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Metric Conversion Chart 
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The fo llowing conversion chart is provided to the reader as a tool to aid in conversion . 

Into Metric Units Out of Metric Units 
If You Know Multiply By To Get If You Know Multiply By To Gee 

Length Length 
inches 25 .4 millimeters millimeters 0.039 inches 

inches 2.54 centimeters centimeters 0 .394 inches 

feet 0.305 meters meters 3.281 feet 

yards 0.9 14 meters meters 1.094 yards 

miles 1.609 kilometers kilometers 0 .621 miles 

Area Area 
sq. inches 6.452 sq . centimeters sq. centimeters 0 .155 sq. inches 

sq. feet 0.093 sq . meters sq . meters 10.76 sq . feet 

sq . yards 0 .0836 sq. meters sq . meters 1.196 sq . yards 

sq. miles 2.6 sq. kilometers sq. kilometers 0. 4 sq. miles 

acres 0.405 hectares hectares 2 .47 acres 

Mass (weight) Mass (weight) 
ounces 28.35 grams grams 0.035 ounces 

pounds 0.454 kilograms ki lograms 2.205 pounds 

short ton 0.907 metric ton metric ton 1.102 short ton 

Volume Volume 
teaspoons 5 milliliters milliliters 0 .033 fl uid ounces 

tab lespoons 15 milliliters li ters 2. 1 pints 

fl uid ounces 30 millil iters liters l. 057 quarts 

cups 0 .24 liters liters 0 .264 gallons 

pints 0.47 liters cubic meters 35.3 15 cubic feet 

quarts 0.95 liters cubic meters 1.308 cubic yards 

gallons 3.8 liters 

cubic feet 0 .028 cubic meters 

cubic yards 0.765 cubic meters 

Tern perature Temperature 
Fahrenheit subtract 32, Celsius Celsius mul tiply by Fahrenheit 

then multiply 915, then add 

by 5/9 32 

Pressure Pressure 
inches of HP 0 .00246 atmospheres atmospheres 406.5 inches of H~O 

inches of Hg 0.03332 atmospheres atmospheres 30.005 inches of Hg 
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EXECUTIVE SUMMARY 
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Carbon tetrachloride was disposed to the so il column at several sites adj acent to the Hanford Site 
Z Plant (Plutonium Finishing Plane) during operations from 1955 through 1973 . In 1990 a Carbon 
Tetrachloride Expedited Response Action (ERA) was initiated to mitigate the spread of this 
contamination in the unsaturatd zone . Under the auspices of this ERA, three active soil vapor 
extraction systems have been placed in operation since 1992 to remove the carbon tetrachloride by 
extracting contaminated soil gas. 

Field investigations and vapor extraction operations have revealed the presence of carbon tetrachloride 
in the unsarurated zone soil gas at concentrations ranging from 1 to approximately 30,000 parts per 
million by volume (ppm,) . The unsaturated zone in the Z Plane area is approximately 65 m thick and 
is relatively permeable, with the exception of a lower permeability zone from 35 to 45 m depth. In 
gent:ral , higher concentrations of carbon tetrachloride have been observed overlying and within the 
lower permeab ility layers. 

To meet the objectives of the ERA, it is necessary to remove as much carbon tetrachloride as possible 
from the unsaturated zone and to prevent or mitigate further migration of carbon tetrachloride to the 
groundwater . The strategy to meet these objectives requires trade-offs between the higher removal 
rates possible from the upper permeable zone , which is somewhat isolated fro m the groundwater , and 
the lower removal rates anticipated within and below the low permeability zone, which pose a greater 
threat to the groundwater. 

Controlling airflow in the subsurface and understanding the location and movement of contaminated 
soil gas are essential for optimizing the extraction operations. Using wells in optimal locations and 
extracting soil gas from various intervals based on changing subsurface conditions will enhance the 
extraction operations. 

The strategy fo r meeting the ERA objectives must be dynamic in nature to account for changing 
conditions as the extraction process proceeds. To maintain this strategy, it is recommended that : 

• Continuous operation of all three vapor extraction systems be implemented 

• Twenty-four existing wells be modified. if feasible , to allow greater access to the subsurface 
using the vapor extraction systems 

• Up to fifteen new extraction wells be considered to provide complete coverage of the 
unsaturated zone within the primary carbon tetrachloride soil vapor plume 

• Passive soil vapor extraction be considered at those wells with carbon tetrachloride 
concentrations less than 200 ppm, 

• Smaller capacity (e.g. , 300 to 500 ft'/min) vapor extraction units be considered to increase the 
area affected by soil vapor extraction operations 

• Downhole pressures be continuously recorded wherever possible in subsurface open intervals 
to monitor areas for influence caused by the soil vapor extraction operation 
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Characterization testing and sampling be perfo rmed whenever soil gas is firs t extracted fro m a 
well and then at least quarterly during operation to provide info rmation regard ing the 
changing levels of carbon tetrachloride and to identify other volatile organic contaminants 
being extracted 

The Vapor Extraction System Characterization Unit be used to collect vacuum, flow , and 
carbon tetrachloride concentration data for wells within the plume but currently inaccessible to 
the active vapor extraction systems 

Tracer gas test data be evaluated to determine subsurface airflow pathways, rate of carbon 
tetrachloride transport , and areas of influence of the extraction wells 

Technologies having potential to enhance the soil vapor extraction operations , including 
pulsed versus continuous pumping , pneumatic fracturing , air injection, and surface seals , be 
investigated 

Laboratory-scale testing be conducted to define the carbon tetrachloride sorption equilibrium 
for various soil types to aid the modeling and provide indications of total airflow required to 
remove the carbon tetrachloride from the subsurface 

Further numerical modeling be conducted to better understand the soil vapor extraction 
process and to suggest operational strategies and parameters . 

The recommendations provided in this report represent a broad spectrum of possible wellfield 
activities chat, if implemented , would enhance the vapor extraction system operations . These 
recommendations will be updated as necessary to reflect additional operational data. 
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On December 20 , 1990, the U.S . Environmental Protection Agency (EPA) and the Washington State 
Department of Ecology (Ecology) requested the U.S. Department of Energy (DOE), Richland 
Operations Office (RL). to proceed with the detailed planning, including nonintrusive field work, 
required to implement an Expedited Response Action (ERA) for removing carbon tetrachloride 
contamination in the unsaturated soils in the 200 West Area of the Hanford Site. The request was 
based on concerns that the carbon tetrachloride residing in the soils was continuing to spread to the 
groundwater and, if left unchecked, would significantly increase the area of groundwater 
contamination. The purpose of this ERA is to minimize carbon tetrachloride migration within the 
unsaturated zone beneath and away from the carbon tetrachloride disposal sites in the 200 West Area. 

Based on the initial site investigations and on the engineering evaluation and cost analysis, the 
preferred alternative for removal of the carbon tetrachloride from the unsaturated zone was identified 
as soil vapor extraction followed by aboveground vapor collection on granular activated carbon 
(GAC) (DOE-RL 1991). In January 1992 , the EPA and Ecology authorized DOE to initiate soil 
vapor extraction for cleanup of the carbon tetrachloride . The first active vapor extraction system 
(YES) began operating in February 1992 . 

This wellfield strategy and recommendations report was developed to provide guidance to enhance the 
operation of the soil YES used as part of the ERA. This report also describes pertinent site 
characteristics and discusses results of site-specific soil vapor extraction numerical modeling. The 
development of this report was directed by the FY93 Wellfield Enhancement Workplan and the FY94 
Weilfield Optimization and Site Characterization Task Plan for the Carbon Tetrachloride ERA (Rohay 
and Cameron 1992, Rohay 1994). 

The recommendations provided in this report represent a broad spectrum of possible wellfield 
activities that, if implemented, would enhance the VES operations. This report has been updated 
from the initial wellfield strategy and recommendations report issued in May 1994 as 
WHC-SD-EN-AP-159, Rev . 0 (Rohay and Cameron 1994). These recommendations will be updated 
as necessary to reflect additional operational data. 

1.2 VAPOR EXTRACTION SYSTEM OPERATIONS BACKGROUND 

A pilot VES was tested at the 216-Z-lA Tile Field in April 1991 (DOE-RL 1991) . Based upon the 
results of this testing and as part of the Carbon Tetrachloride ERA, a full-scale VES was installed and 
began operating at the tile field in February 1992. Extraction at two of the 216-Z-18 Crib wells with 
the same system was begun in May 1992 . This system originally had a design capacity of 500 ft'/min 
but was upgraded to 1,000 ft3/min in March 1993. Two VES units , one with 1,500-ft'/min capacity 
and one with 500-ft'/min capacity, began operating in March 1993 at the 216-Z-9 Trench. The 
extracted carbon tetrachloride is collected on GAC contained in large steel canisters. All three 
systems were shuc down on June 3, 1993, because of a GAC canister overheating incident at 216-Z-9 
(WHC 1993b) . The l ,000-ft3/min system resumed operation at the 216-Z-lA/18 wellfield on 
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November 15 , 1993 ; the 1,500-ft3/min system resumed operation at the 216-Z-9 wellfield on 
February 23, 1994; and the 500-ft3/min system resumed operation at the 216-Z-18 wellfield on 
June 30 , 1994. 

1.3 TYPICAL SOIL VAPOR EXTRACTION PROJECT PROGRESSION 

A typical soil vapor extraction project proceeds through various phases, including initial site 
characterization, pilot testing , full-scale operations, and targeted operations. These phases are briefly 
discussed below . 

1.3.1 Initial Site Characterization 

A sire is identified where soils in the unsaturated zone are contaminated with volatile compounds. An 
extensive investigation of the subsurface is performed to identify contaminant concentrations and 
locations. 

The applicability of the site for remediation using vapor extraction is made through consideration of 
the so il types and air permeability testing . The air permeability testing can be performed on the 
bench-scale or in the field and provides an indication of the achievable rates of flow in the subsurface . 

This provides input to subsurface airflow modeling which yields an initial indication of the expected 
site-wide extraction flow rates , placement of open intervals in the subsurface, and the areas of 
influence of those open intervals. 

1.3.2 Pilot Testing 

Based on the information provided by the airflow modeling, a field pilot test is then performed giving 
acrual site information on flow rates, extracted soil vapor contaminant and moisrure concentrations, 
areas of influence, and the performance of aboveground extraction and treatment equipment. In 
conjunction with the field testing program, bench-scale srudies using site soils is often performed to 
further delineate the extraction requirements of the site (e.g., ratio of extracted pore volumes to 
contaminant removal efficiency). 

The information provided by the pilot testing and the bench-scale srudies is then fed back into the 
airflow model to provide more refined predictions . This provides input for the design of the full­
scale system, which includes the wellfield and the aboveground equipment . 

1.3.3 Full-Scale System 

The wellfield of the full-scale system includes the number, location, diameter, length, and open area 
of the subsurface open intervals required for extraction and the location of the subsurface monitoring 
points . The aboveground equipment includes soil vapor extraction machinery and treatment 
processes. 
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After the full-scale system is operating, frequent characterization and monitoring is performed that 
provides added input to the airflow modeling. This results in further refinement of the operational 
parameters based on contaminant extraction trends and other information. In addition to changes in 
the operational parameters , changes may be made to the design of the extraction system and the 
design of the wellfield . 

1.3.4 Target Areas 

As extraction operations proceed, the contaminant concentrations in the some of the subsurface zones 
are substantially reduced. Gradually, the emphasis of the extraction operations shifts to targeted areas 
of extraction , such as low-permeability zones. Continued operations provide the input on the targeted 
subsurface areas of focused extraction efforts. The data gathered during this effort, coupled with 
airflow modeling, provide estimates of the effectiveness of the extraction operations and the time 
period for which extraction operations must proceed. The extraction operations continue until desired 
cleanup levels are obtained. 

1.4 CARBON TETRACHLORIDE ERA SOIL VAPOR EXTRACTION PROJECT 
PROGRESSION 

The Carbon Tetrachloride ERA vapor extraction project at 200-ZP-2 Operable Unit has progressed 
along the same general lines as those described for a typical soil vapor extraction project. However, 
due to the size and complexity of the site and the expedited nature of the project, some variations 
from the typical approach have been taken . The various phases are described below. 

1.4.1 Initial Site Characterization 

The initial site characterization was conducted at the known primary carbon tetrachloride disposal 
sites in 1991. Additional site characterization activities have included areas further from the primary 
disposal sites. For example, such activities have identified the 216-Z-12 Crib as an area of elevated 
concentrations of carbon tetrachloride in the subsurface. 

1.4.2 Pilot Testing 

The pilot testing at the site first occurred in 1991 and provided the information necessary to design 
the first full-scale system. Subsequent pilot-testing has been performed at various locations at the site 
because of the addition of two full-scale systems and the new locations at which they operate. 

The air permeability testing and initial airflow modeling, typically done as part of the initial 
characterization work, were performed as part of the pilot testing due to the expedited nature of the 
project. The bench-scale studies of the site soils for extraction efficiency is now being performed and 
the results will benefit the operations of the full-scale systems and help determine the operational 
parameters for the target zones. Additionally, the studies will help determine the levels of soil 
remediation reasonably achievable. 
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Three full-scale systems are in operation at the site. Further characterization, operational data, 
wellfield and laboratory testing, and airflow numerical modeling will determine the to tal extraction 
capacity required for the site. This may necessitate the addition of more full-scale systems . 

1.4.4 Target Areas 

Two target areas already identified are the zone above the groundwater and the zone around the 
caliche layer. Potentially, several more target areas in the subsurface will be identified. Studies to 
identify these areas and the operational parameters to address these areas will need to be performed. 
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This section provides a brief summary of site characteristics as background for this report . More 
detailed discussions of site characteristics are provided in Rohay and Johnson (1991), Rohay et al. 
(1992), Piepho et al. (1993) , Rohay et al. (1 993) , Last and Rohay (1993), and Rohay et al. (1994). 

2.1 DISPOSAL SITES AND CONSTITUENTS 

In che 200 West Area, carbon tetrachloride was used at Z Plant (currently called the Plutonium 
Finishing Plant) primarily by the Recuplex Facility and the Plutonium Reclamation Facility 
(Figure 2-1). No other plant in the 200 West Area is known to have used carbon tetrachloride. 

Carbon tetrachloride was used in mixtures with other organics to recover plutonium from aqueous 
waste streams at Z Plant. The chemical processes used to recover plutonium resulted in the 
production of actinide-bearing organic and aqueous waste liquids, which were discharged to the soil 
column at subsurface disposal facilities near Z Plant. The primary radionuclide components of these 
liquids were 2391240Pu and 241 Am. The organic liquids consisted of 50 % to 85 % by volume carbon 
tetrachloride mixed with either tributyl phosphate, dibutyl butyl phosphonate , or lard oil. These 
organic solutions made up only approximately 4 % to 8 % of the tocal volume of liquid wastes 
discharged to the soil column disposal facilities. The predominant wastes discharged were acidic , 
high-salt (sodium nitrate) aqueous wastes containing the organic mixtures in saturation amounts 
( < 1 % ) . However, the aqueous wastes account for 5 % of the carbon tetrachloride discharged . 

Both aqueous and organic liquids were discharged to the same liquid waste disposal sites. The 
organic wastes were periodically discharged in small (100- to 200-L) batches. Thus, carbon 
tetrachloride was introduced to the unsaturated zone as an aqueous-phase and also as a dense , 
nonaqueous-phase liquid. 

Degradation products of carbon tetrachloride include chloroform and methylene chloride . Breakdown 
products of tributyl phosphate include dibutyl phosphate, monobutyl phosphate, butanol, and 
butanone. In addition to the plutonium and americium, constituents of the aqueous waste streams 
discharged to the sites included aluminum, cadmium, calcium, chromium, fluoride , chloride, iron, 
iodine, magnesium, nickel, nitrate, rubidium. sodium, sulfate, sulfamate, cesium, cobalt, uranium, 
ruthenium, and strontium. 

The primary known carbon tetrachloride disposal sites, all located near Z Plant, are the 216-Z-9 
Trench , 216-Z-lA Tile Field, and 216-Z-18 Crib, referred to collectively as the Z-Crib Area in this 
report (Figure 2-1). The 216-Z-9 Trench was used from 1955 to 1962 to receive all organic and 
aqueous waste from the Recuplex Facility . Organic and aqueous waste from the Plutonium 
Reclamation Facility was discharged to the 216-Z-lA Tile Field from 1964 to 1969 and to the 
216-Z-18 Crib from 1969 to 1973. Direct discharge of carbon tetrachloride to the soil column was 
discontinued in 1973. 

Estimates of the volumes and quantities of various liquids and contaminants discharged to the 
21 6-Z-!A Tile Field, 216-Z-18 Crib , and 216-Z-9 Trench are summarized in Table 2-1. 
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Figure 2-1 . Z-Crib Area. 
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Table 2-1. Soil Contaminant Inventory in the Z-Crib Area. 

Contaminant 216-Z-9 Trench 
216-Z-lA 
Tile Field 

Carbon tetrachloride (L) 83, 000-300, 000 170,000 

Plutonium (kg) 106· 57 

Americium (kg) 2.5 1 

Total liquid (L) 4.09 X 106 5.2 X 106 

Period of use 1955-1962 1964-1969 

•58 kg were later remov ed. 
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~16-Z-18 Crib 

110,000 

23 

::::::0 .4 

3.86 X 106 

1969-1973 

Three other sites in the vicinity of Z Plant probably received some carbon tetrachloride wastes: the 
216-Z-12 Crib , the 216-Z-19 Ditch , and the 216-T-19 Crib (Figure 2-1; 216-T-19 is north of the area 
shown). The 216-Z-12 Crib received analytical and development laboratory waste from Z Plant from 
1959 co 1973 and is estimated to have received a small volume of organics including carbon 
tetrachloride (Kasper 1981) . The 216-Z-19 Ditch was used to convey process cooling water and 
steam condensate from Z Plant from 1971 to 1981; apparently, carbon tetrachloride was also 
occasionally or accidentally released ro this ditch (Rohay and Johnson 1991) . The 216-T-19 Crib 
received approximately 80 L of carbon tetrachloride between 1973 and 1976 in the overhead 
condensate discharged from the 242-T evaporator (Rohay et al. 1993). 

2.2 SITE HYDROGEOLOGY 

The unsaturated zone underlying the Z-Crib Area consists primarily of fluvial and glaciofluvial 
sediments. The sediments, from youngest to oldest, are as follows : 

• Hanford formation--unconsolidated glaciofluvial gravels, sands, and silts deposited by 
Pleistocene cataclysmic flood waters 

• Plio-Pleistocene unit--in the Z-Crib Area, a fine sandy silt sequence overlying a carbonate­
cemented gravel sequence ( often referred to as the caliche layer) 

• Ringold Formation--a series of consolidated alluvial sands and gravels and overbank and 
lacustrine deposits of late Miocene to Pliocene age. 

The unsaturated zone ranges in thickness across the 200 West Area from 58 to 82 m and beneath the 
carbon tetrachloride disposal sites from 60 to 66 m. Because the caliche layer is less permeable than 
the other units , it may temporarily divert or perch liquids and/or dense vapors. The top of this unit is 
approximately 40 m below ground surface. 

Perched water was encountered in two locations during 1992-1993 -drilling operations in the vicinity 
of the 216-Z-9 Trench. The water is perched in the Plio-Pleistocene unit. Perched water was 
observed at a depth of 28 to 33 m in well 299-W15-216 in 1992, and at a depth of 32.5 to 33 .5 m in 
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well 299-W15-220 in 1993 (Rohay et al. 1992, 1993) . The water is presumably from the 
216-Z-21 Crib , which is an active water discharge site approximately 40 m southeast of 
well 299-WlS-216 (Figure 2-1). 

2.3 EXTENT OF CONTAMINATION 
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The following summary of the carbon tetrachloride contamination, which incorporates results of the 
fiscal year (FY) 1991 through FY 1993 characterization and wellfield activities, is ta.ken from Rohay 
et al. (1994) . Carbon tetrachloride is found throughout the 65-m-thick unsaturated zone underlying 
the three primary disposal facilities. Laterally, the highest concentrations of carbon tetrachloride are 
consistently located in the viciniry of the 216-Z-9 Trench; concentrations in the vicinity of the 
216-Z-lA Tile Field and 216-Z-18 Crib are typically one to two orders of magnitude lower. 
Vertically , the highest concentrations are associated with the fine-grained, relatively impermeable 
Hanford lower fine and Plio-Pleisrocene units, located at depths of 35 to 40 m below ground surface. 
The conceptual model of carbon tetrachloride migration pathways and phase distribution is illustrated 
in Figure 2-2. 

The highest near-surface vapor concentration of carbon tetrachloride measured during a soil-gas 
survey in 1992 was 72 parts per million by volume (ppm,) just north of the 216-Z-9 Trench. 
Maximum vapor concentrations observed at wellheads and deep soil-gas probes, which were measured 
twice a week for 25 months (December 1991 through December 1993), exceeded 10,000 ppmv total 
volatile organic compounds (VOCs) at monitoring locations above the Plio-Pleistocene unit and 
immediately north of the 216-Z-9 Trench (Figure 2-3). At similar locations above the Plio­
Pleistocene unit in the 216-Z-lA/216-Z-18 area, maximum concentrations were an order of magnirude 
lower . However , maximum concentrations from monitoring ports below the Plio-Pleistocene unit 
were approximately 1,000 ppm, in both areas (Figure 2-4). The highest carbon tetrachloride 
concentration in the sediment samples collected during drilling of 13 new wells in 1992 and 1993 was 
37 .8 ppm from the Hanford lower fine/Plio-Pleistocene interval at the 216-Z-9 Trench. In contrast, 
the highest carbon tetrachloride concentration in a sediment sample from the 216-Z-lA/216-Z-18 area 
was only 6.6 ppm, but was also associated with the Hanford lower fine/Plio-Pleistocene interval. The 
highest carbon tetrachloride concentrations in soil-gas samples collected with the SEAMIST 
(tradename of Eastman Cherrington Environmental, Santa Fe, New Mexico) soil-gas sampling system 
during drilling exceeded 10,000 pp~. in wells at the 216-Z-9 Trench. Carbon tetrachloride 
concentrations in soil vapor extracted from wells using the vapor extraction systems have been as high 
as 28 ,500 ppmv from intervals above the Plio-Pleistocene unit at the 216-Z-9 Trench. Extracted soil­
gas concentrations from the 216-Z-lA/216-Z-18 wellfield are an order of magnitude lower. 

