopic ratio signatures 
separated by depth in the analyzed soils. The two-leak concept adds complexity to the genesis of 
current vadose zone contamination from tank leaks but does not significantly alter the proposed 
conceptualization of contaminant migration. 

Thermal-effects modeling results suggest at least two mechanisms that also may have influenced 
contaminant migration during the initial phase. First, temperatures exceeded 100 °C (212 °F) in 
soils near the tanks, creating dry zones that may have extended to and below subunit Hl for 
some time. If so, tank fluid would have boiled off, leaving contaminants in place until 
temperatures dropped below boiling and allowed re-saturation and a resumption of recharge. 
Second, a heat-pipe effect may have occurred near the 100 °C (212 °F) isotherm with water 
vapor being driven away from the heat source until it reached a cooler region and condensed and 
liquid water being drawn toward the heat source by capillary pressure. Constituents in the water 
vapor and water being pulled back toward the heat source would tend to concentrate near the 
point of vaporization. Whether or not this chemical concentration process could have affected 
tank fluid constituents is not known. The net effect would have been to delay further migration 
of contaminants by maintaining dry conditions where tank fluid contaminants were initially 
deposited and preventing recharge until temperatures dropped below 100 °C (212 °F). 

The second phase of tank fluid migration began when the leak stopped, reducing and finally 
eliminating the hydraulic driver for relatively rapid vertical and lateral migration of the tank 
fluid. Over time, vadose zone soil temperatures dropped below boiling and the physical driver 
became infiltration from natural events with vertical and lateral migration essentially governed 
by natural recharge and geologic heterogeneities . The lateral migration is induced by 
heterogeneities and moisture-dependent anisotropy (Section 3 .1.2 and Appendix E). 
Also, control of local chemical conditions by tank fluid chemistry diminished as tank fluids 
migrated downward and reacted with the ambient soil phases and pore water. During this time, a 
complex series of transient conditions evolved, affecting contaminant behavior and other 
chemical parameters. 

The second phase of migration is indicated by the occurrence of tank fluid contaminants other 
than cesium-13 7 at different depths in the vadose zone in these boreholes. With downward 
movement and changing chemical conditions, the more mobile tank fluid constituents migrated 
deeper in the vadose zone, creating a crude chromatographic profile, an observation common to 
both boreholes. These data provide examples of a presumably more widespread occurrence over 
the area marked by cesium-13 7 distribution attributed to this leak. However, additional data are 
not available to evaluate the radial lateral or three-dimensional aspects of second-phase 
migration. 
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The constituents present at maximum concentrations deepest in the boreholes are nitrate and 
technetium-99, whose relative concentration profiles with depth are nearly identical. Maximum 
depths of these high concentration zones in both boreholes are similar but they occur somewhat 
deeper in the stratigraphic sequence under tank SX-108 (e.g., maximum nitrate and 
technetium-99 concentrations occur in subunit H2 and into Pho-Pleistocene subunit PPlz versus 
maximum concentrations in subunit H2 in borehole 41-09-39). Their characteristics are as 
follows. 

• In the SX-108 slant borehole, elevated nitrate concentrations are measured throughout the 
borehole (17 to 44 m [55 to 145 ft] bgs) with maximum values of 180,000 to 
995,000 mg/L measured between 25 and 39 m [81 and 130 ft] bgs) (Figure 3.9). 
In borehole 41-09-39, elevated nitrate concentrations are measured between 20 and 41 m 
(65 and 136 ft) bgs, with maximum values of 101,000 to 417,000 mg/L between 25 and 
39 m (83 and 127 ft) bgs (Figure 3.10). 

• In the SX-108 slant borehole, technetium-99 occurs at elevated concentrations throughout 
the borehole with maximum values of about 1. 6 x 10 7 to 2 .4 x 108 pCi/L between 26 and 
42 m (85 and 138 ft) bgs (Figure 3.11). In borehole 41-09-39, elevated technetium-99 
concentrations are measured between 17 and 39 m (56 and 127 ft) bgs with maximum 
values of 3.9 x 105 to 1.2 x 108 pCi/L between 25 and 39 m (83 and 127 ft) bgs 
(Figure 3.12). 

The depths of high concentration ranges of these constituents compared to cesium-13 7 clearly 
show greater vertical migration over time of the mobile constituents as expected. Interestingly, 
the amount of separation between the centers of mass of cesium-13 7 versus nitrate and 
technetium-99 are similar in both boreholes. Assuming the separation length is a qualitative 
indicator of second-phase migration, recharge conditions are relatively similar in both boreholes. 

Tank waste constituents showing intermediate retardation between cesium-13 7 and 
nitrate/technetium-99 are sodium and chromium. The high concentration zones occur at a lower 
depth relative to cesium-13 7 zones and at a higher depth relative to nitrate/technetium-99 zones. 
Their characteristics include the following. 

• In the SX-108 slant borehole, maximum sodium concentrations begin abruptly at 25 m 
(81 ft) bgs, remain elevated between 65,000 and 391 ,000 mg/L through 40 m (130 ft) bgs 
except at 32 m (105 .6 ft) bgs where sodium concentration drops to 691 mg/L 
(Figure 3.13). In borehole 41-09-39, maximum sodium concentrations begin abruptly at 
25 m (81 ft) bgs and remain elevated between 10,000 and 15,000 mg/L through 34 m 
(112 ft) bgs (Figure 3.14). 

• Chromium concentration values in the SX-108 slant borehole increase above background 
beginning at 20 m (68 ft) bgs and show maximum values between 5,000 and 
22,000 mg/L from 25 to 40 m (81 to 130 ft) bgs (Figure 3 .11 ). The peak concentration of 
more than 22,000 mg/L occurs at 30 m (97 ft) bgs. In borehole 41-09-39, chromium 
concentration values increase above background beginning at 20 m (66 ft) bgs and reach 
maximum concentrations between 175 and 750 mg/L between 25 and 34 m (81 and 
112 ft) bgs. 
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Figure 3.9. Anions Calculated and Actual Porewaters 
for SX-108 Slant Borehole Sediments 
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Figure 3.10. Concentrations of pH, Electrical Conductivity, and 
Nitrate in Dilution-Corrected Water Extract 
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Figure 3.11. Trace Metals Calculated and Actual Porewaters 
for SX-108 Slant Borehole Sediments 
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Figure 3.12. Technetium-99 Activity in Porewater in Borehole 41-09-39 
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Figure 3.13. Cations Calculated and Actual Porewaters 
for SX-108 Slant Borehole Sediments 
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Figure 3.14. Dilution-Corrected Cation Concentrations at 
Borehole 41-09-39 in 1:1 Sediment to Water Extracts 
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Sodium retardation is attributed to successful competition with divalent cations ( cesium-13 7, 
calcium, magnesium, and natural strontium) and partial sorption on soil minerals. 
This hypothesis is supported by depletion of these cations in the high sodium zones and 
increased concentrations just deeper than the sodium front in both boreholes. The loss of 
cesium-13 7 mobility is attributed to the separation of high sodium concentrations from 
cesium-137 as downward migration of tank fluid occurs carrying excess sodium away. 
Chromium retardation is attributed to partial reduction by naturally occurring iron(II) in soil 
minerals. 

Both phases of the tank fluid migration history appear to be represented by the changes in pH 
values with depth measured in borehole 41-09-39 (Figure 3.10) and the SX-108 (Figure 3.15) 
slant borehole soils. Tank supemate pH was initially much higher than soil water pH (e.g. , over 
10 for tank supemate, and 7.5 to 8 for soil water) . As the tank supernate interactions with soil 
phases and soil water progress, intermediate pH values should occur and ultimately approach soil 
water values as the buffering capacity present in the soil column eventually prevails. Assuming 
that increasing reaction occurs at increasing depth over time, pH values should drop with depth. 
This behavior is evident in borehole 41-09-39 where pH values are greatest (over 8.7) in Hanford 
formation subunit Hl coincident with the highest concentration of cesium-137 in the borehole 
and decrease to about 8 in subunit H2 where the mobile constituents are concentrated. 

The fact that the leading edge of the tank fluid plume stops at the Pho-Pleistocene unit in these 
boreholes creates ambiguity about the direction of recent tank fluid migration and the prediction 
of future migration. The Plio-Pleistocene unit is a thick, low-permeability unit in this area and 
could provide a significant retardation to downward moisture movement. As suggested by data 
in Seme et al. (2001c, 2001d), tank leak fluid may have progressed only to the Plio-Pleistocene 
unit or may have reached the Plio-Pleistocene unit and been dispersed laterally. Simple 
calculations assuming enhanced natural recharge rates of 10 cm/yr ( 4 in./yr) allowed by tank 
farm gravel covers show that tank fluids could have been driven deeper than the Plio-Pleistocene 
unit (Seme et al. 200 lb). Because tank waste constituents were not encountered below the 
Pho-Pleistocene unit, the conclusion could be that some lateral migration has also occurred. 
However, quantification of the effective recharge rate remains uncertain. As discussed in 
Section 3 .1.2, no site-specific recharge estimates are available for tank farm conditions. In the 
absence of site-specific data, estimates are based on long-term lysimeter experiments that mimic 
the non-vegetated, gravelly conditions at the tank farms . 

In addition to the potential for the Pho-Pleistocene unit acting as a partially effective barrier to 
vertical flow, soil column heating from radioactive constituents in tank waste and tank leaks may 
have had a significant impact on recharge, particularly early during tank farm operations when 
radioactive decay was at a maximum. The thermal modeling results indicate a rather lengthy 
drying region around the leaks (several decades), a process that could have slowed or prevented 
local recharge for sometime. 
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Figure 3.15. SX-108 Slant Borehole pH and Electrical Conductivity Profiles with Depth 
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3.4.2 Conceptual Model of the Tank SX-115 Area Contamination 

New activities and data relevant to vadose zone contamination in this area include the following: 

• Drilling of vertical borehole 299-W23-l 9 near the southwest part of tank SX-115, soil 
sample characterization from 10 to 62 m (32 to 205 ft) bgs, and gamma/moisture logging 
with depth 

• Ongoing collection of groundwater contamination data from groundwater monitoring 
wells at the south end of the SX tank farm. 

These data, combined with existing data from historical and spectral gamma logging, historical 
records, limited early soil and tank supemate analyses (Raymond and Shdo 1966), and 
hydrogeologic data, provide the basis for the conceptual model. 

The vadose zone contamination in this region is dominated by the leak or leaks from 
tank SX-115 (190,000 L [50,000 gal] in 1965) and is the focus of the conceptual model. Given 
the similarity of the leak event and the stratigraphy with the tank SX-108 leak event, a two-stage 
contaminant migration process is proposed. Unlike the tank SX-108 contamination area where 
current cesium-13 7 distribution is postulated to indicate the movement of tank fluid immediately 
after leakage, no similar indicator is present in the tank SX-115 area. Tank SX-115 supemate 
chemistry clearly did not enhance cesium-13 7 mobility causing rapid sorption onto soils very 
close to the leak location. New data from borehole 299-W23-19 provides little indication of 
early migration except perhaps for a small zone of elevated pH in subunit Hla that may mark the 
remnants of early high pH tank fluid with moderately alkaline porewater. o other borehole data 
are available to provide an indication of horizontal distribution. 

Whether or not significant early lateral migration occurred in the vadose zone shortly after 
initiation of the tank SX-115 leak, subsequent downward movement in the second phase of 
migration would had to have been extensive and spatially complex if the presence of high 
technetium-99 concentrations at the new monitoring well 299-W23-19 is assumed to be derived 
from the tank SX-115 leak. Specific soils and groundwater sample data from this borehole that 
support this hypothesis include the following. 

• Elevated pH and chromium levels (Figures 3.16 and 3.17, respectively) indicate the depth 
at which tank fluids first interact with soil, at about 22 m (73 ft) , in subunit Hla and 
within 1.5 m (5 ft) of the subunits Hla/Hlcontact. A distinctive maximum pH value 
zone (pH greater than 9) exists in subunit Hl at 23 to 26 m (75 to 86 ft) bgs. At lower 
depths, pH values range from 8 to 8.5. 

• Tank fluid contamination in this borehole is marked by maximum concentrations of 
mobile constituents in the Pho-Pleistocene unit (Figures 3.17 and 3.18), including 
technetium-99 (at 37 to 46 m [123 to 150 ft] bgs), nitrate and chloride (at 38 to 46 m 
[126 to 150 ft] bgs). Also, slightly elevated technetium-99 concentrations extend from 
the Pho-Pleistocene unit to the water table in this borehole. 