Atmospheric pressure fluctuations appear to constitute a significant release mechanism for carbon 
tetrachloride vapor out of the unsarurated zone both through boreholes and through the soil surface . 
Based on continuous airflow measurements into and out of boreholes, average carbon tetrachloride 
concentrations in the vented air, and length of time each well was available as a pathway, an 
estimated 3 % of the original carbon tetrachloride inventory has been lost to the atmosphere since 
1955 through borehole venting. The calculated quantity of carbon tetrachloride lost to the atmosphere 
in 1990 from the soil/air interface , based on diffusion of the vapor phase from the water table to the 
ground surface, was estimated to be 0.15 g/m2/yr for the area overlying the groundwater plume . 
Measured soil flux rates in the viciniry of the 216-Z-9 Trench ranged from 0 .0007 to 0.48 g/m2/yr in 
1993. It is estimated that , between 1955 and 1990, 18% of the total carbon tetrachloride inventory 
was lost to the atmosphere through narural soil flux. Thus , a total of 21 % of the carbon tetrachloride 
may have been released to the atmosphere. 
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Figure 2-3. Maximum Carbon Tetrachloride Concentrations Recorded at Wells and Deep Soil-Gas 
Probes Open Above the Plio-Pleistocene Unit, December 1991 Through December 1993 

(from Fancher 1994). 
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Figure 2-4 . Maximum Carbon Tetrachloride Concentrations Recorded at Wells 
Open Below the Plio-Pleistocene Unit, December 1991 Through 

December 1993 (from Fancher 1994) . 
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Carbon tetrachloride is typically the predominant VOC constituent in the extracted soil gas. Other 
VOCs detected, usually in minor amounts, include chloroform, methylene chloride , methyl ethyl 
ketone , tetrachloroethylene (PCE), 1, 1, I-trichloroethane (TCA), 1,2-dichloroethane (DCA), and 
methyl isobutyl ketone (MIBK). However , characterization sampling at wellheads has demonstrated 
that co-contaminants can be found at elevated concentrations . For instance , so il-gas monitoring at 
well 299-W l8-7 showed higher concentrations of methylene chloride than carbon tetrachloride . Soil­
gas sampling from other wells has indicated chloroform can be a high percentage of the VOC 
concentration. The soil gas also contains naturally occurring radon. 

Well cons truction and waste water disposal histories suggest that some of the older existing wells, 
including deep groundwater wells , had the potential to provide a vertical conduit for the downward 
migration of carbon tetrachloride and other contaminants directly to the unconfined aquifer. 
However, column pore volume estimates and numerical model simulations suggest that , at the 
216-Z-9 Trench , it is likely the wastes reached the water table regardless of whether poorly sealed 
wells provided a preferential pathway. 

The areal extent of the dissolved carbon tetrachloride groundwater plume has remained about 10 km2 

over the last 3 years . Concentrations of dissolved carbon tetrachloride detected in the groundwater 
have been estimated to account fo r approximately 2 % of the original carbon tetrachloride inventory 
(Rohay and Johnson 1991). Concentrations of carbon tetrachloride in wells at the perimeter of the 
plume appear to be increasing , suggesting that the groundwater plume is migrating laterally to the 
north, west, and south . However, the centroid of the dissolved carbon tetrachloride plume appears to 
be stationary. The fact that the zone of highest concentrations (4,000 to 7,000 µ.g /L) includes the 
21 6-Z-9 Trench, which has been inactive since 1962, suggests that the carbon tetrachloride discharged 
there has been providing a continuous source of contamination to the groundwater. The highest_ 
observed groundwater concentration is approximately 1 % of the aqueous solubility of carbon 
tetrachloride . 

Groundwater samples from one well indicate that there is deeply distributed carbon tetrachloride near 
the 21 6-Z-9 Trench (up to 5,800 µ.g /L at the top of the aquifer and 3,800 µ.g /L at 52 m beneath the 
water table). However, the well itself, which lacked an annular seal until 1987 and has a long 
perforated interval, may have provided the preferential pathway for the downward migration of 
contaminants . Nonaqueous-phase liquid carbon tetrachloride has not been observed in the saturated 
zone . 

An order-of-magnitude estimate of the 1990 inventory of carbon tetrachloride remaining in the 
subsurface was made using available groundwater concentration data, soil-gas concentration data. and 
well venting data (WHC 1993a). For these rough-order-of-magnitude estimates, it was assumed that 
750,000 kg of carbon tetrachloride was discharged to the soil column between 1955 and 1973 . Total 
atmospheric losses are estimated to be 21 % ; the unsaturated zone inventory (in soil gas , soil moisture, 
and adsorbed phases) accounts for 12 % ; and the dissolved phase in the aquifer is estimated as 2 % , 
leaving 65 % of the original carbon tetrachloride volume unaccounted for. However , the estimates did 
not consider nonaqueous-phase liquid residual saturation in the unsaturated zone, perched nonaqueous­
phase liquid on low-permeability lenses, or separate nonaqueous-phase liquid present within the 
unconfined aquifer . Any or all of these forms of concentrated carbon tetrachloride may be present 
within the subsurface, although none has been observed. However, the high concentrations 
(approximately 25 % of the saturated vapor concentration) extracted from the 21 6-Z-9 wellfield 
suggest the presence of carbon tetrachloride residual saturation, particularly associated with the 
Hanford lower fine and Plio-Pleistocene units. A portion of the inventory may have been 
biodegraded. 
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As of the end of Sepcember 1994, a total of 40,000 kg of carbon cecrachloride has been removed from 
the unsaturated zone using active vapor extraction. 
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3.0 WELLFIELD RECOMMENDATIONS FOR VAPOR EXTRACTION 
OF THE Z-CRIB AREA 
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The recommendations for the Z-Crib Area wellfield are part of a strategy to improve the efficiency of 
the YES and to increase the potential for long-tenn success of the remediation effort. This section 
provides recommendations for enhancing operations with regard to wellfield modifications, soil vapor 
extraction numerical modeling, wellfield testing, and extraction strategies. These recommendations 
are intended as guidance for possible wellfield activities. 

Recommendations regarding wellfield modifications address ways to increase subsurface access to the 
contaminated soil gas by the YESs . Increased access can be achieved by adding open intervals 
(through modifications to existing wells and/or installation of new wells); by expanding the effective 
radius of influence of existing open intervals (through continuous operation of the YES, air injection, 
and/or implementation of surface seals); by adding YES capacity (through implementation of passive 
vapor extraction, use of additional YES units, and/or intennittent pumping , which can increase the 
number of extraction wells per system) ; and by increasing the effective permeability of the subsurface 
to air flow (through air injection and/or pneumatic fracturing) . 

Recommendations regarding soil vapor extraction numerical modeling deal with the volume of soil 
gas which must be extracted and the time required to achieve a given level of remediation. The 
modeling is used as a tool to provide guidance on contaminant removal strategies, including efficient 
use of vapor extraction capacity , optimum locations and depths of open intervals and extraction rates 
and durations; and identification of critical wellfield system parameters (such as airflow pathways and 
carbon tetrachloride sorption equilibria); and relative vapor extraction efficiency. 

Recommendations regarding wellfield testing are designed to measure the effectiveness of the 
wellfield modifications and enhancements and to provide input and calibration data to the numerical 
model. Wellfield testing provides site-specific data on extraction system operational parameters (such 
as identity of co-contaminants , changes in extraction well flows and concentrations, and determination 
of areas of influence), and subsurface contaminant vapor flow characteristics (such as airflow 
permeabilities and pathways, transport rates, and sorption equilibria) . 

These three types of activities are conducted iteratively. For example, wellfield testing monitors 
changes in extraction well soil-gas concentrations. These data are used to refine the numerical model ; 
results of the modeling based on these new data are used to determine if and what wellfield 
modifications are needed ; the effectiveness of modifications to the wellfield is evaluated using 
wellfield testing data. Such continual iteration is necessary to understand and optimize the dynamic 
wellfield system. The goal is enhanced vapor extraction operations to meet the ERA objectives of 
controlling carbon tetrachloride migration and removing mass . 

3.1 RECOMMENDATIONS REGARDING WELLFIELD MODIFICATIONS 

Controlling flow in the subsurface, establishing areas of influence of wells sufficient to address the 
areas of contamination, and understanding the location of concentrated zones of carbon tetrachloride 
are essential for optimizing removal of carbon tetrachloride using soil vapor extraction. Options for 
increas ing contaminant removal include improving subsurface access to the contamination by 
modifying existing wells and/or installing new wells for vapor extraction and implementing strategies 
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to enhance the availability of the contaminant to the wells. General vapor extraction strategies are 
discussed in Appendix A. 

3.1.1 Wellfield Configuration 

3.1.1.1 Problem. The area of influence of a well describes the radial area surrounding the well 
through which vapor extraction is able to induce air flow. The areas of influence of the extraction 
well configuration must allow extraction access to the entire contaminated subsurface within the 
Z-Crib Area . The existing weilfield configuration does not provide this coverage . 

3.1.1.2 Discussion. Tables 3-1 and 3-2 describe the existing wells with open intervals in the 
subsurface above and below the caliche, respectively. The existing wells in the Z-Crib Area are 
shown in Figure 3-1 . Figures depicting the areas of influence of the existing wellfield configuration 
were developed based on vapor extraction operation times and open interval locations . Figures 3-2, 
3-3 , 3-4, and 3-5 provide a representation of the coverage of the Z-Crib Area by the existing wells . 
The areas of influence were approximated based on the following assumptions. 

• The area of influence is a right circular cylinder. For wells with open intervals above the 
caliche, the cylinder extends from the caliche to the .surface . For wells with open intervals 
below the caliche, the cylinder extends from the groundwater to the caliche. (The vertical 
lengths of these cylinders imply vertical permeabilities that are much greater than horizontal 
permeabilities . This not the case ; horizontal permeability typically exceeds vertical 
permeability by a factor of 10. However, making these assumptions regarding the lengths of 
the cylinders is reasonable for this discussion.) 

• The soil vapor extraction operation is either intermittent or continuous as described below . 

Intermittent operation (8 hf day, 5 days/week) limits the area of influence because the 
influence muse be reestablished every time extraction is restarted. The area of 
influence is estimated by determining the total volume of air extracted over 8 hours at 
the maximum flow assuming an effective soil porosity of 20 % . Soil moisture can 
have a significant effect on the area of influence by limiting the airflow pathways . 
The area of influence will typically increase with time as preferential pathways are 
established due to removal of the moisture with the extracted soil gas . 

Continuous operation assumes that the extraction operation continues long enough (8 
to 12 hours) that an equilibrium is established and the maximum radius of influence is 
achieved. For a well with a maximum flow of 300 ft' /min at 120 in. H:P vacuum, 
the radius of influence is assumed to be 100 ft (DOE-RL 1991, Appendix F). The 
radii of influence of the other wells are proportionate to measured or estimated flow . 

The areas of influence depicted in Figures 3-2 through 3-5 indicate that the large areas where carbon 
tetrachloride is likely to reside (Figures 2-3 and 2-4) cannot be addressed by the existing wellfield 
configuration. Comparison of Figures 3-2 and 3-4 (intermittent operations) with Figures 3-3 and 3-5 
( continuous operation)· demonstrates the necessity of continuous soil vapor extraction operation for 
more effective carbon tetrachloride remediation. 
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Table 3-1. Z-Crib Area Wells With Open Intervals Above the Caliche 
(Existing Configuration) . (sheet 1 of 2) 

Open interval Casing Piezometer Observed flow 
Well 

(ft below toe) diameter (in .) diameter (in. ) (ftJ /min) 

216-Z-lA/18 TILE FIELD 

299-W l8-10 100-130 6 6 80 

299-W18-I I 100-130 6 6 33 

299-Wl8-87 u 33-38 6 1.5 
M 65-70 1.5 78 (combined) 
L 125-130 1.5 

299-Wl8-89 108-130 6 6 367 

299-Wl 8-93 63-77 6 6 170 

299-Wl8-94 68-78 6 6 272 

299-W l8-96 122-132 bgs 2 2 256 

299-W18-97 63-75 6 6 297 

299-W18-98 66-77 6 6 265 

299-W18-99 93- 103 6 6 226 

299-Wl8- l50 U 65-70 6 1.5 20 
M 85-90 1.5 17 
L 113-118 1.5 53 

299-Wl8-158 U 75-80 6 1.5 78 
M 89-94 1.5 27 
L l 19-124 1.5 50 

299-W18- 159 113-120 6 6 39 

299-Wl8- 163 U 69.5-79.5 6 1.5 0 
M 92.5-99.5 1.5 0 
L 114.5-119.5 1.5 0 

299-Wl8- 165 122- 127 6 6 4 

299-Wl8-166 124-129 6 6 4 

299-Wl8-167 89-119 8 8 20 

299-Wl8-168 97-127 8 8 7 

299-W18-169 96-126 8 8 0 

299-W18-171 U 19 .8-24 .5 8 2 
M 56-76 2 284 
L 114.5-129 .5 2 (combined) 

299-Wl 8-174 106-126 bgs 4 4 112 

299-W18-175 U 87-94 6 6 40 (combined) 
L 115-120 6 

299-W18-246 U 120- 130 bgs 4 2 156 

299-Wl8-247 U 199-129 bgs 4 2 150' 

299-W 18-248 123-139 bgs 4 4 27 

299-Wl 8-249 122-137 bgs 4 4 476 
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Observed 
vacuum 

(in. H:O) 

100 

101 

127 

97 

100 

102 

100 

102 

101 

99 

121 
116 
127 

12.! 
125 
120 

97 

119 
117 
120 

12: 

120 

87 

89 

90 

88 

94 

88 

90 

100' 

91 

85 



Table 3-1. Z-Crib Area Wells With Open Intervals Above the Caliche 
(Existing Configuration) . (sheet 2 of 2) 

Open imerval Casing Piezometer Observed flow Well 
(ft be low toe) diameter (in .) diameter (in .) (ft3 /min) 

216-Z-lA/18 TILE FIELD (cont.) 

299-W 18-252 U 11 3- 133 bgs 4 2 236 

CPT-2 34-37 bgs I 1 65b 

CPT-4 90-l03 bgs I 1 4Qb 

CPT-20 71-84 bgs I I 4Qb 

216-Z-12 CRIB 

299-Wl 8-152 88- 118 8 8 150" 

299-W18- 153 80-110 8 8 150' 

299-Wl8- 157 80-110 8 8 150' 

CPT- 10 94- 107 bgs 1 1 4Qb 

216-Z-9 TRE~CH 

299-WlS-82 73-88 bgs 8 8 288 

299-WlS-84 75-90 bgs 8 8 440 

299-Wl5-85 89-98 bgs 8 8 216 

299-Wl5-95 70.5-98 bgs 8 8 63 

299-Wl5-2 16 U 70-80 bgs 4 2 196 

299-Wl5-217 106-121 bgs 4 4 158 

299-W15-218 U 99-l 14 bgs 4 2 129 

299-W15-219 U 87- 102 bgs 4 2 124 

299-Wl5-220 U 90-95 bgs 4 2 158 

299-Wl5-223c 103- 117 3.5 3.5 209 
(venical) 

CPT-3 39-52 bgs l 1 65b 

CPT-5 35.J.8 bgs 1 l 65b 

CPT-8 100- 11 3 bgs 1 I 12 

CPT- 11 64-,7 bgs 1 l 4Qb 

CPT-12 36.J.9 bgs 1 l 64 

CPT-19 36.J.9 bgs 1 1 65b 

CPT-21 84-97 bgs l 1 40° 

'Value estimated based on average observed flow (147 ft 3/min) and vacuum (103 in . H10) for 
216-Z-lA/ 18/12 wells open above caliche (wells with flows ~ lO ft3/min not included). 

bValue estimated as follows: 
CPT wells below 0- to 50-ft depth = 15 ft3 /min (based on CPT-8) 
CPT wells below 50- to l00-ft depth = 40 ft3/min 
CPT wells below lOO- to 150-ft depth = 65 ft3/min (based on CPT-12). 

' Well 299-Wl5-223 is a 45 ° angle well. and the length of the screened interval is 20 ft . 
toe = top of casing . 
bgs = below ground sun·ace. 
U = upper, M = middle. L = lower . 
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Table 3-2 . Z-Crib Area Wells with Open Intervals Below the Caliche 
(Existing Configuration). 

Open interval 
Casing Piezometer Observed Observed 

Well diameter diameter flow vacuum 
(ft below toe) 

(in.) (in.) (ft3/min) (in . H10) 

216-Z-IA/18 TILE FIELD 

299-Wl8-6 190-201 8 8 387 86 

299-W18-7 190-203 8 8 222 85 

299-Wl8-9 180-211 6 6 145" 100• 

299-Wl8-10 150-214 6 6 80 100 

299-W18-l l 180-211 6 6 33 101 

299-Wl8-1'.2 190-211 6 6 145" 100• 

299-Wl8-246 L 165-175 bgs 4 2 52 87 

299-Wl8-247 L 162-172 bgs 4 2 145" 100• 

299-Wl8-252 L 165-185 bgs 4 2 96 122 

216-Z-12 CRIB 

299-Wl8-l 195-200 8 8 145· 100• 

299-Wl8-2 200-208 8 8 145" 100· 

299-WH:-4 200-211 8 8 145· 100• 

299-Wl8-5 195-211 8 8 145" 100· 

299-Wl8-24 205-213 4 4 145" 100· 

216-Z-9 TRENCH 

299-Wl5-5 173-217 8 8 115b ll0b 

299-Wl5-6 175-190 6 6 [ [5b l lQb 

299-WlS -9 186-189 8 8 l [Sb 110° 

299-WlS-216 L 175-185 bgs 4 2 86 106 

299-WlS-218 L 180-195 bgs 4 2 104 110 

299-W15-219 L 167-182 bgs 4 2 124 111 

299-Wl5-220 L 155-170 bgs 4 2 149 104 

"Value estimated based on average observed flow (145 ft3/min) and vacuum (97 in. HzO) 
for 216-Z-lA/18/12 wells open below caliche. 

bValue estimated based on average observed flow (116 ft3/min) and vacuum (108 in. H10) 

for 216-Z-9 wells open below caliche. 
toe = top of casing. 
bgs = below ground surface. 
L = lower. 
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Figure 3-2 . Areas of Influence in Wells with Open Intervals Above the Caliche-­
Existing Configuration (Intermittent Operation) . 
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Figure 3-3. Areas of Influence in Wells with Open Intervals Above Caliche-­
Existing Configuration (Continuous Operation). 
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Figure 3-4 . Areas of Influence in Wells with Open Intervals Below Caliche-­
Existing Configuration (Intermittent Operation). 
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Figure 3-5 . Areas of Influence in Wells with Open Intervals Below Caliche-­
Existing Configuration (Continuous Operation). 
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A modified wellfield configuration was developed to increase the area of influence of the YES 
operation. Improvements to the wellfield configuration include modificat ions to existing wells and the 
addition of new vapor extraction wells . 

The modifications to existing wells include adding perforated intervals and modifying existing 
perforated intervals (Tables 3-3 and 3-4). The areas of influence of the modified wellfield 
configuration are depicted in Figures 3-6, 3-7, 3-8, and 3-9. The resulting modified wellfield 
configuration is described in Tables 3-5 and 3-6. The wells were prioritized for modification as 
indicated in Table 3-7 . A discussion regarding the selections of the wells and the intervals is included 
as Appendix B. 

A list of 15 proposed new soil vapor extraction wells is given in Table 3-8. These new wells are 
located to provide nearly complete extraction coverage of the unsaturated zone beneath the 
216-Z-9 Trench , 216-Z-lA Tile Field, 216-Z-18 Crib, and 216-Z-12 Crib . The area identified for 
extraction coverage is based on the carbon tetrachloride vapor concentrations observed during 
25 months of baseline monitoring (Fancher 1994) and shown in Figures 2-3 and 2-4. The locations 
of the proposed new wells, and the additional coverage they will provide , are indicated in 
Figures 3-10 and 3-11, which were constructed assuming that all of the modifications to existing wells 
are completed and that YES operations are continuous. The radii of influence assigned to the new 
wells were 100 ft for intervals open above the caliche and 125 ft for intervals open below the caliche , 
assuming continuous VES operations , 300 ft3/min extraction flow rates , and 4-in.-diameter well 
completions similar to those of vapor extraction wells installed in FY 1993 (Rohay et al. 1993). The 
proposed new wells are numbered in approximate order of priority (Table 3-8). 

Priorities were assigned for modifications to existing wells and installation of new wells as indicated 
in Table 3-9 . The prioritization was based on the following assumptions . 

1. The primary objective of the ERA is to protect the groundwater from further contamination 
resulting from the migration of soil vapor from the unsaturated zone to the saturated zone. 
Therefo re , the highest priority was placed on providing access to the area between the caliche 
layer and the water table in areas with the highest carbon tetrachloride concentrations. 
Contamination located in these areas has the shortest pathway to the unconfined aquifer. 

2. As additional protection of the groundwater, the second highest priority was placed on 
providing access to areas of high carbon tetrachloride concentrations. The highest 
concentrations are found above the caliche layer beneath the 216-Z-9 Trench. These high 
levels likely are the result of rionaqueous-phase residual saturation and as such may pose a 
significant risk co further contamination of the unconfined aquifer . 