• Technetium-99/nitrate ratios in soil water extracts from the high concentration intervals 
in the vadose zone are essentially the same as that in the borehole groundwater samples. 
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Figure 3.16. Calculated and Actual Porewater pH and Electrical 
Conductivity Values fo r Borehole 299-W23-19 Sediments 
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Figure 3.17. Trace Metals Calculated from Sediment Water Extracts 
and Actual Porewaters for 299-W23-19 Sediment 
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Figure 3.18. Anions Calculated and Actual Porewaters 
for Borehole 299-W23-19 Sediments 

RPP-7884, Rev. 0 

---- -------------------4-------------~ 
OC€ 

0 

IXlll' 'a, 
009 g 

0 • <I IXlt- j 
- OOG" 

i 
,E 

4j 
ls 

:E 
(J 

°' ..-
I a 

~ ~ 
3: 

i In 
r-,. 

i 2; 

i 
£ 

·.a 

i 
E 

i! 
~ ·llJ I 

0 

i i ~ i .. .. .. 

C:\Documents and Settings\h4604938\Desktop\s-sx _ fir\Sec03 _ 0 I 3 I .doc3-5 0 January 31, 2002 



RPP-7884, Rev. 0 

• Soil moisture contents in soils are elevated above undisturbed soil conditions and matric 
potential measurements indicate drainage. 

• Groundwater monitoring data show elevated technetium-99, chromium and nitrate 
concentrations in a series of wells covering a narrow east-west zone in the unconfined 
aquifer along the south boundary of the SX tank farm. The maximum technetium-99 
concentrations occurred in borehole 299-W23-19 (81,500 pCi/L in March 2001) and are 
interpreted to be close to the point of contaminant entry into the vadose zone. 
The technetium-99/nitrate ratios (0.11 pCi/µg) at this borehole are present in boreholes 
299-W22-46 and 299-W22-50 (Figure 3.19). 

A comparison of current and historical conditions in the tanks SX-107, SX-108, and SX-109 leak 
area versus the tank SX-115 leak area also suggests accelerated migration of tank SX-115 waste. 
The tanks SX-107, SX-108, and SX-109 area shares a similar vadose zone stratigraphy with the 
tank SX-115 area, but is characterized by a drier soil column (e.g. , soil moisture content in 
boreholes 41-09-39 and the SX-108 slant borehole versus borehole 299-W23-19) and the 
absence of both associated groundwater contamination and known anthropomorphic leakage or 
leak sources. Tank fluid mobile constituents technetium and nitrate in borehole 299-W23-l 9 are 
concentrated at lower depths compared to borehole 41-09-3 9 and the SX-108 slant borehole 
(e.g. , maximum vadose zone concentrations in the Pho-Pleistocene unit versus the H2 subunit). 

Collectively, these data support a hypothesis that contaminant migration in the tank SX-115 area 
of the vadose zone occurred rapidly in both the horizontal and vertical direction in the vadose 
zone and broke through to the unconfined aquifer somewhere upgradient (west) of 
borehole 299-W23- l 9. Circumstantial evidence ofrecent extensive waterline leaks near tank 
SX-115 could have provided the needed source of water that would explain the rapid 
contaminant migration rates and high concentrations for technetium-99, chromium, and nitrate in 
groundwater at borehole 299-W23- l 9. The minimum amount of contamination in the borehole 
299-W23- l 9 soil column between the Pho-Pleistocene unit and the water table indicates that 
breakthrough did not occur at this borehole and that some lateral movement of tank fluid 
contaminants in the vadose zone is necessary if the groundwater contamination source is the tank 
SX-115 leak. Lateral movement may have occurred at one or more depths because of 
stratigraphic controls, one plausible unit being the Plio-Pleistocene unit, another being 
subunit Hl. Both units predispose movement to the west, the general down-dip direction 
(Figure 3.3). This hypothesis also requires that a fairly extensive and multi-directional 
distribution in the vadose zone ( e.g., tens of meters) of water from the water line leaks must have 
occurred to allow contact between water and contaminants and subsequent rapid migration. 
This mechanism is feasible because of the combination of stratigraphic controls promoting 
horizontal flow and high volume rapid fluid discharge into the vadose zone created by water line 
leak(s). 
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Figure 3.19. Technetium-99/Nitrate Ratios for 
Waste Management Area S-SX Network Wells 
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3.4.3 Conceptual Model of the Tank S-104 Area 

Additional data that have been collected in the tank S-104 area are limited to the investigation of 
shallow soil contamination using a cone penetrometer and collection of groundwater monitoring 
samples downstream of the tank S-104 area. The cone penetrometer data provided minimal data 
relevant to the tank S-104 leak. The groundwater data consist of elevated levels of 
technetium-99 and nitrate, which are tentatively linked to the tank S-104 leak by relative location 
and historical knowledge. This suggests that the tank S-104 leak is the largest known plausible 
technetium-99 source in Stank farm. Technetium-99 concentrations at wells 299-W22-44 and 
299-W22-48 currently appear to be going through a short-term spiking event in downstream 
wells at peak concentrations of the same order of magnitude as found at well 299-W22-46 
attributed to the tank SX-115 leak. Also, technetium-99/nitrate ratios are elevated above 
background. 

Given the limited amount of new data, the conceptual model of contamination genesis and 
migration remains unchanged. Environmental contamination indicators at this site resemble that 
of the tank SX-115 leak. First, vadose zone contamination began with a relatively large tank 
leak where highly reactive contaminants (e.g., cesium-137) dropped out of solution rapidly and 
mobile constituents continued to migrate with tank fluid. Second, at least one large pipe leak is 
known to have occurred in the region and the local topography has been conducive to collection 
of runoff and snowmelt. Accelerated recharge is plausible and mobile constituent contaminants 
(e.g. , technetium-99) currently do appear in groundwater that may be attributed to this source. 
The timing of technetium-99 groundwater contamination that may be attributed to the tank S-104 
leak is more or less concurrent with the technetium-99 groundwater contamination attributed to 
the tank SX-115 leak. 

3.4.4 Representation of Conceptual Models in Contaminant Migration Modeling 

Projection of future contaminant migration through modeling (see Section 4.0 and Appendix E) 
is necessary to make long-term waste management decisions where multi-generational 
environmental impact is a key concern ofregulators and stakeholders. Frequently, as in the case 
of vadose zone contamination, the evolution of contaminant distribution into the natural 
environment is a slow process that can take many decades or longer to evolve. When waste 
management decisions are required in a shorter timeframe, modeling is the only tool available to 
estimate potential human health risk estimates needed to make near-term decisions. Modeling 
approaches that provide useful results must accommodate the uncertainties intrinsic to both the 
natural system being modeled and estimates of future events and outcomes. 

Natural system heterogeneities, including those inherent in the environmental setting and those 
associated with physical and chemical processes controlling contaminant migration, cannot be 
truly simulated in real time and space because of an insufficient database and limited 
computational capabilities. Therefore, simplifying assumptions and representations of real 
conditions and events that provide a reasonably conservative ( e.g. , bounding) approximation 
rather than a true prediction of future environmental impact and associated risk must be selected. 
At the same time, the degree of conservatism must be selected carefully to avoid very large risk 
estimates that require costly and inefficient waste management actions. 
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Given this perspective, aspects of the conceptual model that have been incorporated into the base 
case numerical modeling configuration include the following: 

• Two-dimensional modeling of contaminant transport through the vadose zone in 
representative cross-sections at each of the three high-contamination areas 

• Placement of initial vadose zone inventory in a present-day configuration consistent with 
historical knowledge and field data 

• Imposition of several steady state recharge rates that approximate average yearly 
recharge from natural precipitation, depending on the surface barrier characteristics as the 
hydraulic driver for contaminant transport to the underlying aquifer. 

Having taken this approach, aspects of the conceptual model have not been simulated or are only 
simulated by the primary numerical model summarized in Section 4.0. A deliberate decision was 
made not to model the initial leak events but to model future contaminant migration beginning 
with current conditions. This decision allowed avoidance of extremely complex events for 
which only a fraction of the necessary data is available. The leak events were highly transient 
involving variable release rates, nonisothermal conditions (spatial and temporal), and variable 
tank leak chemistry as tank fluids migrated through the soil column, interacting with soils and 
soil water. Some aspects of these events have been modeled by the S&T activity (Appendix D). 

The potential drawback of this decision was the chance that processes actively influencing 
contaminant migration during the initial leakage phase could still be affecting contaminant 
mobility such that modeling results do not account for still active primary driving forces. 
Chief among these potentially significant processes include the following: 

• Heat effects on fluid migration and contaminant chemical reactivity 
• Tank fluid chemistry effects on contaminant mobility. 

The evolution of thermal gradients has been modeled by the S&T activity (Appendix D). Results 
indicate that current and future profiles are reaching a quasi steady state condition that leaves 
ambient temperatures not greatly above natural condition values, a condition that should not 
seriously affect future moisture movement. Lingering heat effects on moisture would likely 
retard moisture movement relative to that assumed in the modeling analysis. Thus, an isothermal 
modeling approach should provide a conservative result (faster travel time and higher 
contamination levels in the unconfined aquifer) and is used (Section 4.0). 

Empirical desorption tests on soils have been used from the characterization boreholes 
(Appendix B) to estimate current in situ mobility. In particular, continuation of initially very 
high cesium-13 7 mobility in the tank SX-108 leak needed to be assessed. The results indicate 
that the mobility of contaminants of interest are now relatively similar to those observed in 
undisturbed Hanford Site soils. In essence, tank fluid chemistry has been buffered to the extent 
that it no longer dominates contaminant behavior compared to undisturbed soil conditions. 
Assumptions of normal retardation coefficients are adequate to represent likely future occurrence 
of contaminants in the unconfined aquifer. Realistically, only technetium-99, nitrate, and 
chromium-the constituents currently observed in groundwater and attributed to tank leak 
sources- are likely to reach groundwater from this source at other than negligible concentration 
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levels. Iodine-129 may also be of some concern but has only been measured in a small zone at 
the bottom of the SX-108 slant borehole. These contaminants are assumed to be completely 
mobile (Ki = 0 mL/g) in the modeling analyses. This assumption maximizes aquifer 
concentration estimates and eliminates any relevance of geochemical conditions to the 
groundwater contamination estimate. 

Heterogeneities in vadose zone hydrologic properties and recharge events are considered in the 
modeling analysis. Heterogeneities occur somewhat randomly over small regions that cannot be 
characterized. Geologic heterogeneities include stratigraphic controls that may induce lateral 
migration to occur. Clastic dike features may provide conduits for preferential flow . As noted 
above, particularly in the tank SX-115 area, the Plio-Pleistocene unit may have a variable 
capability to divert fluid migration. The modeling approach considers hydrologic properties and 
variable, moisture-dependent anisotropy for the major geologic strata in the vadose zone based 
on laboratory measurements of hydrologic properties for samples representative of each 
stratigraphic unit (Section 4.0 and Appendix E). Clastic dikes are known to occur in the vicinity 
of the WMA S-SX tank leaks and have been postulated as significant pathways for enhancing 
contaminant migration rates and groundwater concentrations. Because of this concern, a 
sensitivity case (Section 4.0) was considered to evaluate the influence of a elastic dike feature on 
contaminant migration, despite the fact that exact site-specific location and hydrologic properties 
of these features are not known. 

Recharge events derived from natural processes (i.e., precipitation, snowmelt, and runoff) are 
transient, random events. Similarly, water-line leaks that are assumed to occur at various 
locations in WMA S-SX are unpredictable events. Neither of these types of processes are 
modeled in this analysis realistically. Recharge from precipitation and infiltration is modeled as 
a steady-state event that is correlated to a yearly average. This is a standard, well-accepted 
approach and quantification of recharge is based on lysimeter data of recharge through gravel 
materials that are similar to tank farm barriers. Events that have caused short-term, high volume 
water releases to the vadose zone (water-line leaks) are only evaluated in a few sensitivity cases 
for two reasons. 

• The database that adequately quantifies water fluxes from these events does not exist and 
probably cannot be generated. 

• The focus of the modeling analysis is long-term contaminant migration. 