3. The third priority is placed on providing access to areas of high soil vapor contaminant 
concentrations above the caliche in the areas around 216-Z-lA, 216-Z- 18, and 216-Z-12 co 
reduce the high-concentration sources from the subsurface . 

4. An additional objective of the ERA is to minimize migration of contaminated vapor away 
from the Z-Crib Area. Therefore, emphasis was placed on subsurface access above and 
below the caliche near the outer boundaries of the known soil vapor plume. In particular, 
wells west of the 216-Z-12 wellfield were given priority because of the relatively high soil 
vapor concentrations in the 216-Z-12 vicinity and the few wells with existing open intervals. 
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Table 3-3. Wells to be Modified for Extraction Above the Caliche . 

Casing Present open Perforate Modified 
Observed Well diameter interval (ft below open interval 

(in .) (ft below toe) toe) (ft below toe) 
flow (ft3/min) 

216-Z-lA/18 TILE F1ELD 

299-Wl8-6 8 No ne 100-130 100-130 NA 

299-W l8-I 0 6 100-130 10Q-130b 100-130 80 

299-Wl8- l l 6 100- 130 1QQ-13Qb 100-130 33 

299-Wl8-l50 u 6 65-70 65-90 65-90 20 
M 85-90 17 
L 113-11 9 113-119 53 

299-Wl8- l58 u 6 75-80 80-89 75-94 78 
M 89-94 27 
L 119-124 119-124 50 

299-W18- l59 6 113-120 9Q-[2Qb 90-120 39 

299-Wl 8- l 63 u 6 69.5-79 .5 54 .5-79.5 54 .5-79.5 0 
M 92.5-99 .5 0 
L 114.5-119.5 92.5-119 .5 92 .5-119 .5 0 

299-Wl8-l65 6 122-127 97-127b 97-127 4 

299-W l8- l66 6 124- 129 99-[29b 99-129 4 

299-W l8- l67 8 89- 119 89- 119 89-119 20 

299-Wl8- l68 8 97-127 97-127 97-127 7 

299-W 18-l69 8 96-126 96- [26b 96-126 0 

299-Wl8-l75 u 6 87-94 90-120 90-120 40 
L 115-120 (combined) 

216-Z-12 CRIB 

299-W l8- i 8 None 100-130 100-130 NA 

299-Wl8-2 8 None 100-130 100-130 NA 

299-Wl8--1 8 None 100-130 100-130 NA 

216-Z-9 TRENCH 

299-Wl 5-6 6 None 75-100 75-100 NA 

299-Wl5-8 8 None 90-115 90-115 NA 

299-W15-9 8 None 90-115 90-115 NA 

299-WlS-86 8 None 110-140 110-140 NA 

299-Wl5-95 8 70 .5-98 bgs 73-98 bgsb 73-98 bgs 63 

'Value estimated based on average observed flow (147 ft3/min) and vacuum (103 in . H20) for 
216-Z- I Ai 18/12 wells open above caliche . 

0Presem interval to be re-perforated . 

BHI-0004 1 
Rev . 00 

Moditied 
flow 

(ft3/min) 

150' 

150" 

150· 

150• 

53• 

150' 

50 

150' 

150' 

150" 

150' 

150' 

150' 

150" 

150' 

150" 

150' 

150" 

150' 

200c 

2QO< 

200c 

200c 

200c 

' Value estimated based on average observed flow (1 98 ft3 /min) and vacuum (107 in. H20) for 216-Z-9 
wells open above caliche . 

toe = tap of casing . 
bgs = below ground surface. 
U = upper , M = middle , L = lower. 
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Table 3-4. Wells to be Modified for Extraction Below the Caliche. 

Casing Present open 
Perforate 

Modified open 
Observed Well diameter interval 

(ft below toe) 
interval 

flow (ft3/min) (in.) (ft below toe) (ft below toe) 

216-Z-lA/18 TILE FIELD 

299-Wl8-7 8 190-203 175-190 175-203 222 

299-W18- 12 6 190-211 180-190 180-211 145b 

216-Z-12 CRIB 

299-Wl8- l 8 195-200 175-195 175-200 145b 

299-W18-2 8 200-208 183-200 183-208 145b 

299-Wl8-4 8 200-211 186-200 186-211 145b 

299-W18-5 8 195-211 186-195 186-211 145b 

216-Z-9 TRENCH 
-

299-W l5-6 6 175-190 160- l 90d 160-190 115' 

299-W15-8 8 None 167- 197 167-197 NA 

299-Wl5-9 8 186-189 164-189d 164-189 115' 

•Value estimated based on 300 ft3/rnio reference flow. 
bValue estimated based on average observed flow (145 ft3/rnin) ·and vacuum (97 in. H20) for 

216-Z-1Ail8/1 2 wells open below caliche. 
<Estimates of observed and modified flows are listed as the same. 
dPresent interval to be re-perforated. 
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Modified 
flow 

( ft3/ rnin) 

3003 

145b.c 

145b.c 

145b.c 

145b.c 

145b.c 

115•.c 

115'·c 

l l 5' ·c 

' Value estimated based on average observed flow (116 ft3/min) and vacuum (1 08 in. H20) for 
2 16-Z-9 wells open below caliche. 
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Figure 3-6. Areas of Influence in Wells with Open Intervals Above Caliche-­
Modified Configuration (Intermittent Operation). 
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Figure 3-7. Areas of Influence in Wells with Open Intervals Above Caliche-­
Modified Configuration (Continuous Operation). 
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Figure 3-8 . Areas of Influence in Wells with Open Intervals Below Caliche-­
Modified Configuration (Intermittent Operation). 
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Figure 3-9 . Areas of Influence in Wells with Open Intervals Below Caliche-­
Modified Configuration (Continuous Operation). 
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Table 3-5 . Z-Crib Area Wells with Open Intervals Above the Caliche (Modified Configuration). 
(sheet 1 of 3) 

Well 
Open interval Casing Piezometer Observed flow 
(ft below toe) diameter (in. ) diameter (in .) (ftJ/min) 

216-Z-lA/18 TILE FIELD 

299-Wl8-6 u 100-130 8 2 150" 

299-W18- 10 u 100-130 6 2 150· 

299-Wl8- l l u 100-130 6 2 150b 

299-Wl8-87 u 32.5-38 .1 6 1.5 
M 64.7-67.9 1.5 78 (combined) 
L 124.4-129 .3 1.5 

299-Wl8-89 108-130 6 6 367 . 

299-Wl8-93 63-77 6 6 170 

299-Wl8-94 68-78 6 6 272 
... 

299-W18-96 122-132 bgs 6 6 256 

299-Wl8-97 63-75 6 6 297 

299-Wl8-98 66-77 6 6 265 

299-Wl8-99 93-103 6 .6 226 

299-W 18- 150 u 65-90 6 1.5 150· 
L 113-119 1.5 53 

299-Wl8- 158 u 75-94 6 1.5 150' 
L 119-124 1.5 50 

299-Wl8- 159 90-120 6 6 150• 

299-Wl8- 163 u 54 .5-79 .5 6 1.5 150" 
L 92 .5-119.5 1.5 150• 

2 18-Wl8- 165 97-127 6 6 150· 

299-Wl8- 166 99-129 6 6 150' 

299-W18- 167 89-119 8 8 150' 

299-W 18- 168 97-127 8 8 150· 

299-W18- 169 96-126 8 8 150• 

299-W18- l 71 u 19.8-24.5 8 2 
M 56-76 2 284 (combined) 

L 114 .5-129 .5 2 

299-W18- 174 106-126 bgs 4 4 112 

299-Wl8- 175 90-120 6 6 150' 

299-W18-246 u 120- 130 bgs 4 2 156 
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Table 3-5 . Z-Crib Area Wells with Open Intervals Above the Caliche (Modified Configuration). 
(sheet 2 of 3) 

Well 
Open interval Casing Piezomerer Oserved flow 
(ft below toe) diameter (in. ) diameter (in.) (ft3/min) 

216-Z-lA/18 TILE FIELD (cont .) 

299-Wl8-247 u 119-129 bgs 4 2 150' 

299-Wl8-248 123-139 bgs 4 4 27 

299-Wl8-249 122-137 bgs 4 4 476 

299-WlS-252 113-133 bgs 4 2 236 

CPT-2 34-47 bgs 1 1 65b 

CPT-4 90-103 bgs 1 1 40b 

CPT-20 71-84 bgs 1 1 40b 

216-Z-12 CRIB 
·-

299-Wl8-l 100-130 8 2 150' 

299-WP3-2 100-130 8 2 1so• 

299-W13--1- 100-130 8 2 150' 

299-Wl8-152 88-118 8 8 150• 

299-Wl8-153 80-110 8 8 150' 

·.:99-Wl8- 157 80-110 8 8 150· 

CPT-10 94- 107 bgs 1 1 40b 

216-Z-9 TRENCH 

299-WlS-6 75-100 6 2 200c 

299-W l5-8 90-115 8 2 200c 

299-Wl5-9 90-115 8 2 200c 

299-Wl5-82 73-88 bgs 8 8 288 

299-Wl5-84 75-90 bgs 8 8 440 

299-W l 5-85 83-98 bgs 8 8 216 

299-Wl5-86 110-1 40 8 8 200c 

299-Wl5-95 73-98 bgs 8 8 200c 

299-Wl5- 216 u 70-80 bgs 4 2 196 

299-Wl5-21 7 106-121 bgs 4 4 158 

299-Wl5-218 u 99- 114 bgs 4 2 129 

299-WlS-2 l 9 u 87-102 bgs 4 2 124 
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Table 3-5 . Z-Crib Area Wells with Open Intervals Above the Caliche (Modified Configuration). 
(sheet 3 of 3) 

Well Open interval Casing Piezometer Oserved flow 
(ft below toe) diameter (in.) diameter (in. ) (ft3/min) 

216-Z-9 TRENCH (cont.) 

299-W15-220 u 80-95 bgs 4 2 158 

299-Wl5-22Jd 103-117 bgs 3.5 3.5 209 

CPT-3 39-52 bgs 1 1 65b 

CPT-5 35-48 bgs 1 1 65b 

CPT-8A 100-113 bgs l 1 12 

CPT-11 64-77 bgs 1 1 4Qb 

CPT-12 36-49 bgs 1 1 64 

CPT-19 36-49 bgs 1 1 65b 
-

CPT-21 84-97 bgs 1 l 40b 

"Value estimated based on average observed flow (147 ft3/min) and vacuum (103 in . H10) for-
216-Z-lA/18/12 wells open above caliche . 

by alue estimated as follows: 
CPT wells below 0- to 50-ft depth = 15 ft3/min (based on CPT-8) 
CPT wells below 50- to 100-ft depth = 40 ft3/min 
CPT wells below 100- to 150-ft depth = 65 ft3/min (based on CPT-12) 

cvalue estimated based on average observed flow (198 ft3/min) and vacuum (1 07 in. H10) for 216-Z-9 . 
wells open above caliche. 

dWell 299-W 15-223 is a 45° angle well , and the length of the screened interval is 20 ft. 
toe = top of casing. 
bgs = below ground surface. 
U = upper , M = middle, L = lower. 
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Table 3-6 . Z-Crib Area Wells with Open Intervals Below the Caliche (Modified Configuration) . 

Well Open interval Casing Piezometer Observed flow 
(ft below toe) diameter (in. ) diameter (in. ) (ft3/min) 

216-Z-lA/18 TILE FIELD 

299-Wl8-6 L 190-20 l 8 2 387 

299-W18-7 175-203 8 8 300· 

299-W18-9 180-211 6 6 145b 

299-Wl8-10 L 150-214 6 2 80 

299-W18-1 l L 180-211 6 2 33 

299-Wl8-12 180-211 6 6 145b 

299-W18-246 L 165-175 bgs 4 2 52 

299-W18-247 L 162-172 bgs 4 2 145b 

299-Wl8-252 L 165-185 bgs 4 2 96 

216-Z-12 CRIB 

299-Wl8-1 175-200 8 2 145b 

299-WlS-2 183-208 8 2 145b 

299-Wl8-4 186-2 11 8 2 145b 

299-Wl8-5 186-2 11 8 8 145b 

299-WlS-24 205-213 4 4 145b 

299-Wl S-5 173-217 8 8 115c 

299-W15-6 L 160-190 6 2 115c 

299-W l 5-8 L 167-197 8 2 115c 

299-Wl5-9 L 164-189 8 2 115c 

299-Wl5-216 L _ 175- 185 bgs 4 2 86 

299-Wl5-2 l 8 L 180-195 bgs 4 2 104 

299-W15-219 L 167-182 bgs 4 2 124 

299-Wl5-220 L 155-170 bgs 4 2 149 

•Value estimated based on 300 ft3/min reference flow. 
bValue estimated based on average observed flow (145 ft3/min) and vacuum (97 in. HP) for 

216-Z-lA/18/ 12 wells open below caliche . 
cvalue estimated based on average observed flow (116 ft3/min) and vacuum (1 08 in . H20) for 216-Z-9 

wells open below caliche. 
toe = top of casing. 
bgs = below ground surface. 
L = lower. 
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Table 3-7 . Prioritization of Well Modification Activities . 

Well Well 
Perforation Perforation 

prioritization identification 
above caliche below caliche 
(ft below toe) (ft below toe) 

l 299-WlS-9 90-115 164-189 

2 299-WlS-8 90-115 167-197 

3 299-W15-6 75-100 160-190 

4 299-Wl5-86 110-140 

5 299-Wl5-95 73-98 bgs 

6 299-W18-7 175-190 

7 299-W18-12 180-190 

8 299-Wl8-166 99-129 

9 299-W18-169 96-126 

10 299-Wl8-165 97-127 

11 299-Wl8-163 54.5-79 .5 
92.5-119 .5 

12 299-W18-168 97-127 

13 299-Wl8-158 80-89 

14 299-W18-167 89-119 

15 299-Wl8-6 100-130 

16 299-W18-159 90-120 

17 299-W18-175 90-120 

18 299-W18-150 65-90 

19 299-W18-ll 100-130 

20 299-W18-10 100-130 

299-Wl8-l" 100-130 175-195 

299-Wl8-2" 100-130 183-200 

299-Wl8-4" 100-130 186-200 

299-W18-5" 186-195 

'Wells currently in use for 200-ZP- l groundwater pump-and-treat testing. 
toe = top of casing. 
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Table 3-8. Proposed New Vapor Extraction Wells. 

Well number Ease/West North/South 
Approximate depth 

and priority coordinates (m) coordinates (m) 
of screened interval 

(ft below toe) 

1 566711 135706 U 110-140 
L 170-200 

2 566795 135696 U 110-140 
L 170-200 

3 566806 135595 U 110-140 
L 170-200 

4 566852 135671 U 110-140 
L 170-200 

5 566688 135631 U 110-140 
L 170-200 

6 566703 135571 U 110-140 --
L 170-200 

7 566402 135418 U 110-140 
L 170-200 

8 566479 135456 U 110-140 
L 170-200 

9 566427 135385 U 110-140 
L 170-200 

10 566464 135381 U 110-140 
L 170-200 

11 566766 135527 U 110-140 
L 170-200 

12 566423 135339 U 110-140 
L 170-200 

13 566517 135332 U 110-140 
L 170-200 

14 566347 135424 U 110-140 
L 170-200 

15 566397 135299 U 110-140 
L 170-200 

toe = top of casing. 
U = upper, L = lower. 
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Figure 3-10 . Areas of Influence in Proposed New Vapor Extraction Wells with Open Intervals 
Above Caliche--Modified Configuration (Continuous Operation). 
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Figure 3-11. Areas of lnfiuence in Proposed New Vapor Extraction Wells with Open Imervals 
Below Caliche--Modified Configuration (Continuous Operation). 
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Table 3-9. Prioritization of New and Modified Extraction Wells . 

New well 
Total Modified 

Priority Extraction target zone prioritization 
no . new well 
screened prioritization 

no . 
intervals no . 

1 Between caliche and water table 1-11 , 12-13 13 1-3 , 6-7 
in core of known plume, 
emphasizing areas of highest 
contaminant concentrations first 

2 Above the caliche beneath 1-6, 11 7 1-3, 4-5 
216-Z-9 

3 Above the caliche in 7-10, 12-13 5 8-20 
216-Z-lA/216-Z-181/216-Z-12 
wellfields 

4 Above and below the caliche at 14, 15 4 NN 
perimeter of known plume 

BHI-00041 
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Total no . 
new 

perforated 
intervals 

5 

5 

14 

0 

•Modification of wells 299-W18-1 , 299-W18-2, 299-W18-4, and 299-W18-5 above and/or 
below the caliche would provide seven open intervals in the 216-Z-12 area. These wells are 
currently in use for 200-ZP-1 groundwater pump-and-treat testing. 

5. Some wells are to be perforated or screened in intervals both above and below the caliche 
layer. For these wells, it was assumed that both intervals would be perforated or screened at 
the same time. Therefore, wells, rather than specific intervals, have been prioritized . 

The modified wellfield configuration allows overlapping of the areas of influence. This overlapping 
is necessary co have more than one well access an area of the subsurface, providing a greater 
opportunity for complete remediation. Overlapping is achieved by extracting at different times from 
two open intervals that are in close proximity, allowing each area of influence to become fully 
developed. A different phenomenon known as shadowing occurs during simultaneous extraction from 
two open intervals in close proximity, resulting in a net canceling effect on the area between the open 
intervals. 

It should be recognized that the areas of influence are shown in two dimensions and the influence is 
assumed to extend from the caliche layer to the surface or from the groundwater to the caliche layer. 
In reality , the areas of influence may vary widely in shape and the vertical influence may be much 
less than assumed. Therefore, the overlapping shown in the figures may be quite different than will 
occur with actual site operations . It follows that the actual areas of influence may not cover the 
Z-Crib Area as idealized by the figures. 

The estimated areas of influence for continuous vapor extraction are given in Table 3-10 for existing , 
modified, and new proposed wellfield configurations. 
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Table 3-10. Existing Vapor Extraction Areas of Influence . 

Wellfield configuration/ 
Area of influence (ft2

) 

operation 
Above caliche Below caliche 

Existing Continuous 542,271 424,526 

Intermittent 117 ,485 73,851 

Modified Continuous 638,283 431 ,746 

Intermittent 169 ,794 74,836 

Proposed new Continuous 936,583 931,768 
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As seen in Table 3-10, implementing continuous YES operations would increase the existing area of 
coverage by 362 % or 420,000 ft2 above the caliche and by 475 % or 350,000 ft2 below the caliche. 
The modified wellfield configuration would increase the area of coverage by 18 % or 96,000 ft2 above 
the caliche and by 2 % or 7 .200 ft2 below the caliche for continuous operations. Similarly, the 
proposed well field including new wells increase the area of coverage by 4 7 % or 300,000 ft:! above 
and 116 % or 500,000 ft2 below the caliche, compared to the existing wellfield. [NOTE: The 
increase in area of coverage below the caliche layer after modification appears to be small because , 
pending results of characterization testing, the flow rates estimated for most of the existing and 
modified wells were the same (Table 3-4).] 

3.1.1.3 Recommendation. It is recommended that continuous vapor extraction operations be 
implemented at the 216-Z-9 wellfield to increase the effective area of influence of existing extraction 
intervals. (Continuous operations have already been implemented at the 216-Z-lA and 216-Z-18 
wellfields.) A modified wellfield configuration is also recommended to increase access to the known 
contaminant plume. Existing wells selected for perforation are prioritized in Table 3-5; proposed new 
vapor extraction wells are prioritized in Table 3-6 . 

It is recognized that several simplifying assumptions were used in assessing the coverage provided by 
the current wellfield and determining the locations for modified and new open intervals. It is further 
recognized that extensive resources may be required for installation of new wells . Therefore , it is 
recommended that these enhancements to the current wellfield configuration be implemented in phases 
as part of the iterative process which permits collection and analysis of data to identify optimal new 
open interval locations and extraction rates. 

Existing wells have been periodically evaluated and mechanically perforated to provide open intervals 
since inception of the vapor extraction pilot test in 1991. Use of this existing resource is a relatively 
cost-effective way to increase the coverage , and it is recommended that these modifications be made 
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during FY 1995. Most of the wells to be modified were selected to increase observed flow rates or to 
lengthen exis ting open intervals (Tables 3-3 and 3-4 and Appendix B). It is apparent from observed 
flow rates that the mechanical perforator may not always be an effective way to cut through the steel 
well casings. In addition, several wells have multiple casing strings that cannot be cut with a 
mechanical perforator . As an alternative, it is recommended that an explosion-based perforacor be 
used to modify these wells . 

Identification of new wells to complete the wellfield coverage is intended to provide an initial estimate 
of the need for additional intervals , based on current operations. The new wells are prioritized to 
provide guidance for a phased installation. However, it is also recommended that the extraction 
enhancement strategies described in Section 3.1.4 be considered for alternative ways to effectively 
increase the wellfield coverage . 

3.1.2 Passive Soil Vapor Extraction 

3.1.2.1 Problem. In areas where carbon tetrachloride concentrations are low, active vapor 
extraction may no longer be the most cost-effective extraction method for removing the contaminants 
from the unsaturated zone. Passive soil vapor extraction (PSVE) appears to be viable as an ;!;maction 
process that can complement active vapor extraction under certain conditions. 

3.1.2.2 Passive Soil Vapor Extraction. Passive soil vapor extraction is proposed as part of a 
dynamic we!lfield strategy that will optimize removal of carbon tetrachloride (Rohay 1994) .. --\ PSVE 
system utilizes the natural movement of air in the soil to carry VOCs from the unsaturated zone to the 
surface. Each well with an open area in the subsurface will naturally "breathe," i.e ., inhale ambient 
air from the surface and exhale soil gas. This passive breathing results from pressure differentials 
that occur between the soil pressure near the open interval of a well and atmospheric pressure . No 
energy input is required, thus the system is passive . 