Steps already have been taken to eliminate the possibility of future high-volume discharge 
occurrences (e.g., underground water lines will be entirely capped off, surface covers will be 
engineered to minimize infiltration and prevent ponding of runoff or snowmelt) in FY 2001. 

3.5 INTERIM MEASURES 

The interim measures and ICMs that have been evaluated and/or implemented as they relate to 
WMA S-SX are described in this section. Interim measures are initial response actions that can 
be taken while characterization activities are underway and while long-term strategies are being 
developed to reduce the impacts of tank leaks on groundwater. Interim measures do not require 
comprehensive evaluation in a CMS. Interim measures identified to date for WMA S-SX focus 
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on actions to minimize infiltration and contaminant migration to groundwater. Four categories 
of interim measures have been implemented at WMA S-SX during the past three years 
(see Section 3.5.1). 

ICMs are response actions with the objective of reducing contaminant migration to groundwater 
to acceptable regulatory levels and that require balancing risk, benefits, and costs. In general, 
ICMs involve a substantial commitment of resources, require a more thorough evaluation, and 
are intended to provide a more permanent solution to the long-term threats posed by a release. 
Detailed evaluation of the proposed WMA S-SX ICMs will be undertaken in a CMS or an 
accelerated CMS pending results of this FIR. 

Detailed information on WMA S-SX interim measures and ICMs is contained in Appendix F. 

3.5.1 Interim Measures Identification 

An engineering report (FFS 1999) was published November 1999 that assessed potential 
measures to limit infiltration through the vadose zone at the SST farms. That report was updated 
and revised in May 2001 (Anderson 2001) . Anderson (2001) evaluates leaking water lines, wells 
within the SST farms, and surface water (both recharge and run-on). Updated rough order of 
magnitude cost estimates are also provided in Anderson (2001) . 

Included in Anderson (2001) are a number of interim measures that are 'good housekeeping' 
actions considered for implementation because they clearly would reduce water infiltration at the 
tank farms and limit the migration of contamination through the vadose zone. 

3.5.1.1 Abandonment of Active Water Lines. Combined, the Sand SX tank farms contain 
approximately 1,930 m (6,300 ft) of active water lines that could be or have been abandoned to 
eliminate persistent leaks and prevent future water line breaks. These lines were mainly installed 
during original tank farm construction in the 1950s and 1960s and have exceeded their design 
life of 20 years. Pipe breaks, failed leaded joints, and poorly functioning gate valves are 
common. The Hanford Site-wide failure rate appears to be increasing geometrically. 
Four pressurized water lines entering the S and SX tank farms from the east were identified as 
still potentially operational or pressurized. 

3.5.1.2 Decommissioning Unfit-for-Use Wells. Wells and drywells identified as unfit-for-use 
in Anderson (2001) are potential preferential pathways for downward contaminant migration. 
It is important to note that many of the wells and boreholes do not extend to the groundwater. 
Anderson (2001) identifies six wells in the S and SX tank farms that are potential Priority 1 
candidates for near-term decommissioning. 

3.5.1.3 Upgradient Surface Water Run-On Control Measures. Upgradient surface water 
run-on control consists of some combination of regraded ground surfaces, gravel berms, asphalt 
pavement, and concrete curbs and valley drains constructed outside the SST farms to prevent 
surface water from pressurized water-line leaks and unusual meteorological events from flowing 
onto the tank farm areas. Photographic evidence shows that low areas of the SX tank farm were 
flooded in 1979 when rapid snowmelt occurred. Anderson (2001) recommends that run-on 
control be established to prevent surface water from entering the SST farms from outside sources 
even if no other interim measures are selected to reduce infiltration within each SST. 
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3.5.2 Interim Corrective Measures Identification 

ICMs have the same overall purpose as interim measures. Because of size, complexity, or 
impact to operations, a more careful study must be performed before an ICM is implemented. 
Many potential ICMs for mitigation of potential impacts at WMA S-SX have been identified; 
however, some of these potential ICMs are likely to be implemented sooner than others. 

3.5.2.1 Identification of Potential Near-Term Interim Corrective Measures. The activities 
that have been undertaken to identify potential ICMs for all of the WMAs are as follows. 

• In 1992 an engineering study, documented in Single-Shell Tank Interim Cover 
Engineering Study (Young et al. 1992), evaluating 4 approaches for reducing surface 
infiltration at all of the WMAs was completed. The surface infiltration reduction 
approaches evaluated were (1) polymer-modified asphalt, (2) fine-soil cover, 
(3) buildings (structures), and (4) flexible membrane liners. The engineering study 
concluded that implementation of these approaches for all of the WMAs ranged from 
$40 million to $15 8 million. Cost and other factors were the reasons that none of the 
approaches were implemented. 

• On May 4 through 6, 1999 a forum was held in Richland, Washington to discuss 
techniques for reducing and monitoring infiltration at the SST farms. DOE, Hanford Site 
contractors, and various vendors from throughout the United States and Canada attended. 
Pacific Northwest National Laboratory summarized this conference in "Reducing Water 
Infiltration Around Hanford Tanks" (Molton 1999). Four technical sessions were 
conducted to discuss (1) moisture monitoring and characterization, (2) structures or 
buildings to cover the WMAs, (3) surface modifications or covers, and ( 4) near-surface 
modifications (barriers and permeability reduction techniques). The forum concluded 
that existing commercial capabilities could be employed to reduce and monitor 
infiltration in the WMAs, but that no one technology was appropriate for all seven 
WMAs. Another conclusion of the forum was that the costs shown in 
Young et al. (1992) were 50% to 80% higher then those reflected by the vendors 
attending the forum. During the course of the forum a number of DOE officials and 
Hanford Site subcontractors addressed site-specific constraints that the vendors may not 
have taken into account before they submitted their estimated or typical-unit costs. 

• In June 2000 DOE revised Phase 1 RCRA Facility Investigation/Corrective Measures 
Study Work Plan for Single-Shell Tank Waste Management Areas (DOE-RL 2000). 
Section 4.2 of that document identifies a number of general response actions and 
technology and process options associated with each general response action, and it 
screens each option based on effectiveness, ability to implement, worker safety, and cost. 

• In November 1999 an engineering report by Fluor Federal Services (FFS 1999) was 
completed. This report was revised and updated in May 2001 (Anderson 2001). 
In addition to evaluating water lines and wells within the WMAs, the report also 
evaluated surface water both from natural causes and catastrophic events. Alternatives 
considered in that report include (1) no action, (2) site grading, (3) geo-fabric liners, 
(4) asphalt concrete paving, (5) building enclosure with asphalt apron, and (6) run-on 
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control. The report recommends that a combination of a building enclosure with asphalt 
apron and run-on control be implemented. While the building enclosure is not the 
preferred option (because of the cost) the report concludes that it provides the best 
operational and technical alternative. 

Three potentially viable near-term ICMs are: near-surface barriers, surface barriers, and 
overhead structures. The following sections describe how each of those three near-term ICMs 
would apply to WMA S-SX. 

3.5.2.2 Near-Surface Barrier. A near-surface barrier would consist of an impervious, 
geo-fabric (geomembrane liner or geosynthetic clay) system over the entire WMA S-SX to direct 
surface water to the outer boundaries of the tank farms. A run-off collection system consisting 
of ditches and pipes would be required to route collected surface water to existing drainage 
routes. 

3.5.2.2.1 Implementation at WMA S-SX. Implementation of a near-surface barrier would 
be disruptive to other tank farm activities. The entire area, 18,000 m2 (194,000 ft2

) at the S tank 
farm and 20,500 m2 (220,000 ft2

) at the SX tank farm, would require hand excavation to remove 
30 cm (12 in.) of existing soil and subsequent replacement of this soil as a cover over the liner to 
allow for traffic. The soil would have to be hand excavated because of the tank dome-loading 
restrictions and the many utilities within the tank farm. Some of those utilities may require 
support during construction or relocation to a depth below the liner. Installation of the 
near-surface barrier would require more time than a typical installation because of the many 
obstructions protruding above the ground surface. During the period that the near-surface barrier 
is required to control surface water, repairs would be required if any tank farm activities required 
work below the liner. 

3.5.2.2.2 Cost. The estimated costs cited in the engineering study (Anderson 2001) for 
implementation of a subsurface barrier are $7.1 million for the S tank farm and $8.1 million for 
the SX tank farm. 

3.5.2.3 Surface Barrier. The only surface barrier evaluated is a 6 cm (2.5 in.) layer of asphalt 
cement pavement. Surface barriers that were not evaluated but have been used successfully on 
other projects include various liquid and solid reagents that are applied and allowed to penetrate 
the surface materials or are mixed with the surface materials to form a crust. A run-off collection 
system comprised of ditches and pipes would be required to route collected surface water to 
existing drainage routes. It is recommended an engineering trade study be conducted to examine 
the impact an interim surface barrier on tank farm operations would create through the annual 
interim measures discussions between ORP and Ecology. 

3.5.2.3.1 Implementation at WMA S-SX. Implementation of a surface barrier would be 
disruptive to other tank farm activities. The entire area, 18,000 m2 (194,000 ft2

) at the Stank 
farm and 20,500 m2 (220,000 ft2

) at the SX tank farm, would require hand excavation to remove 
10 cm ( 4 in.) of existing gravel cover, which would be taken from the site and disposed of if 
contaminated or used in the production of the asphalt. The material would have to be hand 
excavated because of the tank dome-loading restrictions and the many utilities within the tank 
farm. Some of these utilities may require relocation if they are near the surface following 
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removal of the 10 cm ( 4 in.) of existing materials. Installation of the surface barrier would also 
take additional time from typical installations to seal the numerous obstructions protruding above 
the surface. 

Adequate compaction of both the sub grade and the asphalt will not be obtained because of 
the obstructions within the tank farm and the tank dome-loading restrictions. During the period 
that the surface barrier is required to control surface water, traffic loading may do substantial 
damage to the surface barrier. The cost to repair the asphalt barrier using the special fine mix 
could be excessive. 

3.5.2.3.2 Cost. The estimated costs cited in the engineering study (Anderson 2001) for 
implementation of a surface barrier are $3.4 million for the Stank farm and $3.9 million for the 
SX tank farm. 

3.5.2.4 Overhead Structure. An overhead structure would consist of an enclosed shelter 
covering the majority of the surface water control area of WMA S-SX. An asphalt apron would 
be constructed around the perimeter of the structure to capture surface water and route that water 
to a run-off collection system. 

3.5.2.4.1 Implementation at WMA S-SX. Erection of the overhead structure would be 
more complicated than typical erections because of tank dome-loading limitations. This option 
may require larger-than-normal cranes for erection of the structure and coverings. To span the 
entire width of the Sor SX tank farm (104 m [340 ft] or 107 m [350 ft], respectively) would limit 
the weight of equipment that could be attached to the structure ( e.g., monorails; lighting; heating, 
ventilation, and air conditioning). Engineers would have to determine if foundations could be 
constructed between the tanks at the S and SX tank farms to decrease the free-span distance and 
to allow greater auxiliary loading of the structure ' s supports . 

The evaluation of which overhead structure to construct must take into account the free-span 
distances of 104 m (340 ft) and 107 m (350 ft) . To provide a structure with this free span, a 
rigid-framed structure may be required. An evaluation should be made of intermediate supports 
to be located between the tanks. This would allow the structure to be equipped with accessories 
that may increase productivity of future tank farm operations ( e.g., monorail; lighting; and 
heating, ventilation, and air conditioning). The use of intermediate supports would also allow 
the use of enclosure systems other than a rigid-framed structure. 

The evaluation of overhead structures should also include recently emerging or advanced 
technologies (e.g., a domed structure). This technology is purported to provide greater strengths 
at less cost than conventional structures. 

3.5.2.4.2 Cost. The estimated costs presented in the engineering study (Anderson 2001) for 
implementation of a building enclosure with an asphalt apron are $18.3 million for the S tank 
farm and $20.8 million for the SX tank farm. Depending on the closure technology used at 
WMA S-SX, a confinement facility would be required (DOE-RL 2000). If a confinement 
facility were not required, production would be increased 30% by working within an enclosure 
(Anderson 2001 ). Credit was not given to these items in determination of the costs. 
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3.5.2.5 Recommendation. The evaluation of three options in the engineering report 
(Anderson 2001) resulted in a recommendation to implement the overhead structure. 
This recommendation is based on the summary of the evaluation criteria that ranked the 
overhead structure lowest for both S and SX tank farms. The estimated cost for the overhead 
structure is considerably higher than the other options evaluated and this variation is not well 
captured. For example, the report did not provide credit for an estimated 30% productivity gain 
for tank farm operations within the enclosure or that enclosure would be required for certain tank 
farm closure alternatives. 