The concept of using this natural air flow as the driving force for a remediation system has been 
tes ted on a small scale by the wellhead monitoring systems placed on wells within· the Z-Crib Area. 
Based on the data gathered from these stations, PSVE appears viable as a technology that can 
augment active vapor extraction (WHC 1994) . Demonstrations of PSVE are scheduled for September 
through December 1994. If these demonstrations are successful, multiple PSVE systems could be 
utilized on extraction wells that are located outside the area of influence of an active VES and that 
have carbon tetrachloride concentrations of 200 ppm, or less (WHC 1994). Table 3-11 lists some of 
the existing extraction wells that are good candidates for PSVE in approximate order of prioriry. In 
most cases these wells were selected based on the vapor concentrations measured during the baseline 
monitoring program (Fancher 1994). When additional characterization data become available . the 
well priorities should be reviewed . Additional extraction wells should be considered for PS VE as the 
extracted soil-gas concentrations drop and stay below 200 PPffiv of carbon tetrachloride. Some near­
surface soil flux surveys indicate that a soil vapor plume may extend to the north of the 
21 6-Z-9 Trench (Rohay et al. 1994). Wells in this area should also be characterized for possible use 
of PSVE systems. 
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Table 3-11. Proposed Passive Soil Vapor Extraction Wells. 

Well interval 
Expected carbon tetrachloride 

concentrations (ppm,) 

Below the ealiche 

299-W18-247L 100 

299-W18-11 200 

Above the ealiche 

299-W18-247U 50 

:?.99-W18-94 100 

299-W18-97 50 

ePT-2 50 

ePT-20 50 

ePT-10 200 
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The minimum components for a PSVE system are an appropriately sized GAe canister and piping or 
hoses to direct the soil gas from the well to the canister. Additional elements that may be included 
are a check valve, a blast gate valve, a flow enhancement device , and a high-efficiency particulate air 
(HEPA) filter. These elements are shown in Figure 3-12. 

The check valve is used to limit the flow of air into the well. Without such a valve, during the 
periods when the atmospheric pressure is greater than the soil pressure, air will flow back into the 
well. While this does not compromise the integrity of the system, the introduction of ambient air to 
the soil has the effect of pushing the contaminated vapor away from the well. This can result in 
lower concentrations of voes being drawn from the soil when the pressure reverses. Including a 
check valve in the PSVE system increases the concentration of voes extracted. 

The blast gate valve is used to seal off the well during installation and maintenance of the PSVE 
system. 

The enhancement device may be any device, mechanical or otherwise, that passively increases the 
vacuum on the well , thereby increasing the volume of air extracted. There are a number of possible 
devices available. Purely mechanical devices include a venruri cube, a turbine, and a tornado, all of 
which operate using wind power. Other devices include motorized fans or pumps that may be 
operated using batteries and solar panels. 

The HEP A filter is used to protect the PSVE system and the environment from particulate 
radionuclides that may be extracted from the well. It is not considered to be a necessary part of the 
PSVE system and should only be used if it is determined that there is a reasonable potential for the · 
presence of particulate radionuclides. 
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Figure 3-12. Passive Soil Vapor Extraction Sys tem Conceptual Design. 
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3.1.2.3 Recoinmendation. It is recommended that, pending successful field demonstration , PS VE 
systems be considered to extract contaminated soil gas from wells with relatively low concentrations 
of carbon tetrachloride. Existing wells selected for PSVE are approximately prioritized in 
Table 3-ll. 

3.1.3 Expanded Soil Vapor Extraction System Capacity 

3.1.3.1 Problem. The volume of contaminated subsurface within the Z-Crib Area that can be 
addressed simultaneously with the existing vapor extraction capacity is limited. In addition, some 
wells in contaminated areas are effectively inaccessible to the existing YES systems . 

3.1.3.2 Discussion. To achieve the areas of influence simultaneously for the existing wellfield 
(Figures 3-2 to 3-5) or the proposed modified wellfield (Figures 3-10 and 3-11), the following rates 
of soil vapor extraction would be required . (NOTE: Intermittent and continuous extraction flow 
rates are the same; the area of influence varies because the intermittent operation requires 
reestablishing the area of influence each time.) 

Flow rates Modified Wellfield Flow rates 
Existing Wellfield (ft3/rnin} (Existing and New Wells} {ft3.' rnin) 

216-Z-lA/18 Tile Field Above the caliche 3,700 Above the caliche 6.900 

Below the caliche 1.300 Below the caliche 2.900 

216-Z-12 Crib Above the caliche 800 Above the caliche 2.100 

Below the caliche 700 Below the caliche 1.600 

216-Z-9 Trench Above the caliche 2,300 Above the caliche 5.400 

Below the caliche 800 Below the caliche 3.000 

Total 9,600 21.900 

The total soil-gas extraction rate that would be required to achieve the areas of influence 
simultaneously is 9,600 ft3/min and 21,900 ft3/min for the existing and modified wellfield , 
respectively. This is far beyond the present extraction capacity of 3,000 ft3 /min; however , it is not 
intended that all the wells be used at once. The wells used at any one time for extraction should be 
carefully selected so that interference is minimized. This interference is sometimes referred to as 
''shadowing," which means that the net effect on a zone influenced by two wells at the same time can 
be nearly zero because the zones of influence in two different directions cancel each other. 

3.1.3.3 Recommendation. It is recommended that the extraction capacity be increased co expand the 
volume of unsaturated soils from which soil vapor can be extracted at any given time. This increased 
capacity could be in smaller YES units that allow more flexibility in placement over the wide areal 
extent of the Z-Crib Area. The extraction capacity per YES unit should be 300 to 500 ft3/min, which 
would allow the YES unit to be purchased "off-the-shelf" and would supply enough extraction 
capacity to effectively extract from one or two wells each. Incorporating several of these smaller 
units would greatly increase the flexibility and extraction capacity of the YES operations and would 
reduce the length of time until remediation is completed . 

In addition, use of PSVE systems on wells with low contaminant concentrations would make 
additional active YES capacity available (Section 3.1.2). Similarly, use of an intermittent pumping 
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strategy for wells with diffusion-race-limited concentrations would increase the number of wells that 
could be addressed by the active VESs (Section 3.1.4 .2) . 

3.1.4 Extraction Enhancement Strategies 

3.1.4.1 Problem. Availability of carbon tetrachloride that is primarily contained within low­
permeability layers is diffusion-limited . Enhancement of the active soil vapor extraction process may 
be required to maintain efficient remediation. Several strategies are described in the following 
sections. 

3.1.4.2 Pulsed Versus Continuous Pumping. When the VOC concentration in the soil gas has been 
reduced significantly from its initial concentration, the remedial process generally becomes diffusion­
race limited. According to Hutzler et al. (1991), several studies have indicated that intermittent 
venting (i.e. , periodic pumping or pulsed pumping) from individual wells is probably more efficient 
in terms of mass of VOC extracted per unit of energy expended. This is especially true when 
extracting from soils where mass transfer is limited by the rare at which chemicals diffuse our of 
immobile air and water . Optimal operation of a YES may involve using extraction wells for short 
time periods to allow for liquid and gas diffusion and to change airflow patterns in the subsurface 
region that is targeted. However, in work performed by Armstrong and Frind (1992), pulse-pumping 
appeared no more effective than continuous pumping. 

It has not yet been determined whether pulsed or continuous pumping will be the most cost-effective 
mechanism for removing VOC in the Z-Crib Area. Testing may be necessary to make a decision. 

3.1.4.3 Pnewnatic Fracturing. Hasbach (1993) reports on an emerging technology that may 
improve the effectiveness of soil vapor extraction in regions of low permeability through the use of 
pneumatic fracturing extraction (PFE). The PFE technology involves injecting high-pressure air into 
the ground at controlled pressure and flow rates to fracture and/or aerate the contaminated zones. 
For the particular site discussed, an increase of greater than 700 % VOC removal was achieved 
through the use of PFE technology . Prefracture airflow compared to postfracture results showed that 
airflow increased from 0.5 ft3/min to 75 ft3/min. 

In the Z-Crib Area, silty lenses and the caliche layer are regions of low permeability where remedial 
activities may benefit from PFE. 

3.1.4.4 Air Injection. Controlling airflow in the subsurface is essential to the success of a vapor 
extraction project. Performing air injection allows some control of the airflow pathways so chat 
certain subsurface regions can be targeted. Air injection also provides a mechanism for increasing the 
total flow within the subsurface to sweep away the contaminants more efficiently. 

Air injection involves injecting air into one or more open intervals while simultaneously extracting 
from one or more open intervals. Air injection is typically performed in one of three ways: (1 ) the 
air is forced into the open interval with a blower, (2) the air is allowed to flow in narurally without 
the aid of a blower , and (3) the air is heated and forced into the open interval where the higher 
temperarure can increase the volatilization of the VOC. 

Careful planning and execution are necessary for air injection to produce the desired results. If 
performed improperly , air injection can be detrimental to the goal of remediation of a sire. As 
pointed out by Rainwater et al. (1988), air injection has been used to induce airflow and enhance 
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evaporation of volatile liquids from porous media, but it is possible that the air pressure gradients 
could induce flow away from the extraction points. 

3 .1.4.5 Surface Seals. Seals such as plastic, asphalt, or clay may be placed over the soil surface to 
impede air flow . Surface seals such as these have been used in conjunction with vapor extraction 
operations to reduce the shon-circuiting of the airflow pathway from the surface to the open interval 
in the subsurface. This effectively enlarges the radius of influence of each open interval, improving 
the performance of the extraction system. 

In the Z-Crib Area, most of the extraction is performed from 60 to 200 ft below the surface. This 
may be too deep for surface seals to exhibit a noticeable effect. According to Pedersen and Curtis 
(1991) and Johnson et al. (1990), the effects of a surface seal are reduced when the open interval is 
greater than 25 ft below the surface. 

A different purpose may also be served by surface seals. The loss of carbon tetrachloride co the 
atmosphere from the surface of the Z-Crib Area (WHC 1993a) may become recognized as an 
exposure pathway of concern. Surface seals may be used to reduce this atmospheric loss, if 
necessary . 

3.1.4.6 Recommendation. It is recommended that further investigations into the applicability and 
predicted effectiveness of various vapor extraction enhancement strategies be conducted in anticipation 
of eventual reduced efficiency of active vapor extraction operations. 

3.2 RECOMMENDATIONS REGARDING SOIL VAPOR EXTRACTION 
NUMERICAL MODELING 

3.2.1 Problem 

The volume of soil gas that must be extracted to remove most of the carbon tetrachloride from the 
unsaturated zone in the Z-Crib Area needs to be estimated. The time required for remediation can 
then be determined based on the planned equipment capacity. 

3.2.2 Discussion 

Numerical modeling of the soil vapor extraction process was conducted to estimate the carbon 
tetrachloride removal rate and provide information regarding the volume of extracted soil gas and the 
time required for remediation. This information is intended to provide guidance for the remediation 
efforts. 

The numerical modeling was conducted using the HyperVemilate software package developed under a 
Federal Technology Transfer Act Cooperative Research and Development Agreement between the 
EPA and Shell Oil Company (EPA 1993). Hyperventilate is based on Johnson et al. (1990). 
Annotated data printouts from the Hyperventilate program are provided in Appendix C. The 
modeling uses specific chemical characteristics of carbon tetrachloride, which are provided in 
Appendix D . 
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The complexities of predicting vapor extraction process efficiency are apparent when consideration is 
given to the many ill-defined or unknown system variables that are inherent in subsurface systems . 
The influence of airflow on carbon tetrachloride extraction from Z-Crib Area soi ls is not easily 
estimated . This is due to the complex interactions that define the vapor phase panitioning of carbon 
tetrachloride on the Z-Crib Area soils. 

Modeling the effects of vapor extraction is also complicated by inconsistent soil inventory data . The 
inventory of carbon tetrachloride discharged to the Z-Crib Area based on historical records does not 
appear to match soil and soil-gas samples from this area (WHC 1993a). Records indicate that 
significantly more carbon tetrachloride was discharged than can be accounted for in the unsaturated 
zone based on available data. Possible explanations for this include erroneous records, greater 
evaporation and atmospheric dispersion than assumed, the presence of undetected nonaqueous-phase 
liquid carbon teuachloride in the saturated or unsaturated zone , and/or natural or biodegradation. 

Soil that is saturated with liquid carbon tetrachloride will have an associated equilibrium soil-gas 
concentration of 120,000 ppmv at 20 °C. As a rule-of-thumb, for soils saturated with an organic 
contaminant, standard soil vapor extraction will produce a gas stream containing one-tenth to one-half 
the expected concentration (EPA 1993). Therefore, vapor extraction concentrations greater than 
12,000 ppmv of carbon tetrachloride may indicate that the soil is saturated and a nonaqueous-phase 
liquid carbon tetrachloride phase is probably present near the extraction well. 

Soil that is not saturated with carbon tetrachloride will have soil-gas concentrations related to the 
quantity of contaminant dissolved in the soil moisture and adsorbed to the solid soil matrix . This 
function (isotherm) can be complex but usually can be fitted empirically to one of several standard 
forms including linear , freundlich, or langmiur. A linear isotherm was used to determine a vapor 
phase partitioning coefficient (Appendix E). 

This isotherm had the following form: 

where : 

Cs (µg/kg) = 0.73 Cv (ppmv) . 

Cs = solid phase concentration (mass of contaminant sorbed on soil particles plus mass 
dissolved in soil moisture per mass of soil) 

Cv = vapor phase equilibrium concentration. 

(1) 

The maximum soil-gas carbon tetrachloride concentrations found to date in the Z-Crib Area are 
30,000 ppmv at the 216-Z-9 wellfield and 1,700 ppmv at the 216-Z-lA/18 wellfield. Subsurface 
inventories were-calculated using these concentrations, the vapor phase partitioning coefficient , a 
contaminated interval 20 m thick, and a contaminated area of 60,000 m2 for the 216-Z-9 wellfield and 
240,000 m2 for the combined 216-Z-lA/18 and 216-Z-12 wellfields. These calculations predict 
carbon tetrachloride inventories of 50,000 kg beneath the 216-Z-9 wellfield surface and 10,000 kg 
beneath the combined 216-Z-lA/18 and 216-Z-12 wellfield surface. However, disposal records 
indicate that 130,000 to 450 ,000 kg of carbon tetrachloride were discharged to the 216-Z-9 Trench 
and 440,000 kg were discharged to the 216-Z-lA Tile Field and 216-Z-18 Crib . 
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The discrepancy between the estimated amount of carbon tetrachloride discharged and the predicted 
remaining carbon tetrachloride inventory could be accounted for most easily if nonaqueous-phase 
liquid carbon tetrachloride were present beneath each of the disposal sites. The soil-gas 
concentrations found co date indicate that nonaqueous-phase liquid carbon tetrachloride is probably 
present in the unsaturated zone of the 216-Z-9 wellfield and is being remediated by vapor extraction 
qperations. If a nonaqueous-phase liquid is present within the 216-Z-lA/18 wellfield, it is likely 
located in a low-permeability lens such as the Hanford lower fine and Plio-Pleistocene units . This has 
implications for vapor extraction operations because very high recovery rates can be expected from 
the 216-Z-9 wellfield until the nonaqueous-phase liquid is removed . The extracted soil-gas 
concentracions will then decrease as the adsorbed carbon tetrachloride is removed . If nonaqueous­
phase liquid is located in a low-permeability lens in the combined 216-Z-lA/18 and 216-Z-12 
wellfields , the extracted soil-gas concentrations can be expected to stay nearly constant for an 
extended time period. 

Extraction of soil gas from a region containing a low-permeability lens adds a diffusional constraint to 
the mass transfer. Soil gas in the subsurface will flow across the surface of, rather than through, a 
low-permeability lens such as the caliche layer . During extraction, carbon tetrachloride vapors in the 
lens must first diffuse through the low penneability lens to the flowing soil gas. As extraction 
proceeds, the carbon tetrachloride is removed from deeper into the low-permeability lens , increasing 
the diffusional distance and thus decreasing the extraction rate. A dramatic decrease in extraction rate 
can be expected for operation when the majority of the carbon tetrachloride is present in a low­
penneabilicy lens (Figure 3-13). For example, from the time that extraction from the low­
;Jermeability lens begins , the extraction rate drops to 10 % within 100 days and levels off at 5 % within 
: year . The expected vapor extraction rate at the 216-Z-lA/ 18 wellfield is near the flat portion of the 
cu rve . 

Specific cleanup standards have not been established that detennine when remediation is completed. 
:-Iowever, for the purpose of modeling, the use of active vapor extraction operations is assumed to be 
necessary only until residual carbon tetrachloride has been reduced to the level at which PSVE 
,1perations are cost effective. As concluded in a separate study, PSVE becomes cost effective when 
the equilibrium concentration of carbon tetrachloride in the subsurface is reduced to less than 
.::oo ppm, (WHC 1994). The present equilibrium concentration in the 216-Z-lA/18 wellfield is in the 
cange of several hundred to 1,000 PPffiv carbon tetrachloride. 

Numerical modeling was used to provide an indication of the total volume of soil gas that must be 
~xtracted from the combined 216-Z-lA/18 and 216-Z-12 wellfield and the 216-Z-9 wellfield for 
remediation of the carbon tetrachloride contamination. This modeling· was based on the following 
assumptions. 

• The residual inventory of carbon tetrachloride is 225,000 kg in both the 216-Z-9 wellfield and 
the combined 21 6-Z-lA/18 and 216-Z-12 wellfield . 

• The extraction race will be 1,500 stdft3/min for 6,000 h/year at each of the two sites (this 
represents a 68 % total operating efficiency; the present 5-day/week, 8-h/day operation at 
2 16-Z-9 provides about 24% operating efficiency). 
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• Extracted soil gas will average 600 ppm,, carbon tetrachloride from the combined 
216-Z-lA/18 and 216-Z-12 we!lfield and 30 ,000 ppmv carbon tetrachloride from the 216-Z-9 
wellfield . 

Using these assumptions, 1.9 x 109 stdft3 of soil gas must be extracted from the combined 
216-Z-lA/18 and 216-Z-12 wellfield over 3.5 years co remove 225,000 kg of carbon tetrachloride . 
(At a 24 % operating efficiency, as opposed to the assumed 68 % , the time required for vapor 
extraction operations to achieve the same level of carbon tetrachloride recovery extends to 10 years .) 

Similarly, 4 .0 x 107 stdft3 of soil gas must be extracted from the 216-Z-9 wellfield over 1 month to 
remove 225 ,000 kg, assuming the extracted carbon tetrachloride concentration remains near 
30,000 ppmv. 

Modeling was performed to predict flow rates from individual extraction wells. The parameters used 
for this modeling were an air permeability for the soils ranging from 2 to 15 darcy (DOE-RL 1991), 
a well diameter of 4 in., a radius of influence of 100 ft. and a screened interval of 15 ft. Flow rates 
predicted for well vacuums ranging from 5 to 120 in. H~O are listed in Table 3-12. 

Flow rates predicted for open intervals ranging from 10 co 20 ft long for a 4-in.-diameter well under 
a vacuum of 120 in. H20 are listed in Table 3-13. The flow rates given a vacuum or-120 in. H10, an 
open interval 15 ft long, and well diameters ranging from 4 to 8 in. diameter are listed in Table 3-14. 
These flow rates were used in the preceding sections co address the wellfield areas of influence . 

3.2.3 Recommendations 

Based on the time required to remediate the 216-Z-lA/ 18 and 216-Z-12 wellfields, it is recommended 
that additional vapor extraction capacity be considered for the 216-Z-lA/18 and 216-Z-12 wellfield in 
addition to the currently planned 1,500-stdft' /min capacity in this area. As identified in 
Section 3 .1 . 3 , the airflow rate required to impact the entire existing wellfield is 3,100 stdft' /min at 
the 216-Z-9 wellfield and 6,500 stdft3/min at the combined 216-Z-lA/18 and 216-Z-12 wellfield. 
Because of the larger contaminated area of the 216-Z-lA/18 and 216-Z-12 wellfield, additional 
extraction capacity may be needed to create a wider area of influence using the existing wellfield. In 
addition, it is recommended that the 500-ft3 /min system be used for extraction of wells in the 
216-Z-12 wellfield where carbon tetrachloride soil-gas concentrations are higher than at 216-Z-18 
(Fancher 1994). 

It is also recommended that further laboratory-scale testing be performed to define the carbon 
tetrachloride sorption equilibria over a range of concentrations and Z-Crib Area soil types; determine 
the impacts of soil moisture/humidity on sorption capacity; and determine extraction efficiency as a 
function of soil type , airflow, and carbon tetrachloride concentration. This information would greatly 
aid the numerical modeling of the soil vapor extraction process . The modeling is important for 
determining optimum locations and depths for new wells, expected extraction rates, and duration of 
operations . This information will facilitate the most effective use of the available equipment. 

It is important that the areas influenced by the extraction operations encompass all of the subsurface 
zones containing carbon tetrachloride contamination. According to Johnson et al. (1990), the area of 
influence is theoretically a right circular cylinder with the extraction well as the central axis. The 
magnitude of this intluence is affected by many factors including soil porosity, permeability in 
relation to a source of unobstructed flow (such as the surface), rota! vacuum created by the extraction 
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Table 3-12. Predicted Flow Rates for Various Well Vacuums. 

Well vacuum in. H20 
Flow rate in a single well (stdft3/min) 

2 darcy 15 darcy 

5 1.3 9.7 

10 2.6 19 .3 

20 5.1 38 .0 

40 9.9 74.1 

60 14.4 108 .3 

100 22 .8 171.0 

120 26.6 199.4 

Table 3-13. Predicted Flow Rates for Various Well Open Interval Lengths in 
a 4-in.-Diameter Well (Vacuum at 120 in. Hp). 

Open interval length (ft) 
Flow rate from a single well (stdft3/min) 

2 darcy permeability 15 darcy permeability 

10 17.7 132 .9 

15 26.6 199.4 

20 35 .4 265.8 

Table 3-14. Predicted Flow Rates for Various Well Diameters with a 
15-ft-Long Open Interval (Vacuum at 120 in. H20). 