3.5.3 Additional Potential Interim Corrective Measures 

This section identifies additional potential ICMs for consideration at WMA S-SX. These ICMs 
generally involve a greater commitment ofresources than the ICMs discussed in Section 3.5.2 
and require a more thorough site-specific evaluation prior to selecting an ICM for 
implementation at WMA S-SX. Any evaluation of ICMs must include consideration of 
continued storage of waste in the tanks and future plans to retrieve waste from the tanks as well 
as cost versus benefits of the technologies in terms of reducing groundwater impacts. 
If warranted, detailed evaluation of ICMs for WMA S-SX would be conducted in a CMS. 
Additional potential ICMs are detailed in Appendix F. 

3.5.4 Implemented Interim Measures at WMA S-SX 

The Tank Farm Vadose Zone Project has implemented the following interim measures at 
WMAS-SX: 

• Installation of water-tight drywell caps 
• Abandonment and leak testing of pressurized water lines 
• Construction of up-gradient surface water run-on control measures 
• Updated and created water line status maps. 

3.5.4.1 Installation of Water-Tight Drywell Caps. During the baseline spectral logging of 
tank farm drywells, the logging contractor, MACTEC-ERS, noted that many of the drywells 
contained standing water. Review of the well construction records revealed that there was no 
ready way for this water to enter the bores from the subsurface. Significantly, the drywells used 
caps that were flush with the ground surface so that would not create traffic obstacles. 
Consequently, some caps were apparently driven over. Leakage of water ponded on the ground 
surface within the tank farms into the drywells via broken or leaking surface caps appeared to be 
a likely cause of standing water in some drywells . 

In FY 1999, 786 surface-located drywell caps in the SST farms were replaced with new 
water-tight surface caps, including those at the S and SX tank farms. These caps were obtained, 
installed, and inspected as the earliest of the tank farm interim measures. The cost of this 
activity was $47,000. 

3.5.4.2 Abandonment and Leak Testing of Pressurized Water Lines. The interim measures 
engineering report (Anderson 2001) identifies four water lines serving WMA S-SX that should 
be considered for abandonment. An 8-in. water line and a 6-in. raw water line serving the 
SX tank farm were determined to be unneeded by the CHG cognizant engineer for the SX tank 
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farm. These lines were cut and capped in April 2001. The CHG cognizant engineer for the 
Stank farm determined that a 14 in. raw water line and a 4-in. potable water line serving the 
S tank farm were needed. These lines were leaked tested in May 2001 and determined to not be 
leaking. These two lines remain in service. The cost of this activity was $76,000. 

3.5.4.3 Construction of Upgradient Surface Water Run-On Control Measures . The interim 
measures engineering report (Anderson 2001) identifies WMA S-SX as being susceptible to 
up gradient surface water run-on and ponding. There are two documented incidences of surface 
water run-on at WMA S-SX. Ponding at the Sand SX tank farms was apparent in February 
1979 photographs of the effects of rapid melting of snow cover by a Chinook wind. The area of 
the Sand SY tank farms was flooded in 1996 with 2.2 million L (580,000 gal) of water when a 
14 in. raw water line broke just east of the SY tank farm. Note that this water line was leak 
tested in May 2001 and determined not to be leaking. 

Upgradient surface water run-on control measures for WMA S-SX were designed in March 2001 
and constructed in July 2001. Camden Avenue and 16th Street are to become control measures to 
route surface water run-on around and down-slope of the farms . These measures consist of a 
combination of regraded and repaved road surfaces, new curbs and gutters, and a valley drain. 
The cost of this activity was $265 ,000. 

3.5.4.4 Updated and Created Water Line Status Maps. Sixteen water line sketch maps 
indicating the location, water type, pipe diameter, status, and date of installation were included in 
the interim measures engineering report (Anderson 2001 ). These maps were field checked and 
updated by the water purveyor and tank farm engineers and operators. Because an integrated 
current set of water-line maps for the 200 East and 200 West Areas does not exist, a set of 60 
updated water line status maps, including the S and SX tank farms, was released in 2001. 
The cost of this activity was $25,000. 

3.5.4.5 Decommissioned Unfit-for-Use Wells. The interim measures engineering report 
(Anderson 2001) identified six wells in the S and SX tank farms that were potential Priority 1 
unfit-for-use wells for near-term decommissioning. Priority 1 wells are those dry or abandoned 
groundwater wells that present the highest risks to groundwater. Many of these wells come into 
contact with groundwater or are in detrimental locations. Four Priority 1 wells was 
decommissioned during FY 2000; however, none of these wells were located in WMA S-SX. 

3.5.4.6 Technetium-99 in Groundwater. An assessment is planned to determine the 
appropriateness of an interim measure addressing the elevated concentration of technetium-99 in 
well 299-W23-19. This assessment will be conducted early in FY 2002 and will consist of two 
phases. 

• Phase 1: The well will be restored to its full depth configuration and an aquifer test will 
be performed to ascertain the aquifer properties at this site and sustainable yield of the 
well. This phase consists of conducting a step-drawdown test and a short-term (72 hour) 
active pumping aquifer test followed by a recovery test. The data derived from this test 
will be analyzed to determine how effective a pump and treat remediation system might 
be and to provide design input to such a system. 
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• Phase 2: Based on the analysis of Phase l data, a long-term (60 to 90 day) periodic 
( daily) pumping of the well with regular sampling may be carried out. This phase of the 
testing will be used to help determine the extent and sustainability of the high 
concentrations of technetium-99 . 

Based on the results of both Phase 1 and Phase 2, a recommendation will be made on whether or 
not to proceed with an interim remedial measure (pump and treat) at this site. 
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4.0 SUMMARY AND CONCLUSIONS OF THE IMPACT (RISK) EVALUATION 

An impact evaluation using a suite of numerical simulations was performed to predict long-term 
human health risks from potential groundwater contamination from WMA S-SX. The evaluation 
also predicted human health risk at four defined points of compliance using groundwater 
exposure scenarios. The base case assumes no interim barriers are placed on the WMA before a 
long-term closure barrier is installed at year 2040. The major sensitivity cases involve placement 
of an interim barrier over the WMA and the sensitivity of the results to inventory distribution and 
recharge rate assumptions. The scope and parametric data for these simulations were defined by 
a modeling data package (Khaleel et al. 2000). This section summarizes results for the 
13 simulated cases involving two-dimensional cross-sections through WMA S-SX and one 
three-dimensional domain of a single tank ( quarter symmetry) within the WMA. Risk and dose 
were evaluated using Hanford Site Risk Assessment Methodology (HSRAM) (DOE-RL 1995b) 
and "Model Toxics Control Act" (MTCA) Method B (unrestrictive) and Method C (industrial) 
exposure scenanos. 

The major findings are described below. 

• Predicted groundwater concentrations for technetium-99, nitrate, and chromium exceeded 
the drinking water standard ( 40 CFR 141) at the WMA S-SX boundary for all cases 
except for projected nitrate groundwater concentrations for the two low recharge cases 
(i .e. , 30 and 10 mm/yr). 

• Incremental lifetime cancer risk (ILCR) ranges from 9.98 x 10-3 to 8.82 x 10-5 at the 
WMA S-SX bounda~ for the industrial worker scenario. The hazard index ranges from 
3.0 x 102 to 7.7 x 10- at the WMA S-SX boundary for the industrial worker scenario. 
Technetium-99 is the key CoC for the ILCR, while chromium and nitrate is the key CoC 
for the hazard index. Regulatory exceedances are 1.0 x 10-5 for ILCR and 1.0 for hazard 
index. 

Section 4.1 presents the numerical modeling approach. Section 4.2 discusses the numerical 
simulation results. Section 4.3 presents the human health risk and dose estimation approach. 
Section 4.4 presents the results of the human health risk and dose estimation evaluation and how 
these values compare to DQO for WMA S-SX and the regulatory standards. Details on the 
modeling approach, data used, and numerical simulations are presented in Appendix E. 

4.1 NUMERICAL MODELING APPROACH 

The numerical simulations were performed with the STOMP (Subsurface Transport Over 
Multiple Phases) simulator (White and Oostrom 2000a, 2000b ). The simulations consider the 
distribution of contaminants presently in the vadose zone and the migration of the contaminants 
through the vadose zone to groundwater and to points of compliance within the unconfined 
aquifer. Four contaminant species (cesium-137, technetium-99, chromium, and nitrate) 
representing the range of mobile and immobile constituents were considered in the migration and 
risk analyses. The suite of two-dimensional simulations were used to investigate the impact of 
the no action alternative (which includes a surface closure barrier); interim surface barriers; 
water-line leaks; elastic dikes; nonuniform inventories; concentration-dependent density and 
viscosity for the transporting fluid (i.e., water); and meteoric recharge. A three-dimensional 
simulation was used to investigate the impact of dimensionality on the numerical predictions. 
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The simulations do not attempt to model a tank leak itself but model the potential risk posed by 
past tank leaks, as quantified by existing contamination within the vadose zone. All simulations 
are composed of steady-flow and transient components, where flow fields developed from the 
teady-flow component were used to initialize the transient simulation. Steady-state initial 

conditions were developed by simulating from a pre cribed unit hydraulic gradient condition to a 
steady-state condition, dictated by the initial meteoric recharge at the surface, water table 
elevation, water table gradient, no flux vertical boundaries, variation of hydro logic properties, 
and location of impermeable tanks. From the starting conditions, transient simulations of solute 
transport were conducted for a 1,000-year period (i.e. , years 2000 to 3000) that involved changes 
in the flow fields in response to placement of surface barriers, water-line leaks, or 
solute-concentration-dependent density and viscosity. All simulations were run assuming 
isothermal conditions, an assumption supported by the Integration Project S&T activity modeling 
work (Appendix D). The vadose zone was modeled as an aqueous-gas porous media system, 
where transport through the gas phase was neglected. All but one simulation used the infinite 
dilution assumption for coupling fluid flow and contaminant transport. 
The solute-concentration-dependent density and viscosity run coupled aqueous-phase density 
with the concentration of a single contaminant, sodium nitrate. 

Fluid flow within the vadose zone is described by Richards ' equation, whereas the contaminant 
transport is described by the conventional advective-dispersive transport equation with an 
equilibrium linear sorption coefficient (Ki) formulation. Detailed stratigraphic cross-sectional 
models are presented in Appendix E, Figures E.2 through E.4; the models include the effect of 
dipping strata. The enhanced spreading at the fine-grained/coarse-grained interfaces and the 
increased downdip movement of the plume along these interfaces are included in the model. 

For two-dimensional cross-sectional models, three representative (west-east) cross-sectional 
models for the S and SX tank farms (Figure 1.2) are considered: 

• Cross-section through tanks SX-107, SX-108, and SX-109 
• Cross-section through tanks SX-113 , SX-114, and SX-115 
• Cross-section through tanks S-104, S-105, and S-106. 

Note that, in the discussion below and elsewhere, the three cross-sections are labeled in two 
ways. For example, the cross-section containing tanks SX-107, SX-108, and SX-109 is often 
labeled as SX-DD'. Similarly, SX-FF' refers to the cross-section containing tanks SX-113, 
SX-114, and SX-115; and S-CC' refers to the cross-section containing tanks S-104, S-105, and 
S-106. Detailed descriptions of individual cases are included in Appendix E, Section E.2.1. 

A principal objective of this investigation was to evaluate the effectiveness of interim barriers to 
the infiltration (recharge) of meteoric water (from winter precipitation and snowmelt) on the 
migration of contaminants from previous leak sources. The reference suite of simulations 
(ba e case) considered the migration of contaminants from field estimates of concentration 
di tributions through the vadose zone and groundwater to the WMA S-SX boundary with no 
interim barriers but a closure barrier by the year 2040. The timeline for emplacement of the 
interim and closure barriers and the corresponding recharge estimates used in the base case 
simulation are indicated in Table 3 .1 and also in Appendix E, Table E. l. 
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