Well diameter (in.) 
Flow rate from a single well (stdft3/min) 

2 darcy permeability 15 darcy permeability 

4 26 .6 199 .4 

6 28 .4 212 .9 

8 29 .8 223 .6 
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process, and duration of continuously applied vacuum. The area of influence is critical because it 
determines the area from which carbon tetrachloride vapor will be drawn to the well. As the 
extraction process continues, soil gas is affected farther and farther away from the well until an 
equil ibrium is reached . As an example, the 80-hour soil vapor extraction pilot tes t performed in the 
216-Z-lA wellfield demonstrated an area of influence of about 100 ft radially from well 299-W 18-17 1 
at 120 in. H20 vacuum and a flow of about 300 ft' /min (DOE-RL 1991). 

An understanding of the effective areas of influence created by multiple operating extraction intervals 
is essential for understanding the effective remediation zone in the subsurface. Assuming a right 
circular cylinder for the shape of the area of influence is acceptable until specific field information is 
obtained that better describes the shape of the influence. It is critical that better data for definition of 
the areas of influence be obtained because this information will be used to select locations for new 
extraction wells . 

Additional numerical modeling is recommended to simulate the wellfield airflow dynamics and vapor 
transport, rather than the individual well areas of influence and flow rates. The ability to simulate the 
wellfield responses under different airflow rates and pumping scenarios would be extremely 
advantageous for optimizing extraction capacity and extraction well placement. Two new numerical 
modeling codes that appear to include these capabilities are AIR3 D, which predicts airflow paths and 
rates in a three-dimensional unsaturated zone, and V APOR3D, which uses the flow predictions and 
multispecies chemical data to predict chemical transport (Joss 1993a, 1993b) . These codes are 
anticipated to be released very soon in the public domain by the U.S. Geologicar Survey. 

3 .3 RECOMMENDATIONS REGARDING WELLFIELD TESTING 

Well field testing will provide site-specific data on the characteristics of the Z-Crib Area subsurface. 
In particular, the characteristics regarding airflow need to be addressed. Understanding and 
controlling the airflow in the subsurface are essential to the success of the soil vapor extraction 
operations . The tests described in the following sections are recommended. 

3.3.1 Characterization Testing and Characterization Sampling 

3.3.1.1 Problem. Information regarding changes in extraction well flow characteristics and changes 
in VOC concentrations needs to be obtained on a routine basis to aid in understanding the dynamics 
of the wellfield and to provide information for developing operational enhancement strategies. 
Currently, this information is not being obtained on a routine basis. 

3 .3. 1.2 Discussion. Characterization testing and characterization sampling are short-term tests that 
provide a snapshot of the conditions in the subsurface. This information is critical for understanding 
the operational parameters and directing changes in extraction strategy . 

Characterization tests use the YES equipment to extract soil gas from a single open interval while 
measurements are made of the flow rate, vacuum, and carbon tetrachloride concentration. This is 
repeated for each open interval that can be reasonably connected to the equipment . Characterization 
sampling is performed in the same manner, except that the extracted soil gas is analyzed for the full 
spectrum of constituents. This is important for identification and quantification of unknown 
compounds , particularly those that may have adverse effects on health or equipment. For example , 
testing following the GAC overheating incident at 216-Z-9 in June 1993 indicated that heat of 
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(WHC 1993b). As a result, it was recommended that the soil gas be more fully characterized for 
other compounds that could contribute to overheating. 

Both characterization testing and characterization sampling may be performed without significantly 
impacting full-scale YES operations by using equipment that measures the flow and vacuum from 
each discrete open interval and extracts a sample of soil gas for analysis. This may require the use of 
portable instruments at or near the wellhead befor~ the flows from discrete open intervals are 
combined . 

The results of the characterization testing and sampling will be used to provide insight into the 
changes in location and concentration of the carbon tetrachloride vapor plumes . The results of 
previous characterization testing in the 216-Z-lA wellfield, 216-Z-18 wellfield, and 216-Z-9 wellfield 
are presented in Tables 3-15, 3-16, and 3-17, respectively . 

Data from these tables have been used to develop the graphical representations of carbon tetrachloride 
concentrations over time in extracted soil gas. Concentration is believed to be more appropriate than 
contaminant flux as an indicator of subsurface characteristics. Flux is a dependent variable (a 
function of concentration and flow rate) . Characterization of these areas with respect to flux will 
likely reflect variations in pumping parameters, and will provide little insight into subsurface 
contaminant profiles . 

Analysis of 216-Z-lA Tile Field Data: Characterization data from wells 299-Wl8-150L, 
299-Wl8-158L, 299-W18-168, and 299-W18-171 which have open intervals above the caliche are 
shown in Figure 3-14. The first three of these wells showed an increase in carbon tetrachloride 
concentrations after the extended YES shutdown (June 3 - November 15, 1993). Operation of the 
YES since November 1993 has resulted in a trend to decreasing concentrations that now are at levels 
near or below those seen in June 1993 . This indicates that prior to the shutdown, extracted soil 
vapors were not at equilibrium and that pulsed YES operation, where extraction wells are used 
alternatingly, should be investigated to optimize extraction at this wellfield. It is recommended that 
the extraction wells be alternated weekly or biweekly. 

Characterization data from wells open below the Plio-Pleistocene caliche layer indicate that carbon 
tetrachloride concentrations in the extracted soil gas have been increasing in May and June 1994 
(Figure 3-15). This suggests that extraction from the lower interval is pulling in the plume and 
removing carbon tetrachloride from the zone closer to the water table . 

Analysis of 216-Z-9 Trench Data: The carbon tetrachloride profile for four wells within the 
216-Z-9 Trench area are shown in Figure 3-16. Full-scale extraction operations had not begun at the 
216-Z-9 wellfield prior to the beginning of the extended YES shutdown in June 1993. A general 
trend of decreasing concentrations is apparent for the four wells since restart of YES operations in 
February 1994. Based on these data, trends with respect to individual wells can be analyzed. For 
example, 12 discrete samples were collected at well 299-W15-217. Of these, three sets of data were 
collected on consecutive days (Table 3-17) . Concentration of these consecutive samples does not 
significantly decrease. This may indicate that the contaminant source is greater than the gas volume 
pumped throughout the extraction duration. It is unlikely that equilibration of soil gas could occur 
within a 24-hour period. This basic trend can be seen for wells 299-Wl5-82 and 299-Wl5-84. 
Consecutive measurements were not collected at well 299-W15-95. 
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Table 3-15. 216-Z-lA Tile Field, September 1992 Through June 1994. (sheet l of 2) 

Well and 
Vacuum 

Flow 
Carbon Carbon 

CHCl3 CH2Cl2 MEK Dace (in. tetrach loride tetrachloride 
interval 

H20 ) 
(stdftl /min) 

(ppm.,) flux (lb/h) 
(ppm.,) (ppm.,) (ppm.,) 

5/2/94 299-W18-6 89 370 304 2.89 0 4 0 
6/20/94 299-Wl8-6 86 387 525 5.22 0 7 0 

5/6/94 299-Wl8-7 96 217 209 1.16 0 3 0 
6/21 /94 299-Wl8-7 85 222 388 2.21 0 6 0 

6/2/93 299-W18-87 130 120 75 0.23 
l l / 16/93 299-W18-87 127 78 55 0 .11 0.1 0.33 0 

7 /26/94 299-Wl8-89 97 367 496 4.68 0 6 0 

6/1 /93 299-W18-150L 132 84 219 0.47 
11/15/93 299-W18-150L 129 50 243 0.31 0.14 2.7 1.1 
11/15/93 299-W18-150L• 129 50 0.6 6.67 
4/15/94 299-Wl8-150L 127 53 150 0.20 0.367 0.167 
6/1 /93 299-W18-150M 132 28 157 0.11 
4/18/94 299-W18-150M 116 17 180 0.08 0 0.9 
6/1 /93 299-W18-150U 131 32 35 0.03 
4/18/94 299-Wl8- 150U 121 20 181 0.09 0 1.3 

9/22/92 299-Wl8-158Lb 91 45 500 0 .58 
6/1 /93 299-Wl8-158L 131 40 144 0.15 
11/ 15/93 299-Wl8-158L 124 26 394 0.26 3 .8 3.6 0 .8 
4/18/94 299-Wl8-158L 120 50 192 0 .25 0.87 0.53 
6/1/93 299-Wl8-158M 131 40 91 0 .09 
4/18 /94 299-W18-158M 125 27 106 0.07 0.56 0.82 
6/1/93 299-W18-158Uc 31 64 2 0.00 
4/18/94 299-W18-158U 124 78 38 0.08 0.4 0.48 

9/22/92 299-Wl8-I59b 100 57 580 0.85 
6/1/93 299-Wl8-159 132 72 307 0.57 
4/l5/94 299-Wl8-159 127 38 243 0.24 0.743 0.359 
6/20/94 299-W18-159 97 39 238 0.24 

9/22/92 299-Wl8-163e 80 26 140 0.09 
6/1/93 299-W18-163L 124 8 5 0.00 
11/15/93 299-Wl8-163L 128 , 0 

4/18/94 299-W18-163L 120 0 
6/2/93 299-W18-163M 130 10 2 0.00 
4/18/94 299-Wl8-163M 117 0 
6/2/93 299-W18-163U 141 11 2 0.00 
4/18/94 299-W18-163U 119 0 

4/20/94 299-W18-165 122 4 140 0.01 

6/1 /93 299-Wl8-166 130 16 82 0.03 
11/16/93 299-Wl8-166 128 3 70 0.01 0.34 0.65 0 
4/18/94 299-W1 8-166 120 4 148 0.02 0.74 0.82 

4/20/94 299-Wl8-167 120 58 180 0.27 
6/21/94 299-Wl8-167 87 20 191 0.10 0 3 0 

l0/6/92 299-Wl8-168b 100 10 670 0.17 
6/1/93 299-W 18-168 139 27 212 0. 15 

· l 1/16/93 299-W18-168 129 l3 371 0.12 3.6 5 0 .3 

11/16/93 299-Wl 8-168• 129 l3 1.48 

4/18/94 299-W18-!68 120 14 108 0.04 0 0 .62 

6/20/94 299-W18- l68 89 7 
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Table 3-15 . 216-Z-lA Tile Field , September 1992 Through June 1994. (sheet 2 of 2) 

Well and 
Vacuum 

Dace 
interval 

6/2 1/94 299-W18-169 

6/2/93 299-W18-171 
11/16/93 299-W18-171 
4/15/94 299-Wl8-17 1 
6/20/94 299-Wl8-171 

4/21 /94 299-W18-174 
6/20/94 299-Wl8-l 74 

9/22/92 299-Wl8-175b 
6/1 /93 299-Wl8-175 
4/15/94 299-Wl8-175 
6/20/94 299-Wl8-175 

4/20/94 299-Wl 8-246L 
4/20/94 299-W18-246L 
6/21/94 299-Wl8-246L 

4/19/94 299-Wl 8-246U 
6/21/94 299-Wl8-246U 

4/21 /94 299-Wl8-248 
6/21 /94 299-Wl 8-248 

"Gas chromatograph analysis. 
bOdyssey ana lysis . 
cLeaking. 

CHCl3 = Chloroform. 
CH2Cl2 = Methylene chloride . 
MEK = Methylethyl ketone . 
U = Upper. 
M = Middle . 
L = Lower. 

(in . 
H2O) 

90 

130 
108 
123 
88 

120 
94 

90 
132 
124 
88 

121 
71 
87 

117 
90 

120 
91 

Flow 
(stdft3 /min) 

0 

296 
249 
325 
284 

124 
112 

60 
68 
33 
40 

59 
43 
52 

192 
156 

30 
27 

Carbon Carbon 
CHCl3 tetrachloride tetrachloride 

CH2Cl2 MEK 
(ppm,,) (ppm,,) (ppm.) 

(ppm,,) flux (lb/h) 

329 2.50 
52 0.33 0 0.8 0 
50 0.42 0 0.128 
8 0.06 0 I 0 

199 0 .63 0 4 0 
227 0 .65 l 4 0 

605 0.93 
490 0.86 
576 0.49 0 1.6 
494 0.51 0 12 l 

162 0.25 0 .673 0 .817 0.06 
169 0 .19 0.283 0 .2 0 
236 0 .32 0 2 0 

271 1.34 0 .189 0 .437 
125 0 .50 0 3 0 

142 0.11 0 l 0 
301 0 .21 I 4 l 
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Table 3-16 . 216-Z-18 Crib, June 1993 Through June 1994. 

Well and 
Vacuum 

Dare 
interval 

6/2/93 299-Wl 8-10 
11/16/93 299-Wl8-10 
4/ 15/94 299-Wl 8- I0 
7 /26/94 299-W l8-10 

7 / 14/94 299-Wl8-l l 

7 /14 /94 299-Wl8-93 

7 /25 /94 299-W18-94 

7/13/94 299-W18-96 

6/2/93 299-W18-97 
11/16/93 299-W18-97 
4/15 /94 299-Wl8-97 
7 /26/94 299-Wl8-97 

7 /12/94 2':J9-Wl8-98 
7/12/94 299-W18-98 

6/30/94 299-Wl8-99 

7/ 11/94 299-W18-249 

3/7/94 :'. 99-Wl 8-252L 

l /5/94 299-Wl8-252U 
1/6/94 299-Wl8-252U 
1/20/94 299-Wl 8-252U 
3/10/94 299-Wl8-252U 
3/10/94 .299-Wl8-252U 
3/10/94 299-Wl8-252U 
3/10/94 299-W18-252U 
3/10/94 299-Wl 8-252U 
5/16/94 299-Wl8-252U 
5/17/94 299-Wl8-252U 
5/18/94 299-Wl8-252U 
5/19/94 299-Wl8-252U 

CHCl3 = Chloroform. 
CH,Cl1 = Methylene chloride . 
MEK = Methylethyl ketone . 
U = Upper. 
L = Lower . 

(in . 
H20) 

130 
130 
124 
100 

101 

100 

102 

100 

134 
128 
129 
102 

126 
101 

99 

85 

122 

92 
127 
127 
57 
74 
95 
114 
131 
97 
96 
96 
95 

Flow 
(stdftl /min) 

80 
46 
49 
80 

33 

170 

272 

256 

312 

258 
297 

328 
265 

226 

476 

96 

148 
236 
235 
186 
206 
233 
257 
269 
235 
239 
232 
236 

Carbon Carbon 
CHCl3 tetrachloride terrachloride 

(ppm,) flux (lbih) 
(ppm,) 

221 0.45 
342 0.40 4.7 
267 0.34 0.035 
149 0.31 1.26 

54 0.05 0 

26 0.11 0 

22 0.15 0 

103 0 .68 0 .7 

23 0.18 
95 0 
48 0.32 0.453 
12 0 .09 0 

38 0.32 1.51 
39 0.27 0 

106 0.62 0.32 

108 1.32 0.041 

618 1.52 4.3 

97 0.37 0.568 
527 3 .1 9 3.59 
500 3 .02 

547 3.61 

368 2.22 0 
440 2.70 0 
395 2 .35 0 
404 2.45 0 
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CH,Cl, 
(ppm,) 

6 

0.95 

1.02 

1.76 

1.32 

0 

1.89 

1.72 
3.84 

1.64 

1. 67 

6.03 

1.22 
5.75 

0 
4 
4 
4 
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MEK 
(ppm.,) 

0.8 
0.206 
0.76 

1.82 

0.98 

0.84 

0 .3 

0 
0 .1 49 
0.68 

0. 11 
0 .54 

0.31 

0.46 

0.176 

0.236 
0 .085 

0 
0 
0 
0 



Table 3-17 . 216-Z-9 Trench, April 1993 Through June 1994. (sheet 1 of 2) 

Carbon Carbon 
Well and Vacuum Flow tetra- tetra- CHC!, CH,CI, MEK 

I . I. I-
Date TCA 

imerval (in . H,O) (stdft'/min) chloride chloride (ppm.,) (ppm.,) (ppm., ) 
(ppm.,) flux (lb/h) 

(ppm.,) 

3131 193 299-Wl5-82'·0 128 23 11.848 7.00 
4/1 /93 299-W15-82a.c 55 8,208 11.60 
4/12/93 299-Wl 5-82J,C 6,101 
4128/93 299-Wl5-82 26 70 26,000 46.75 
613193 299-Wl5-82 69 254 28,500 185 .94 
2/23194 299-W15-82 13 51 23,000 30.13 113 114 3.9 
2/23194 299-Wl5-82b 13 51 16.1 24.6 3 .2 
2/24/94 299-W15-82 13 48 25,300 31.19 106 139 4.1 
2/24194 299-Wl5-82b 13 48 25 25 1.2 
5/ 10194 299-W15-82 20 20,300 102 115 2.4 
511 1/94 299-Wl5-82 21 19,800 99 .2 118 2 .75 
6/1 /94 299-W15-82 46 11 ,700 69 .8 74 .7 2 

-6110/94 299-Wl5-82 100 8,040 68 .3 61.6 2 
916194 299-W15-82 116 288 5,240 38 .76 56 .3 28 .8 1.3 

412/93 299-Wl5-84a 128 0 
4/29193 299-Wl5-84 20 75 8,475 16.33 
3/1 /94 299-Wl5-84 65 323 8,230 68.28 51.7 58. 8 1.64 
3/1/94 299-Wl5-84b 65 323 32 .8 6 6.9 
3/1 194 299-Wl5-84 40 97 7,1 00 17.69 43 .6 51.5 1.42 
311/94 299-Wl5-84b 40 97 46 .7 5 .3 2.8 
312/94 299-Wl5-84 40 206 9 ,910 52.44 57 .4 69 .2 2.2 
312194 299-Wl5-84b 40 206 64.8 6. 8 3.9 
5110/94 299-Wl5-84 20 17 ,200 83.3 100 2 
5111/94 299-Wl5-84 21 16 ,300 79 .3 100 3 
611/94 299-W15-84 46 5,010 31 .7 37.8 1.86 

6/10194 299-Wl5-84 100 4.470 37.5 38.7 2 
9/6194 299-Wl5-84 IO I 440 444 5.02 7 .4 6. 9 0.5 

4/2/93 299-W15-85a 130 0 
4/5193 299-Wl5-85a 123 0 
4/30193 299-Wl5-85 17 75 16,700 32.17 
313194 299-Wl5-85 92 230 10,400 61.44 60.3 55 .3 1.26 

3/3194 299-Wl5-85b 92 230 16.1 5.5 2.3 

3/3194 299-Wl5-85 62 96 12,600 31.07 59 .1 76.6 2 .2 

3/3/94 299-W15-85b 62 96 12.9 6.4 2 .7 

916/94 299-W15-85 115 216 256 1.42 4.8 1 0 .3 

4/5 /93 299-W15-95a 123 0 
4/13 /93 299-Wl5-95a.c 20 14,320 7 .36 

4/14/93 299-Wl5-95a.c 20 6,240 3.21 
4/28/93 299-W15-95 118 34 10,700 9.34 

3/8/94 - 299-W15-95 105 21 11,900 6.42 60 .9 67 .3 1.6 

3/8/94 299-Wl5-95b 105 21 12 .6 4. 6 1.6 

5/ 18/94 299-W15-95 103 74 8,740 16.61 44 .9 49.6 0 

6/ 1/94 299-W15-95 46 4,530 2 1.9 30 .3 0.6 

6/ 10/94 299-Wl5-95 100 2,110 14.1 18.4 1.3 

9/6/94 299-W15-95 99 63 444 0.72 6.4 5.3 0.4 

3/ 17/94 299-W15-216L 106 86 878 1.94 3 .9 6.9 0 .68 

3/17 /94 299-W15-216Lb 106 86 0.2 0 .1 < 0.1 

3/ 18/94 299-Wl5 -216U 107 196 1.410 7. 10 9. 16 8.8 1 0 

3/18/94 299-W15-216Ub 107 196 4.4 0.2 0. 1 

5/4193 299-W15-2 17 62 75 18,200 35 .06 

5/5193 299-W15-2 17 130 157 23 .800 95 .98 

5110193 299-Wl5-2 I 7 119 186 23,000 109.89 

5/11/93 299-Wl5-2 17 95 178 25 ,500 116.59 
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PC E Other 
(ppm.) (ppm.,) 

6.3 1,5• 

5 .9 5.6' 

1.8 

3.1 

4.9 

2.4 

2 .8 

2.5 

0. 1 

0. 5 



Table 3-17. 216-Z-9 Trench, April 1993 Through June 1994. (sheet 2 of 2) 

Date 
WeU and Vacuum 
interval (in. H,O) 

3/4/94 299-W15-217 
3/4/94 299-W\5-21 7b 
3/4/94 299-W15-21 7 
3/4/94 299-W!5-2 I 7b 
3/4/94 299-W15-217 
3/4/94 299-W!5-21 7b 
3/4/94 299-W15-217 
3/4/94 299-W15-217b 
5/ 10/94 299-W15-217 
5/ 11/94 299-W!S-217 
6/ 1/94 299-WIS-2 17 
6/ 10/94 299-WIS-2 I 7 
9/6/94 299-W1 5-2 17 

3/24/94 299-W15-218L 
3/24/94 299-WI5-218Lb 
9/7/94 299-WI5 -218L 
3/25/94 299-WI 5-218U 
3/25/94 299-W IS-2 18Ub 
9/7/94 299-W \5 -218U 

J /2 1/94 299-WI 5-21 9L 
3/2 1/94 299-Wl5-219Lb 
9/7/94 299-W I5 -219L 
3/22/94 299-W I5-219U 
302/94 299-W15-2 19Ub 
9/7/94 299-Wl5-219U 

3/23/94 299-W!5 -220L 
3/23/94 299-W!5 -220Lb 
3/23/94 299-W15 -220U 
3/23/94 299-WI 5-220Ub 

3/ 16/94 299-W! 5-223 
3/ 16/94 299-WI5-223b 

6/3/93 CPT-8 

5/27 /93 CPT-12 

•Before perforating well casing. 
bGas chromatograph analysis. 
cOdyssey analysis. 
dBenzene. 

28 
28 
41 
41 
61 
61 
73 
73 
20 
21 
46 
100 
114 

99 
99 
110 
99 
99 
117 

112 
112 
111 
109 
109 
113 

104 
104 
93 
93 

91 
91 

96 

IOI 

eMethyl isoburyl kerone (MIBK). 

CHCI, = Chloro fo rm. 
CH,Cl, = Methylene chloride. 
MEK = Methyl ethyl ketone . 
1.1.1-TCA = I , 1.1-Trichloroethane. 
PCE = Tecrachloroethylene. 

Clrbon Carbon 
Flow terra- terra-

(stdft'/min) chloride chloride 
(ppm.,) flux (lb/h) 

40 15,500 15 .93 
40 
75 16,JOO 31.40 
75 
95 20 ,300 49 ,54 
95 
100 21,400 54.97 
100 

7,070 
7,000 
10 ,600 
6,800 

158 1,420 5.76 

153 808 3.18 
153 
104 595 1.59 
98 14,800 37 .26 
98 
129 424 1.40 

133 2,360 8.06 
133 
124 450 1.43 
153 9,710 38 .16 
153 
124 490 1.56 

149 589 2.25 
149 
158 2,740 11.12 
158 

209 1,500 8.05 
209 

12 54 0.00 

64 74 0.00 

3-45 

CHCI, CH,Cl, MEK 
1, 1,1-

(ppm.,) (ppm.,) (ppm.,) TCA 
(ppm.,) 

76 88.9 2.85 
15 .1 3.5 6.4 
74.4 96 .7 3.88 
24 .7 3.7 6 
93 .2 112 3.94 
18 .5 3 8.3 
104 122 3.74 
17 .3 2.9 7.7 
44.5 47 .1 1.9 
42 .9 48 .4 1.8 
60 .3 67 . 1 2.1 3 
59 .1 53 .5 1.7 
20 .6 11 0.8 

4.91 7.41 0.303 
1.2 <0.1 < 0 .1 
8.8 8.8 0. 5 
65.2 82.7 0 

12 0.7 0.7 
7.6 4,2 0.1 

13 .3 20 . 1 0.256 
3.2 0.1 
6.4 8 0.3 
42 .2 59 .1 0 
6.8 0.2 0.2 
8.4 7 0.3 

3 3.76 0.32 
0.3 < 0. 1 <0.1 
13 .3 19.6 0 

1 <0. 1 <0 .1 

8.4 11.3 0.08 
2.1 0 .1 < 0.1 
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PCE Other 
(ppm.,) ippm,) 

5 .9 

6 

5.5 

5 .9 

0 .2 0.2' 

4. 1 2.4' 

0.3 0. 6' 

1.5 2.1' 

0. 1 0 . 1' 

0 .2 I' 

0 .1 
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Analysis of 216-Z-18 Crib Data: Only wells 299-W18-252U , 299-W18-97 , and 299-W 18-10 have 
suffic ient data to trend. In general , well 299-W18-252U carbon tetrachloride concentrations have 
averaged app roximately 500 ppm, (Figure 3-17). Well 299-W18-97, however , appears co show a 
trend to decreas ing carbon tetrachloride concentrations. Well 299-W18-10 concentrations increased 
after the extended YES shutdown (June 3, 1993 - November 15 , 1993), and now show a trend co 
decreasing contamination (Figure 3-18) . 

A vapor extraction test was performed on the upper interval of well 299-Wl8-252 on January 20 , 
1994 (Appendix F). A vacuum of 127 in . H2O was applied by the YES , resulting in a vacuum of 
70 in . H20 at the wellhead and a flow of 230 to 240 stdft' /min. Pressures were measured at the 
subsurface monitoring points installed at the CPT-4 array north of well 299-W18-252 (Appendix F). 
A profile view of the well and subsurface monitoring points and the vacuums measured during the test 
are also included in Appendix F .. These vacuums have been corrected for the effects of barometric 
pressure . The barometric pressure and the subsurface differential pressure at 11 points were 
measured and recorded every 15 minutes. Based on the corrected subsurface vacuum readings , the 
radiu·s of influence is estimated to be 125 ft. 

During this test , differential pressures were also monitored at three stainless steel tubes strapped to 
the well casing during completion. One tube is open co the soil above the upper screened interval , 
which is above the Plio-Pleistocene caliche layer; one above the lower screened interval , below the 
Plio-Pleisrncene caliche layer; and one below the lower screened interval. During the extraction tests 
from the upper screened interval, no vacuum response was detected from the two tubes open below 
the caliche (Appendix F). 

3.3.1.3 Recommendation. It is recommended that characterization testing and characterization 
sampling be performed whenever soil gas is first extracted from a well. Characterization tests should 
then be performed approximately every 2 weeks for the duration of the soil vapor extraction 
operations . Characterization sampling should be performed at least monthly for the duration of the 
so il vapor extraction operations. The performance of these tests is directed by Design, Operation, 
and Moniroring of the -Vapor Extraction System at the 216-Z-JA Tile Field (Driggers 1994), which is 
included in the FY94 Wellfield Oprimizarion and Site Characterization Task Plan for the Carbon 
Tetrachloride ERA (Rohay 1994). 

3.3.2 Permeability Testing 

3.3.2.1 Problem. The permeability to airflow of the Z-Crib Area soils has not been fully 
established . This information is necessary for developing an understanding of the areas of influence 
and will significantly improve the accuracy of the soil vapor extraction numerical modeling process. 

3.3.2.2 Discussion. The permeability to airflow of soils is a measure of the ability of vapors to flow 
through porous media and is perhaps the single most important parameter with respect to the success 
of soil venting (Pedersen and Curtis 1991). Air permeability less than 1 x 10-10 cm2 in the soil is 
considered unfavorable for soil vapor extraction (EPA 1991). For the Z-Crib Area. the air 
permeability is estimated to be 2.0 x 10-8 to 14.8 x 10·8 cm2 (2 to 15 darcy), based on testing 
performed at the 216-Z-lA Tile Field (DOE-RL 1991, Appendix F). 
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The orientation of zones of higher air permeability in the soil is another factor affecting the extraction 
of so il vapor. Under active vacuum, soil-gas flow is predominantly horizontal because the horizontal 
permeability is usually 3 to 10 times greater than vertical permeability. 

For the Z-Crib Area, the imerbedded horizons of fine-grained silts and sands, which generally have 
much lower air permeability than the coarse sands and gravels, serve to exaggerate this tendency of 
horizontal flow . This is an important factor regarding the control of the airflow in the subsurface . 

A more detailed discussion of air permeability testing is presented in EPA (1991) and Pedersen and 
Cunis (1 991 ). 

3.3.2.3 Recommendation. An air extraction test was performed at well 299-W18-252U 
(Appendix F). Following the test, the soil pressure data were plotted as pressure decrease versus time 
and used for assessing the area of influence and to assist in the soil vapor monitoring . It is 
recommended that additional analysis of the data be conducted to determine the soil air permeability 
of the unsaturated zone between the extraction well and the pressure monitoring probes. It is also 
recommended that additional permeability testing be conducted, particularly in the 216-Z-9 wellfield. 

3.3.3 Tracer Gas Testing 

3.3.3.1 Problem. Understanding the transport of soil gas in the subsurface due to induced vacuum 
and/or naturally induced pressure gradients is necessary for improving the efficiency of soil vapor 
extraction operations. Empirical measurements of this transport are not presently available in the 
Z-Crib Area. 

3.3.3.2 Discussion. A tracer gas can be used to determine the subsurface airflow pathways, rate of 
transport of carbon tetrachloride vapor, and the areas of influence of the extraction wells. A known 
quantity of sulfur hexafluoride, a nontoxic inert gas that can be detected at the part-per-trillion levels, 
is injected into the subsurface at a known depth. The transport of this tracer is then determined with 
and without extraction of soil gas from nearby extraction wells by measuring the concentration of the 
tracer gas at subsurface monitoring ports and in the extracted soil gas. Tracer gas testing was 
conducted at each of the two primary wellfields during the operation of the YES at those sites in 
FY 1994. Tracer gas testing is being conducted by Washington State University for IT Hanford 
Company on active extraction wells according to the tracer gas test plan (WHC 1993c) and the 
FY 1994 wellfield task plan (Rohay 1994) . The final report analyzing this testing will be available by 
December 31 , 1994. 

3.3.3.3 Recommendation. It is recommended that the information gathered from the tracer gas tests 
be evaluated to define more closely the horizontal radii of influence of extraction wells, the vertical 
influence , the air permeability, and the soil-gas flow patterns, and to provide qualitative and 
quantitative information regarding the transport of soil gas due to naturally induced pressure 
gradients . This information should also be included in the soil vapor extraction numerical modeling . 

3 .3 .4 Downhole Pressure Monitoring 

3.3.4.1 Problem. The pressures created in the subsurface need to be monitored to determine the 
areas of influence of the extraction wells. This is the most direct means of determining the 
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subsurface areas that are being addressed by the soil vapor extraction operations. Currently, 
downhole pressures are not being monitored in the open intervals throughout the well fields. 

3.3.4.2 Discussion. The areas of influence of the extraction wells can be determined by the 
measurement of the downhole pressures in the monitoring wells. The open intervals of the wells are 
the conduits to the subsurface allowing this monitoring. Pressure transducers placed at the wellheads 
in sealed wells provide a means of measuring subsurface pressure at the surface . 

Both the barometric pressure changes and the induced vacuum will have an effect on the pressure 
measurements in the soil. It is necessary that the effects of barometric pressure changes be 
understood for each open interval so that the net effect of the induced vacuum can be calculated. A 
net induced effect of approximately 1/2 in. H2O vacuum is generally considered to be the threshold 
point at which the subsurface is within the area of influence of the soil vapor extraction process. 

3.3.4.3 Recommendation. It is recommended that downhole pressures in each of the open intervals 
be monitored to collect data on the effects of barometric pressure at the well open intervals and the 
effects of the induced vacuum created by the YES operations. Downhole pressures should be 
monicored at both primary wellfields . The monitoring should be collected using pressure transducers 
and recorded on data loggers; the data should be provided to the wellfield design team on a routine 
bas is fo r analysis. This monicoring will provide a specific measure of the areas of influence created 
by the VES operations . 

3.3.5 Vapor Extraction Efficiency Study 

3 .3.5.1 Problem. The total amount of soil gas that must be removed from the subsurface and the 
time it takes to remove carbon tetrachloride from the various Z-Crib Area soils are presently gross 
estimates . Obtaining empirical information will significantly improve the accuracy of these important 
parameters. 

3;3.5.2 Discussion. Wellfield and laboratory testing (as detailed in Appendix E) that defines the 
carbon tetrachloride sorption equilibrium over a range of concentrations and Z-Crib Area soil types 
would provide data for (1) determining the impact of soil moisture/humidity on sorption capacity; 
(2) determining the extraction efficiency as a function of soil type, airt1ow, and carbon tetrachloride 
concentration; (3) defining the effects of a lower permeability layer on extraction efficiency; (4) 
defining the field capacity of 200 West Area soils; (5) defining liquid. soil, and gas phase 
equilibrium, and (6) providing information for better carbon tetrachloride inventory estimates. This 
information would substantially aid the numerical modeling of the soil vapor extraction process and 
would provide empirical information regarding projected cleanup times and total volume of air 
removal required. 

3.3.5.3 Recommendation. It is recommended that wellfield and laboracory-scale testing, which 
define the carbon tetrachloride sorption equilibrium over a range of concentrations and Z-Crib Area 
soil types, be performed. 
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This section describes some of the overall strategies for vapor extraction operations from the various 
parts of the Z-Crib Area. A general discussion of vapor extraction strategies is presented in 
Appendix A. 

Specific wells to be used for extraction are not addressed in this section. The selection of potential 
well locations and extraction rates is determined using multiple factors that can vary significantly 
between the updates to this repon. For this reason, it is strongly recommended that characterization 
testing be performed every 2 weeks and characterization sampling be performed every month during 
periods of full-scale extraction operations . The results of the testing should be communicated co the 
wellfield design team for decisions regarding necessary changes to the extraction parameters and 
extraction locations . 

An understanding of the nature of soil vapor extraction operations, subsurface vapor flow, and 
extracted soil-gas characteristics are essential for safe and continuing operations of the YES. It is 
necessary that operating parameters be frequently measured during all extraction operations and that 
the soil gas from all the wells be fully characterized to gain an understanding of the flow and 
contaminant characteristics of the site. This information will lead to improved long-term operations 
and enhanced extraction of carbon tetrachloride . 

3.4.1 Recommendations for Extraction from the 216-Z-lA/18 Wellfield 

3.4.1.1 Operational Data Summary. Operation of the YES on 22 wells at the 216-Z-lA T ile Field 
has produced extracted soil vapor concentrations generally ranging from 50 to 500 ppm, carbon 
tetrachloride. The typical extraction flow rates range from 20 to 300 ft3/min per extraction well. The 
extracted soil vapor concentrations from nine wells in the 216-Z-18 Crib have been from 20 to 
100 ppm, carbon tetrachloride. Characterization testing data are summarized in Tables 3-15 and 
3-16. The extent of the horizontal influence of the vacuum placed upon each of the extraction wells 
above the caliche layer is in the range of 100 to 125 ft, established during the pilot testing of the YES 
at well 299-W18-171 and a characterization test at well 299-W18-252U (DOE-RL 1991, Appendix F). 
The increase in flow rate with increasing applied vacuum was measured at the upper interval of well 
299-W18-252 in the 216-Z-1Nl8 wellfield on March 10, 1994 (Figure 3-19). The maximum flow 
approaches 300 ft3/min. 

The YES that has operated at the 216-Z-lA/18 wellfield recorded 33 separate data points including 
temperatures, pressures, flow rates , humidity, carbon tetrachloride concentrations, alpha and beta 
radiation, and radon concentrations. However, most of the carbon tetrachloride concentration data 
logged by the data acquisition system are suspect due to a lack of instrument signal conditioning . 

Generally, the soil vapor extraction operation in the 216-Z-1N18 wellfield has been rather 
predictable. The concentrations of carbon tetrachloride in the extracted soil gas have typically fallen 
from 500-1,000 ppm, to 50-500 ppm, over a year of intermittent operation (Figure 3-14). As of 
August 11, 1994, 7,522 kg of carbon tetrachloride have been removed from this area. 
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3.4.1.2 Recommendations . Because the carbon tetrachloride plume appears to be of roughly the 
same magnitude throughout the 216-Z-lA/18 wellfield, there are no specific plumes that muse be kept 
intact. It is recommended that the full capacity of the extraction equipment be used to address the 
greates t possible volume of subsurface soil gas, including the low-permeability lenses . It is 
recommended that flow across the zones of low permeability be established to begin the removal of 
carbon tetrachloride from these lenses . The concentration of carbon tetrachloride removed from these 
lenses will be significantly lower than from other regions of the subsurface; however, delaying this 
removal will ultimately extend the overall length of the remediation effort . The removal of the 
carbon tetrachloride from the zones of low permeability will become a diffusion-rate limited process 
caking much longer than the removal of carbon tetrachloride from the highly permeable zones. 

As vapor extraction operations proceed, carbon tetrachloride concentrations in the area will be 
reduced . Eventually , specific zones in the subsurface may require individual attention to complete 
removal of the carbon tetrachloride . Further investigation and analysis will determine the usefu lness 
and applicability of air injection wells and the potential benefits of pneumatic fracturing for the low­
permeability zones . 

Extraction below the caliche is recommended to address the unsarurated soils near the groundwater, 
thus reducing the migration of carbon tetrachloride vapor to the groundwater . 

It is recommended chat future operational data be recorded and presented in a form that facilitates 
trend analyses and indicates expected operating parameters. 

It is anticipated that the two YES systems will be used at full flow or vacuum capacity (500 ft3/min 
and 1,000 ft' /min at 140 in. H:P) for the duration of the remedial activities in the 
216-Z- lA/ 18 wellfield . 

3.4.2 Recommendations for Extraction from the 216-Z-12 Crib Area 

3.4.2.1 Operational Data Summary . A vapor extraction system has not been operated at the 
216-Z- 12 wellfield . 

3.4.2.2 Recommendations . Characterization testing and characterization sampling of the extraction 
wells in the 216-Z-12 Crib area should be performed prior to full-scale YES operations. This tes ting 
will provide an indication of equilibrium concentrations at the open intervals in the subsurface and 
will also provide information fo r optimizing the removal of carbon tetrachloride from the subsurface 
through definition of extraction locations and flow rares . 

It is assumed that the YES that will operate at the 216-Z-12 Crib area will have an extraction 
capability of 500 ft3/min at 140 in. H20 vacuum. 

3.4.3 Recommendations for Extraction from the 216-Z-9 Trench Area 

3.4.3.1 Operational Data Summary. Full-scale extraction operations have been performed in the 
216-Z-9 wellfield since February 1994. However, characterization testing was conducted at 
extraction wells in spring 1993 and several times in 1994. As shown in Table 3-17, initial 
concentrations of carbon tetrachloride in the extracted soil vapor from wells in the 21 6-Z-9 wellfield 
initially ranged from approximately 1,000 to 28,500 ppm, . In approximately 50 hours of 
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characterization testing in 1993, approximately 1,060 kg of carbon tetrachloride was removed from 
the subsurface in this area, an average of about 21 kg/h. Since the start of full-scale operations in 
February 1994 , concentrations in the extracted soil gas have been reduced dramatically (Figure 3-17). 
As of August 11 , 1994, 19,228 kg of carbon tetrachloride have been removed from chis area. 

3.4.3.2 Recommendations . The characterization tests at 216-Z-9 wells have clearly demonstrated 
that the carbon tetrachloride concemracions ac this site far exceed those found anywhere else in the 
Z-Crib Area. This offers the greatest potential for removal of carbon tetrachloride from the 
subsurface relative to the amount of soil gas extracted. 

As expected , the high concentrations of carbon tetrachloride diminished rapidly when full-scale YES 
operations began. Based on 30,000 ppm, carbon tetrachloride (the approximate maximum value 
measured initially at this site) extracted 24 h/day at 1,500 ft' /min, all of the carbon tetrachloride 
known to have been discharged to the 216-Z-9 'Trench would be extracted in less than 40 days . 
However. due to the nature of the soil-gas movement, site logistics, and contaminant behavior , it is 
probable chat the extracted vapor concentration will drop relatively rapidly (over a period of several 
days or weeks) to a level where acrual removal of the residual carbon tetrachloride from the site will 
take seve~al years . 

It is recommended that extraction operations continue to remove the greatest mass of carbon 
tetrachlonde from the subsurface while keeping the high concentration plume intact. This emails 
pulling from only those wells that are very high in carbon tetrachloride concentration, even if they 
provide reiatively low flow. Once the plume is pulled apart, it will take more extracted soil gas to 
remove the same volume of carbon tetrachloride . The best strategy is co keep the high concentration 
plume together and extract soil gas until the plume diminishes to concentrations in the range of the 
outlying wells . 

A reduction in extracted vapor concentration does not automatically translate to a significant reduction 
in the residual carbon tetrachloride concentration. At high flow rates past the residual contamination 
in the subsurface, the vapor concentration will quickly diminish because of the diffusion limitations 
previously discussed. Frequent characterization tests targeted at gaining an understanding of the 
equilibrium concentrations in the subsurface over time should be continued . This is important 
because of the need to keep the high concentration contaminant plume intact for extraction. 

As the high concentration contaminant plume is further diminished, a broader array of wells in the 
216-Z-9 Trench area can be utilized for extraction. Further investigation and analysis will determine 
the usefulness and applicability of air injection wells and the potential benefits of pneumatic 
fracruring . It is assumed the YES will operate at the 216-Z-9 area and will have an extraction 
capacity of 1,500 ft'/min at 140 in. Hp vacuum. 
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centering around the strategy used for the recommended wellfield modifications is provided in 
Appendix B. 

Up to fifteen new dual-screened extraction wells have been identified to complete the coverage of the 
core of the known vapor plume. The additional coverage provided is indicated in Figures 3-10 and 
3-11. The prioritized list of wells is presented in Table 3-8 . 

4.2.2 Passive Soil Vapor Extraction 

Pending successful field testing, PSVE systems should be considered for extracting contaminated soil 
gas from wells that are located outside the area of influence of an active vapor extraction system and 
that have carbon tetrachloride concentrations of 200 ppm, or less. A prioritized list of recommended 
wells from the 216-Z- lA/18 wellfield is provided in Table 3-10. 

4.2.3 Expanded Soil Vapor Extraction System Capacity 

The 500-ft3/min system should be used for extraction of wells in the 216-Z-12 wellfield to help 
mitigate the migration of the soil vapor plume. 

Additional smaller VES units should be considered to increase the extraction capacity to allow soil gas 
to be extracted from a larger area of the subsurface at one time. Smaller VES units allow more 
flexibility in placement over the wide areal extent of the Z-Crib Area. The extraction capacity per 
VES unit should be 300 to 500 ft'/min, which would allow the YES units to be purchased 
"off-the-shelf" and would supply enough extraction capacity to effectively function at one or two 
wells . Incorporating several of these smaller units would greatly increase the flexibility and 
extraction capacity of the VES operations and would reduce the length of time until remediation is 
completed. 

4.2.4 Extraction Enhancement Strategies 

Extraction enhancement technologies should be further investigated for potential increased 
effectiveness of extraction operations throughout the Z-Crib Area. These technologies include pulsed 
versus continuous pumping, pneumatic fracturing, air injection, and surface seals . 

4.2.5 Additional Numerical Modeling of the Extraction Process 

Funher numerical modeling of the soil vapor extraction process is essential to the long-term success 
of the extraction operations in the Z-Crib Area. Numerical modeling of the airflow provides an 
understanding of the extraction process and the airflow pathways , helps validate the soil 
permeabilities , provides an indication of the areas of influence of the extraction wells, and provides 
an indication of the length of time that extraction operations must be performed . 
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To remove 225 ,000 kg of carbon tetrachloride from the combined 216-Z-lA/ 18 and 216-Z-12 
wellfield , at least 1.9 x 109 ft3 of soil gas must be removed from the subsurface. To remove 
225,000 kg of carbon tetrachloride from the 216-Z-9 wellfield, at least 4 .0 x 107 ft3 of soil gas must 
be removed from the subsurface. The difference in extracted soil-gas volume between the two sites is 
due to the areal extent of the sites and the order-of-magnitude difference in concentrations. 

4.1.2 Length of Extraction Time Required for Remediation 

Assuming cominuous operation (68% operating efficiency), it will take over 3.5 years to remove the 
225,000 kg from the combined 216-Z-lA/18 and 216-Z-12 wellfield . For intermittent operations 
(24 % operating efficiency), it will take over 10 years to reach the sarrie carbon tetrachloride recovery 
levels. 

If the extracted soil-gas carbon tetrachloride concentration in the 216-Z-9 wellfield remained 
approximately 30,000 ppmv, it would take slightly longer than one month to remove 225,000 kg of 
carbon tetrachloride. However, as expected, the concentrations have decreased appreciably as 
operations cominued and the estimated time for removal of the carbon tetrachloride is closer to that 
for the combined 216-Z-lA/18 and 216-Z-12 wellfield. 

4.2 SPECIFIC RECOMMENDATIONS 

The following subsections are brief summaries of the specific recommendations detailed in 
Chapter 3. 0. 

4.2.1 Wellfield Configuration 

Continuous vapor extraction operations should be implemented to increase the effective area of 
influence of existing extraction intervals. Comparison of Figures 3-2 and 3-4 (intermittent operation) 
to Figures 3-3 and 3-5 (continuous operation) illustrate the increased coverage available by continuous 
operations . 

Twenty-four existing wells in the Z-Crib Area should be modified, if feasible , and new wells added to 
increase the areas of influence of the YES to allow access to the entire subsurface area. The wells 
recommended for modification are detailed in Tables 3-3 and 3-4; the resulting modified wellfield 
configuration is described in Tables 3-5 and 3-6 and illustrated in Figures 3-6 through 3-9 . The 
prioritized list of wells recommended for modification is presented in Table 3-7 . A discussion 

~l 



4.2.6 Characterization Testing and Characterization Sampling 
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Characterization testing and characterization sampling should initially be performed whenever soil gas 
is fi rst extracted from a well and then again approximately every 2 weeks for the duration of the so il 
vapor extraction operations. The results of the tests should be used to identify co-contaminants and to 
provide insight into the changes of location and concentration of the carbon tetrachloride vapor 
plumes and the consequent effect on extraction strategy. 

4.2.7 Tracer Gas Testing 

Tracer gas testing should be evaluated to determine the subsurface airflow pathways , rate of carbon 
tetrachloride vapor transport, and areas of influence of the extraction wells. Tracer gas testing is 
being performed at various locations throughout the Z-Crib Area. 

4.2.8 Downhole Pressure Monitoring 

Downhole pressures in each of the open intervals should be monitored to collect data on the effects of 
barometric pressure at the well open intervals and the effects of induced vacuum created by the YES 
operations . This will provide specific information regarding the areas of influence of the extraction 
wells. 

4.2.9 Vapor Extraction Efficiency Study 

For the longer term, wellfield and laboratory-scale testing that define the carbon tetrachloride sorption 
equilibrium over a range of concentrations and Z-Crib Area soil types should be performed. This 
will provide specific information for various Z-Crib Area soils regarding the amount of soil gas that 
must be extracted from the subsurface to remove the carbon tetrachloride and the amount of time it 
takes to remove the carbon tetrachloride. 
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A wellfield for soil vapor extraction typically consists of vertical extraction wells and monitoring 
wells. The wells have one or more open intervals that provide access for airflow in the subsurface. 
The extraction wells are connected at the surface to a vacuum pump that pulls the soil vapors from 
the subsurface. The monitoring wells are utilized for measuring the vacuum achieved at different 
locations in the wellfield , which helps in determining the radius of influence of the extraction system. 

For an effective wellfield design, it is essential that the horizontal and vertical extent of contamination 
is known. The horizontal extent of contamination dictates the necessary radius of influence of the 
extraction system. The vertical extent of contamination determines the different levels in the 
subsurface that must be included in the extraction process. 

The horizontal radius of influence of the extraction system is a function of the number of extraction 
wells, the vacuum/flow relationship, the horizontal air permeability of the soil, and time . As an 
extraction system operates over time, the soil pores farther away from the extraction wells become 
evacuated and the radius of influence of the system increases. An area of subsurface is generally 
considered to be within the radius of influence when the extraction system places the soils under 
greater than 0.5 in. Hp vacuum. 

It is critical that the design of the wellfield be such that control of the airflows in the subsurface is 
maintained. This is because control of the subsurface airflow ultimately dictates the effectiveness of 
the remediation. Control of the airflow is achieved through proper placement of the wells and the 
open intervals in the wells, the ability to manipulate the extraction rate from each open interval, and 
the selective introduction of injected air through open intervals to the subsurface. 

1.1.1 Open Intervals and Wells 

The open intervals in wells provide the access to the subsurface through which the vapor extraction 
process takes place. The open intervals must be large enough to allow significant airflow to optimize 
the remediation, but small enough to provide a discrete extraction segment for targeting regions 
within the subsurface. The open intervals must also provide means for sampling soil gas and 
monitoring induced vacuum. The open intervals in the subsurface may be provided through vertical 
wells, cone penetrometer (CPT) wells, or angled/horizontal wells. 

It is essential that there are enough wells, spaced appropriately, with open intervals in the needed 
regions, to provide complete extraction and monitoring coverage of the entire Z-Crib Area. The 
locations of these wells and open intervals are currently being determined. 

The majority of wells in the 200 West Area are vertical wells drilled using the cable tool drilling 
technology. New vapor extraction wells installed during 1992 and 1993 are completed with either 
one screened interval above the caliche zone or with two screened intervals, one above and one below 
the caliche zone. The screened intervals are selected based on observations during drilling of the 
geology and contaminant concentrations. A packer is emplaced in the dual-screened wells to isolate 
the two zones. Most of the new wells are completed with 4-in.-diameter stainless steel casing. The 
cable tool drilling technology for vertical wells can achieve the required depths within the unsaturated 
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and saturated zones and allow some flexibility in choosing screened intervals . However , the costs 
must be carefully weighed against the benefits derived . According to the Government Accounting 
Office , the average cost between May and December 1991 to install vertical wells at the Hanford Site 
in areas that are contaminated by hazardous and/or radioactive materials and also require chemical 
sampling was $2,069/ft (GAO 1993) . 

The CPT wells are a promising lower cost alternative for partial fulfillment of the capabilities of 
vertical wells. Although detailed cost information is not available, the CPT wells cost in the range of 
$100 to $300/ft to install at the Hanford Site. The CPT well is a 1-in. -inside diameter rod that is 
pushed down into the subsurface until it reaches the desired depth or refusal . The wells can be 
outfitted with holes drilled into the rod in the interval to be open in the subsurface. Several CPT 
wells have been installed in the Z-Crib Area in this manner (Richterich 1993) . Testing of one CPT 
well for functioning as an extraction well produced about 60 ft3/min flow at 100 in . H20 vacuum. 
Although this is considerably less flow than some of the 4-in.-diameter vertical wells, it is adequate to 
provide a useful function for controlling flow in the subsurface. This same type of well can also be 
used for air injection, tracer gas injection, and monitoring of induced vacuum in the subsurface . One 
limitation to the use of the CPT to install vapor extraction wells is that the maximum depth it has 
reached in the Z-Crib area is less than 120 ft (i.e., above the caliche) (Richterich 1993). It is 
recommended that consideration be given to implementation of this technology where applicable. 

One angled well was installed on the north side of the 216-Z-9 Trench area using the sonic drilling 
technology in 1993. It was drilled at a 45° angle under a parking lot into an area that is believed to 
have high concentrations of carbon tetrachloride. The ability to angle under the parking lot allowed 
access to an area that may have been much more difficult to remediate without the direct extraction 
capability of an open interval. It is recommended that more consideration be given to the utilization 
of angled wells and horizontal wells. 

1.1.2 Vacuum Monitoring Wells 

The vapor extraction system (VES) functions by inducing a vacuum in the subsurface. To determine 
those areas of the subsurface that are under vacuum and thus are being remediated, it is necessary to 
monitor the vacuum at outlying wells. However, it has been documented that wells sealed to ambient 
air will also be influenced by barometric pressure waves transmitting through the subsurface (Rohay 
et al. 1993). Therefore, it is necessary to understand the effects that changes in the barometric 
pressure relative to changes in the induced vacuum have on each monitoring well. The wellfield at 
the 216-Z-lA Tile Field is currently outfitted with pressure transducers to provide information 
regarding theses effects . Wherever feasible, pressure transducers should be added to all of the wells 
in the Z-Crib Area that may be used as vacuum monitoring wells. · 

1.2 STRATEGY FOR SUBSURFACE AIRFLOW 

The typical strategy for soil vapor extraction is to maximize the mass flux of the contamination out of 
the subsurface. The maximum venting efficiency is obtained when airflow is maintained through 
areas of contamination. 

If the extraction system is configured so that the air flows past a contaminated zone rather than 
through it, the rate of contaminant removal is controlled by the rate of diffusion of vapors into the 
zone being actively vented . In this situation, there may be a high initial rate of removal. However, 
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as the so il vapors in equilibrium are extracted , the rate of removal quickly falls to a diffusion 
control led rate. 

The volume of soils in the unsaturated zone of the Z-Crib Area is too large to put all the soils under 
extraction at one time. The total capacity of the present extraction units is about 3,000 ft3/min at 
137 in. HP vacuum, which is sufficient to address the soils underlying the three disposal sites . 
However , the Z-Crib Area encompasses a volume of soils much larger than the disposal sites only. It 
is thus necessary to extract only from those areas that best meet the purpose of the expedited response 
action (ERA). 

The purpose of the ERA is to prevent, or at least minimize, further migration of the carbon 
tetrachloride contamination from the unsaturated soils to uncontaminated areas (DOE-RL 1991 ). This 
does not necessarily mean it is essential to remove the greatest amount of carbon tetrachloride in the 
leas t amount of time . It does mean that those areas surrounding the carbon tetrachloride vapor plume 
must be addressed by the vapor extraction pumping . This may or may not result in significant levels 
of carbon tetrachloride removed from the subsurface. However, removing large quantities of carbon 
tetrachloride does contribute to the overall reduction in potential carbon tetrachloride migration by 
reducing the source . 

During the initial stages of extraction, while carbon tetrachloride vapor is in equilibrium or near 
equil ibrium concentrations in the relatively permeable subsurface units, extraction over a wide area 
throughout the unsaturated zone probably best addresses the purpose of the ERA by reducing the 
overall concentration of carbon tetrachloride in the subsurface. As the process becomes 
volatilization-rate limited and diffusion-rate limited, specific regions, such as low-permeability layers , 
within the subsurface must be addressed . 

The execution of this strategy will not necessarily result in the removal of the greatest amount of 
carbon tetrachloride in the least amount of time. It will result in significant carbon tetrachloride 
removal and achievement of the ERA purpose. · It will also contribute to the long-term remediation of 
the unsaturated soils of the Z-Crib Area. 

1.3 STRATEGY FOR RA TE OF EXTRACTION 

In general , soil vapor extraction proceeds as follows. 

• The system begins extracting soil vapor from the subsurface and the contaminant level in the 
extracted vapor slowly rises after a few hours or days . This is because the extraction well is 
not placed exactly in the highest zone of contamination. After a period of operation, the 
center of the plume tends to get pulled to the extraction well and the contaminant level in the 
extracted soil vapor reaches its maximum. 

• After operating for a few days to a few weeks, the resistance to flow drops and the same flow 
rate can be achieved with a lower vacuum. This is a result of moisture removal from the 
subsurface and the opening of preferential pathways for flow. 

• After operating for a few days to a few months, the contaminant level in the extracted vapor 
has fallen off to a slight fraction of its maximum level. This is caused by the relatively fast 
advective extraction of VOCs from the regions of higher permeability soils. The regions of 
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lower permeability soil s do not get much airflow, resulting in a diffusion-rate limited 
extraction process . 

• At this point in a typical operation, extraction processes are terminated and the subsurface is 
considered remediated. However, a restart of the operation a few weeks to a few months 
later demonstrates extracted vapor concentrations approaching that of the original level. This 
is due to the re-establishment of the equilibrium concentrations because of diffusion and 
advection . 

• Because of this re-elevated contaminant level phenomenon, two basic strategies have emerged. 
One strategy involves "periodic pumping" of different wells, changing wells each time the 
extracted vapor concentration falls off to some established level. The other strategy is 
continual pumping of the extraction wells, with the extraction rate for each well tied to its 
extracted vapor concentration. Either of these strategies can be used to eventually achieve the 
remediation objectives for the subsurface. 
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This discussion centers around the strategy utilized for the recommended wellfield modifications . The 
objectives for modifying the existing wellfield are to (1) increase the ability to control flow in the 
subsurface, (2) provide increased coverage of the subsurface areas requiring extraction of volatile 
organic compounds (VOC), (3) allow an increase in the rate of soil-gas extraction, thus reducing the 
total time for si te remediation, (4) increase the number of subsurface monitoring locations, and (5) 
improve the potential of the wellfield to be used effectively for the full-term remediation of the site . 

For this phase of modifications, changes were considered for existing wells in the Z-Crib Area 
(Figure 3-1). The modifications consist of increases in the length of open intervals . The installation 
of new wells was also considered to allow extraction from zones unattainable with existing wells, 
particularly those zones below the caliche layer (Figures 3-10 and 3-11). 

Maximizing flow from each of the extraction wells is an important consideration for improving the 
effectiveness of the vapor extraction system (VES) operations. However, it should be noted that in 
attempting to increase the flow through a well by increasing the length of the open interval, there is a 
trade-off with the loss of control of flow in the subsurface. The longer the open interval, the less 
capable the well is of providing extraction or injection at a specific horizon. This is a problem when 
control of the flow in the subsurface is necessary to address a specific layer, such as a 
low-permeability zone. 

The ability to control flow and understand soil-gas movement are dependent upon access to the 
subsurface through wells with open intervals . Tables 3-1 and 3-2 describe the existing wells with 
open intervals in the subsurface above and below the caliche, respectively. The column in the tables 
listing observed flow gives the measured value where available or an estimated flow based on the 
average of flows observed in wells in the same area. 

The area of influence is a function of the flow from a well. To a point, increasing the flow from a 
well increases the area of influence of the well, thus effecting an increased zone of remediation. 

Many factors have a bearing on the maximum flow from a well. Some of these factors include length 
of well open interval, percent of well casing open, permeability of the formation, and mechanical 
impedances to flow (e.g., pressure drop due to small-diameter pipe). Table B-1 shows the maximum 
flow at 10 in. Hg vacuum through various pipe diameters as a function of pipe length. This table 
points out the limitations to flow that exist due to the size of some of the nested pi_ezometers (typically 
1.5- or 2-in. diameter) and the cone penetrometer (CPT) wells (1-in. diameter). For instance, 
regardless of the length of screened interval and the permeability of the formation, a 1.5-in.-diameter 
piezometer will not allow flow of over 200 ft3/min. 

This trade-off between maximizing flow and controlling flow in discrete intervals must be embraced 
in the context of site-specific stratigraphy and known soil-gas extraction capabilities. Greatly 
simplified, the Z-Crib Area subsurface is made up of zones of varying permeability consisting of 
gravels, sands, and silts down to groundwater, which is about 200 ft below land surface. At about 
120 to 130 ft below land surface, the caliche layer forms a relatively impermeable zone. These 
horizons and varying permeabilities present a challenge to extracting the VOC effectively from all the 
soils . They also greatly affect the extraction flow rates, zones from which soil gas is most effectively 
removed, and areas of influence. 
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Site operational data (Tables 3-15 , 3-16, and 3-17) demonstrate the wide range of extraction flow 
rates from wells , not necessarily as a function of open interval length . This makes it very difficult to 
establish a rate of flow per length of open interval. Three results from characterization tests illustrate 
this point : (1) well 229-W18-11 (open interval 180 to 211 ft below top of casing [toe] ; 31-ft open 
interval) had a flow rate of 33 ft3 /min at 101 in . H20 vacuum; (2) well 299-W 18-10 ( open interval 
180 to 214 ft below toe; 34 ft long) had a flow rate of 80 ft3 /min at 100 in. H20 vacuum; and 
(3) well 299-W18-97 (open interval 60 to 72 ft below toe; 12 ft long) had a flow rate of 297 ft3 /min 
at 102 in . H20 vacuum. 

The differences in the flow rates can primarily be assigned to differences in the permeabilities of the 
soils in the vicinity of the open intervals (though the actual percentage of open area resulting from 
casing perforation is an unknown and potentially significant factor). Tables 3-12, 3-13, and 3-14 
show the effects on flow rate as a function of soil permeability, length of open interval, and diameter 
of well . 

It is evident that a rate of flow per length of open interval is difficult to establish for the wells in the 
Z-Crib Area . However, it is possible to establish an open interval length that can be reasonably 
expected to provide adequate flow given the constraints of varying permeabilities and controlling flow 
in the subsurface. That length has been determined to be 30 ft. 

The 30-ft-long open interval was derived from consideration of many factors, including the 
operational data and the typical widths of soil horizons. This length should not be viewed as an 
absolute, but as a reasonable length to use toward wellfield optimization. Operational data obtained 
after modification of the existing wellfield will provide direction for future wellfield modification 
recommendations. 

The following section of this appendix describes the recommended modifications of the existing 
wellfield, including changes to specific wells and open intervals, and provides the reasoning for the 
selections . 

2.0 WELLS TO BE MODIFIED FOR EXTRACTION 

The selections of specific existing wells and open intervals for modifications were made with 
consideration of several factors, including (1) maximizing flow rate while controlling flow in the 
subsurface, (2) locating open intervals to function effectively with extraction from low-permeability 
layers , and (3) protecting the groundwater from VOC-laden soil gas. 

Tables 3-1 and 3-2 describe the existing wellfield. Figures 3-2, 3-3, 3-4, and 3-5 show the areas of 
influence of the existing wellfield (see Section 3 .1 for a discussion of the areas of influence) . It is 
clear from the figures that some relatively large areas cannot be addressed by the existing wellfield. 

The recommended modifications to the existing wellfield are described in Tables 3-3 and 3-4. 
Tables 3-5 and 3-6 describe the wellfield after modifications. The predicted areas of influence of the 
wellfield following modification are shown in Figures 3-6, 3-7, 3-8, and 3-9. 
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The following sections discuss the recommended modifications to specific wells and open intervals, 
provide reasoning for the selections , and describe some of the construction detail required because of 
the modifications . 

NOTE: For Sections 2.1 through 2.6, the following nomenclature is used: 

0 = casing diameter, inches 
dtb = present depth to bottom of well, feet below top of casing 
poi = present open interval(s), feet below top of casing 
toe = top of casing 

Depths referenced to ground surface are followed by "bgs" (below ground surface). 

2.1 WELLS IN THE 216-Z-lA/18 WELLFIELD ABOVE THE CALICHE 

Well 299-WlS-6 (0 = 8; dtb = 201; poi = 190-201) 

• Selected to provide coverage of area not otherwise accessible. 

• Perforate from 100 to 130 ft below toe for present extraction and future focus on caliche 
layer. 

• Predicted flow from interval is 150 ft3/min. 

• Also to be used for extraction below the caliche. A 2-in. 0 piezometer with packer should 
be used to provide access to this open interval. 

Well 299-WlS-7 (0 = 8; dtb = 207; poi = 190-203) 

• Not selected for use above caliche because adequate coverage of area exists based on present 
extraction strategies. 

Well 299-WlS-9 (0 = 6; dtb = 217; poi = 180-211) 

• Not selected for use above caliche because adequate coverage of area exists based on present 
extraction strategies. 

Well 299-WlS-10 (0 = 6; dtb = 214; poi = 100-130 and 150-214) 

• Selected to provide coverage of area not otherwise accessible. 

• Re-perforate from 100 to 130 ft below toe to improve flow and future focus on caliche layer. 

• Predicted flow from interval is 150 ft3/min. 
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• Also to be used for extraction below the caliche. A 2-in . 0 piezometer with packer should 
be used to provide access at the surface for both open intervals . 

Well 299-W18-11 (0 = 6; dtb = 211; poi = 100-130 and 180-211) 

• Selected to provide coverage of area not otherwise accessible. 

• Re-perforate from 100 to 130 ft below toe to improve flow and future focus on caliche layer. 

• Predicted flow from interval is 150 ft3/min. 

• Also to be used for extraction below the caliche. A 2-in. 0 piezometer with packer should 
be used to provide access at the surface for both open intervals. 

Well 299-W18-12 (0 = 6; dtb = 214; poi = 190-211) 

• Not selected for use above caliche because adequate coverage of area exists based on present 
extraction strategies. 

Well 299-W18-76 (0 = 6; dtb = 19; poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies . 

• Located in area without adequate coverage and may be selected for future use. 

Well 299-W18-78 (0 = 6; dtb = 17; poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

• Located in area without adequate coverage and may be selected for future use. 

Well 299-W18-81 (0 = 6; dtb = 41 ; poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

• Located in area without adequate coverage and may be selected for future use. 
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• Not selected for use because coverage in this area is not required based on present extraction 

strategies. 

Well 299-WlS-85 (0 = 6; dtb = 148; poi = none) 

• Located in area without adequate coverage and may be selected for future use. 

Well 299-WlS-86 (0 = 6; dtb = 147; poi = none) 

• Not selected for use because adequate coverage of area exists based on present extraction 

strategies. 

Well 299-WlS-87 (0 = 6; dtb = 148; poi = 33-38, 65-68, and 124-129) 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies. 

Well 299-WlS-88 (0 = 6; dtb = 150; poi = none) 

• Located in area without a<;lequate coverage and may be selected for future use. 

Well 299-WlS-89 (0 = 6; dtb = 150; poi = 108-130) 

• Perforated from 108 to 130 ft below toe in May 1994. 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies. 

Well 299-WlS-93 (0 = 6; dtb = 138; poi = 63-77) 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies. 

\Vell 299-WlS-94 (0 = 6; dtb = 83; poi = 68-78) 

• Present configuration of well provides adequate extraction capabilities based on present 

extraction strategies. 
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• Not selected for use because coverage in this area is not required based on present extraction 
strategies . 

Well 299-W18-96 (0 = 2; dtb = 132 bgs; poi = 122-132 bgs) 

• Deepened from 1972 drill depth of 83 ft and screened from 122 to 132 ft bgs in March 1993 . 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies . 

Well 299-W18-97 (0 = 6; dtb = 82; poi = 63-75) 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies. 

Well 299-W18-98 (0 = 6; dtb = 75; poi = 66-77) 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies . 

Well 299-W18-99 (0 = 3; dtb = 129; poi = 93-103) 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies. 

Well 299-W18-149 (0 = 6; dtb = 75 ; poi = none) 

• Located in area without adequate coverage and may be selected for future use. 

Well 299-W18-150 (0 = 6; dtb = 128; poi == 65-70, 85-90, & 113-119) 

• Selected to provide improved coverage of area. 

• Perforate from 65 to 90 ft below toe to combine two upper 5-ft intervals into one 25-ft 
interval to increase flow rate. 

• Predicted flow from combined upper interval is 150 ft3/min . 
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• Perforate from 80 to 89 ft below toe to connect two upper 5-ft intervals into one 19-ft interval 
to increase flow rate. 

• Predicted flow from combined upper interval is 150 ft3/min . 

• A 1.5-in. 0 piezometer with packer should be used to provide access at the surface for both 
open intervals. 

Well 299-W18-159 (0 = 6; dtb = 130; poi = 113-120) 

• Selected to provide improved coverage of area. 

• Perforate from 90 to 120 ft below toe to lengthen present open interval from 5 to 30 ft to 
increase flow rate. 

• Predicted flow from new interval is 150 ft3/min. 

• Only interval to be used, so extraction pipe will remain 6-in. 0 . 

Well 299-W18-163 (0 = 8; dtb = 163; poi = 69.5-79.5, 92.5-99 .5, & 114.5-119.5) 

• Selected to provide improved coverage of area. 

• Perforate from 54.5 to 79 .5 and 92.5 to 119.5 ft below toe to lengthen the upper interval 
from 10 to 25 ft and combine the two lower intervals into one 27-ft interval. 

• Perforating includes reperforation of existing intervals to improve flow. 

• A 2-in. piezometer with packer should be used to provide access at the surface for both open 
intervals . 

• Predicted flow from each interval is 150 ft3/min. 

Well 299-WlS-164 (0 = 6; dtb = 146; poi = none) 

• Not selected for use because adequate coverage of area exists based on present extraction 
strategies. 

Well 299-WlS-165 (0 = 6; dtb = 128; poi = 122-127) 

• Selected to provide coverage of area not otherwise accessible. 
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• Perforate from 97 to 127 ft below toe to increase perforated interval from 5 to 30 ft. 

• Predicted fl ow from interval is 150 ft 3/min . 

• Only interval to be used , so extraction pipe will remain 6-in 0 . 

Well 299-WlS-166 (0 = 6; dtb = 137; poi = 124-129) 

• Selected to provide more complete coverage of critical area. 

• Perforate from 99 to 129 ft below toe to increase perforated interval from 5 to 30 ft. 

• Predicted flow from interval is 150 ft3/min . 

• Only interval to be used, so extraction pipe will remain 6-in 0 . 

Well 299-WlS-167 (0 = 8; dtb = 8; poi = 89-119) 

• Selected to provide coverage of area not otherwise accessible. 

• Re-perforate from 89 to 119 ft below toe to improve flow . 

• Predicted flow from interval is 150 ft3/min . 

• Only interval to be used, so extraction pipe will remain 8-in 0 . 

Well 299-WlS-168 (0 = 8; dtb = 131; poi = 97-127) 

• Selected to provide coverage of area not otherwise accessible . 

• Re-perforate from 97 to 127 ft below toe to improve flow. 

• Predicted flow from interval is 150 ft3/min. 

• Only interval to be used, so extraction pipe will remain 8-in 0. 

Well 299-WlS-169 (0 = 8; dtb = 132; poi = 96-126) 

• Selected to provide coverage of area not otherwise accessible. 

• Re-perforate from 96 to 126 ft below toe to improve flow . 

• Predicted flow from interval is 150 ft3/min . 

B-12 



• Only interval to be used, so extraction pipe will remain 8-in 0. 

Well 299-W18-170 (0 = 6; dtb = 30; poi = none) 

BHI-00041 
Rev . 00 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies . 

Well 299-W18-171 (0 = 8; dtb = 127; poi = 20-25, 57-77, & 115-130) 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies . 

Well 299-W18-173 (0 = 8; dtb = 51; poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-W18-174 (0 = 4; dtb = 126 bgs; poi = 106-126 bgs) 

• Deepened from 1977 drill depth of 49 .5 ft and screened from 106 to 126 ft bgs in April 1993. 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies. 

Well 299-W18-175 (0 = 6; dtb = 130; poi = 87-94 & 115-120) 

• Selected to provide improved coverage of area. 

• Perforate from 90 to 120 ft below toe to combine 7-ft and 5-ft intervals into one 33-ft interval 
to increase flow rate. 

• Predicted flow from combined interval is 150 ft3/rnin. 

Well 299-WlS-246 (0 = 4; dtb = 175 bgs; poi = 120-130 & 165-175 bgs) 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies . 

Well 299-W18-247 (0 = 4; dtb = 172 bgs; poi= 119-129 & 162-172 bgs) 

• Predicted flow from upper interval is 150 ft3/min. 
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• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies. 

Well 299-WlS-248 (0 = 4; dtb = 139 bgs; poi = 123-139 bgs) 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies. 

Well 299-WlS-249 (0 = 4; dtb = 137 bgs; poi = 122-137 bgs) 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies. 

Well 299-WlS-252 (0 = 4; dtb = 185 bgs; poi = 113-133 & 165-185 bgs) 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies. 

CPT-2 (0 = 1; dtb = 37 bgs; poi = 34-37 bgs) 

• There is no available technology for modifying cone penetrometer wells. 

CPT-4 (0 = 1; dtb = 103 bgs; poi = 90-103 bgs) 

• There is no available technology for modifying cone penetrometer wells. 

CPT-20 (0 = 1; dtb = 84 bgs; poi = 71-84 bgs) 

• There is no available technology for modifying cone penetrometer wells. 

2.2 WELLS IN THE 216-Z-12 WELLFIELD ABOVE THE CALICHE 

Well 299-WlS-1 (0 = 8; dtb = 381; poi = 195-210) 

• Selected to provide coverage of area not otherwise accessible. 

• Perforate from 100 to 130 ft below toe for present extraction and future focus on caliche 
layer. 

• Predicted flow from interval is 150 ft3/min. 
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• Also to be used for extraction below the caliche . A 2-in. 0 piezometer with packer should 
be used to provide access at the surface for both open intervals . 

Well 299-WlS-2 (0 = 8; dtb = 244; poi = 200-208) 

• Selected to provide coverage of area not otherwise accessible . 

• Perforate from 100 to 130 ft below toe for present extraction and future focus on caliche 

layer . 

• Predicted flow from interval is 150 ft3/min. 

• Also to be used for extraction below the caliche. A 2-in. 0 piezometer with packer should 
be used to provide access at the surface for both open intervals. 

Well 299-WlS-4 (0 = 8; dtb = 246; poi = 200-211) 

• Selected to provide coverage of area not otherwise accessible. 

• Perforate from 100 to 130 ft below toe for present extraction and future focus on caliche 

layer. 

• Predicted flow from interval is 150 ft3/min . 

• Also to be used for extraction below the caliche. A 2-in. 0 piezometer with packer should 
be used to provide access at the surface for both open intervals . 

. Well 299-WlS-5 (0 = 8; dtb = 272; poi = 195-211) 

• Located in area without adequate coverage and may be selected for future use. 

Well 299-WlS-8 (0 = 6; dtb = 77; poi = none) 

• Located in area without adequate coverage and may be selected for future use. 

Well 299-WlS-24 (0 = 4; dtb = 235; poi = 205-213) 

• Not selected for use above the caliche because other uses of well, regulatory limitations, or 
physical restriction prevent use . 
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• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-WlS-72 (0 = 6; dtb = 20; poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

\Veil 299-WlS-73 (0 = 6; dtb = 15; poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-WlS-74 (0 = 6; dtb = 18; poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-WlS-151 (0 = 10; dtb = 15; poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-WlS-152 (0 = 8; dtb = 118; poi = 88-118) 

• Perforated from 88 to 118 ft below toe in May 1994. 

• Predicted flow from interval is 150 ft3/rnin. 

Well 299-WlS-153 (0 = 8; dtb = 110; poi = 80-110) 

• Perforated from 80 to 110 ft below toe in May 1994. 

• Predicted flow from interval is 150 ft3/min. 

Well 299-WlS-154 (0 = 10; dtb = 17; poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 
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• Not selected fo r use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies . 

Well 299-WlS-156 (0 = 10; dtb = 25; poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies . 

Well 299-WlS-157 (0 = 8; dtb = 110; poi = 80-110) 

• Perforated from 80 to 110 ft below toe in May 1994. 

• Predicted flow from interval is 150 ft3/min. 

CPT-10 (0 = 1; dtb = 107 bgs; poi = 94-107 bgs) 

• There is no available technology for modifying cone penetrometer wells. 

2.3 WELLS IN THE 216-Z-9 WELLFIELD ABOVE THE CALICHE 

Well 299-WlS-5 (0 = 8; dtb = 599; poi = 173-217) 

• Not selected for use above the caliche because other uses of well, regulatory limitations , or 
physical restriction prevent use . 

Well 299-WlS-6 (0 = 6; dtb = 304; poi = 175-190) 

• Selected to provide coverage of area not otherwise accessible. 

• Perforate from 75 to 100 ft below toe for present extraction. 

• Predicted flow from interval is 200 ft3 /min. 

• Also to be used for extraction below the caliche. A 2-in. 0 piezometer with packer should 
be used to provide access at the surface for both open intervals. 

Well 299-WlS-8 (0 = 8; dtb = 203; poi = none) 

• Selected to provide coverage of area not otherwise accessible. 
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• Perforate from 90 to 115 ft below toe for present extraction . 

• Predicted fl ow from interval is 200 ft3/min. 
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• Also to be used for extraction below the caliche. A 2-in. 0 piezometer with packer should 
be used to provide access at the surface for both open intervals . 

Well 299-WlS-9 (0 = 8; dtb = 191 ; poi = 186-189) 

• Selected to provide coverage of area not otherwise accessible . 

• Perforate from 90 to 115 ft below toe for present extraction. 

• Predicted fl ow from interval is 200 ft3/min. 

• Al so to be used for extraction below the caliche. A 2-in. 0 piezometer with packer should 
be used to provide access at the surface for both open intervals. 

Well 299-WlS-82 (0 = 8; dtb = 98 bgs; poi = 73-88 bgs) 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies. 

Well 299-WlS-84 (0 = 8; dtb = 106 bgs; poi = 75-90 bgs) 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies. 

Well 299-WlS-85 (0 = 8; dtb = 103 bgs; poi = 83-98 bgs) 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies. 

Well 299-WlS-86 (0 = 8; dtb = 140; poi = none) 

• Selected to provide coverage of area not otherwise accessible. 

• Perforate from 110 to 140 ft below toe for present extraction and future focus on caliche 
layer. 

• Predicted flow from interval is 200 ft3/min. 

• Only interval to be used , so extraction pipe will remain 8-in 0. 
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Well 299-W15-95 (0 = 8; dtb = 100 bgs ; poi = 73-98 bgs) 

• Selected to provide coverage of area not otherwise accessible. 

• Re-perforate from 73 to 98 ft below toe to improve extraction capabilities. 

• Predicted flow from interval is 200 ft3/min. 

• Only interval to be used, so extraction pipe will remain 8-in 0. 

Well 299-WlS-216 (0 = 4; dtb = 184 bgs; poi = 70-80 & 175-185 bgs) 

BHI-00041 
Rev . 00 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies. 

Well 299-W15-217 (0 = 4; dtb = 122 bgs; poi = 106-121 bgs) 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies . 

Well 299-WlS-218 (0 = 4; dtb = 196 bgs; poi = 99-114 & 180-195 bgs) 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies. 

Well 299-WlS-219 (0 = 4; dtb = 182 bgs; poi = 87-102 & 167-182 bgs) 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies. 

Well 299-WlS-220 (0 = 4; dtb = 185 bgs; poi= 80-95 & 155-170 bgs) 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies. 

Well 299-WlS-223 (45° well; 0 = 3.5; dtb = 117 vertical bgs; poi= 103-117 vertical ft bgs 
[20 ft long]) 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies. · 
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CPT-3 (0 = 1; dtb = 52 bgs; poi = 39-52 bgs) 

• There is no available technology for modifying cone penetrometer wells. 

CPT-5 (0 = 1; dtb = 48 bgs ; poi = 35-48 bgs) 

• There is no available technology for modifying cone penetrometer wells. 

CPT-SA (0 = 1; dtb = 113 bgs ; poi = 100-113 bgs) 

• There is no available technology for modifying cone penetrometer wells. 

CPT-11 (0 = 1; dtb = 77 bgs ; poi = 64-77 bgs) 

• There is no available technology for modifying cone penetrometer wells. 

CPT-12 (0 = 1; dtb = 49 bgs; poi = 36-49 bgs) 

• There is no available technology for modifying cone penetrometer wells . 

CPT-19 (0 = 1; dtb = 49 bgs; poi = 36-49 bgs) 

• There is no available technology for modifying cone penetrometer wells. 

CPT-21 (0 = 1; dtb = 97 bgs; poi = 84-97 bgs) 

• There is no available technology for modifying cone penetrometer wells. 

2.4 WELLS IN THE 216-Z-lA/18 WELLFIELD BELOW THE CALICHE 

Well 299-WlS-6 (0 = 8; dtb = 201; poi = 190-201) 

BHI-0004 1 
Rev . 00 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies. 

Well 299-WlS-7 (0 = 8; dtb = 207; poi = 190-203) 

• Selected to provide coverage of area not otherwise accessible. 

• Perforate from 175 to 190 ft below toe to increase open interval from 13 to 28 ft . 
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• Predicted flow from interval is 300 ft3/min . 

• Only interval to be used, so extraction pipe will remain 8-in 0. 

Well 299-WlS-9 (0 = 6; dtb = 217; poi = 180-211) 

• Predicted flow from interval is 145 ft3/min. 

BHI-00041 
Rev. 00 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies . 

Well 299-WlS-10 (0 = 6; dtb = 214; poi = 150-214) 

• Perforated from 150 to 180 ft below toe in May 1994. 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies . 

• Also to be used for extraction above the caliche. A 2-in. 0 piezometer with packer should 
be used to provide access at the surface for both open intervals . 

Well 299-WlS-11 (0 = 6; dtb = 211; poi = 180-211) 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies. 

Well 299-WlS-12 (0 = 6; dtb = 214; poi = 190-211) 

• Selected to provide coverage of area not otherwise accessible. 

• Perforate from 180 to 190 ft below toe to increase open interval from 21 to 31 ft. 

• Predicted flow from interval is 145 ft3/min. 

• Only interval to be used, so extraction pipe will remain 6-in 0 . 

Well 299-WlS-76 (0 = 6; dtb = 19; poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 
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Well 299-W18-78 (0 = 6; dtb = 17; poi= none) 
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• Not selected fo r use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-WlS-81 (0 = 6; dtb = 41 ; poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-WlS-82 (0 = 6; dtb = 146; poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-WlS-85 (0 = 6; dtb = 148; poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-W18-86 (0 = 6; dtb = 147; poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-WlS-87 (0 = 6; dtb = 148; poi = 33-38, 65-70, & 125-130) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-W18-88 (0 = 6; dtb = 150; poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-WlS-89 (0 = 6; dtb = 150; poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 
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Well 299-W18-93 (0 = 6; dtb = 138; poi = 63-77) 
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• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies . 

Well 299-Wl8-94 (0 = 6; dtb = 83; poi = 68-78) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies . 

Well 299-W18-95 (0 = 6; dtb = 77; poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-W18-96 (0 = 2; dtb = 132 bgs ; poi = 122-132 bgs) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-W18-97 (0 = 6; dtb = 82; poi = 63-75) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies . 

Well 299-WlS-98 (0 = 6; dtb = 75; poi = 66-77) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-WlS-99 (0 = 3; dtb = 129; poi = 93-103) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-WlS-149 (0 = 6; dtb = 75; poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 
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Well 299-WlS-150 (0 = 6; dtb = 128; poi = none) 
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• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-WlS-158 (0 = 6; dtb = 131 ; poi = 75-80, 89-94, & 119-124) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-WlS-159 (0 = 6; dtb = 130; poi = 113-120) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-W18-163 (0 = 8; dtb = 163 ; poi = 69.5-79 .5, 92 .5-99.5, & 114.5-119.5) 

• Located in area without adequate coverage an may be selected for future use. 

Well 299-W18-164 (0 = 6; dtb = 146; poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-WlS-165 (0 = 6; dtb = 128; poi = 122-127) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies . 

Well 299-WlS-166 (0 = 6; dtb = 137; poi = 124-129) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-WlS-167 (0 = 8; dtb = 8; poi = 114-119) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies . 

B-24 



Well 299-WlS-168 (0 = 8; dtb = 131 ; poi = 118-123) 
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• Not selected fo r use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-WlS-169 (0 = 8; dtb = 132; poi = none) 

• Not selected fo r use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-W18-170 (0 = 6; dtb = 30; poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-W18-171 (0 = 8, dtb = 127; poi= 20-25, 57-77, & 115-130) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-W18-173 (0 = 8; dtb = 51; poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-WlS-174 (0 = 4; dtb = 126 bgs; poi = 106-126 bgs) 

• Not selected for use because depth to bottom of well ·is too shallow to be useful based on 
present extraction strategies. 

Well 299-WlS-175 (0 = 6; dtb = 130; poi = 87-94 & 115-120) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies . 

Well 299-W18-246 (0 = 4; dtb = 175 bgs; poi = 120-130 & 165-175 bgs) 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies. 
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Well 299-WlS-247 (0 = 4 ; dtb = 172 bgs; poi = 119-129 & 162-172 bgs) 
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• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies . 

Well 299-WlS-248 (0 = 4 ; dtb = 139 bgs; poi = 123-139 bgs) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies . 

Well 299-WlS-249 (0 = 4 ; dtb = 137 bgs; poi = 122-137 bgs) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-W18-252 (0 = 4; dtb = 185 bgs; poi = 113-133 & 165-185 bgs) 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies. 

CPT-2 (0 = 1; dtb ~ 37 bgs; poi = 34-37 bgs) 

• There is no available technology for modifying cone penetrometer wells . 

CPT-4 (0 = 1; dtb = 103 bgs; poi = 90-103 bgs) 

• There is no available technology for modifying cone penetrometer wells. 

CPT-20 (0 = 1; dtb = 84 bgs; poi = 71-84 bgs) 

• There is no available technology for modifying cone penetrometer wells . 

2.5 WELLS IN THE 216-Z-12 WELLFIELD BELOW THE CALICHE 

Well 299-WlS-1 (0 = 8; dtb = 381; poi = 195-200) 

• Selected to provide coverage of area not otherwise accessible. 

• Perforate from 175 to 195 ft below toe to increase open interval from 5 to 25 ft. 

• Predicted flow from interval is 145 ft3/min. 
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• Also to be used for extraction above the caliche . A 2-in. 0 piezometer with packer should 
be used to provide access at the surface for both open intervals . 

Well 299-lVlS-2 (0 = 8; dtb = 244; poi = 200-208) 

·• Selected to provide coverage of area not otherwise accessible . . 

• Perforate from 183 to 200 ft below toe to increase open interval from 8 to 25 ft. 

• Predicted flow from interval is 145 ft3/min . 

• Also to be used for extraction above the caliche. A 2-in. 0 piezometer with packer should 
be used to provide access at the surface for both open intervals . 

Well 299-WlS-4 (0 = 8; dtb = 246; poi = 200-211) 

• Selected to provide coverage of area not otherwise accessible . 

• Perforate from 186 to 200 ft below toe to increase open interval from 11 to 25 ft . 

• Predicted maximum flow from interval is 140 ft3/min. 

• Also to be used for extraction above the caliche. A 2-in. 0 piezometer with packer should 
be used to provide access at the surface for both open intervals. 

Well 299-WlS-5 (0 = 8; dtb = 272; poi = 195-211) 

• Selected to provide coverage of area not otherwise accessible. 

• Perforate from 186 to 195 ft below toe to increase open interval from 16 to 25 ft . 

• Predicted flow from interval is 145 ft3/min. 

• Only interval to be used, so extraction pipe will remain 8-in 0 . 

Well 299-WlS-8 (0 = 6; dtb = 77; poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-WlS-24 (0 . = 4; dtb = 235; poi = 205-213) 

• Selected for use "as is . " Well 299-W18-24 is a Resource Conservation and Recovery Act 
(RCRA) well that may be used for vapor extraction but may not be modified. Therefore, it 
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will not be perforated to enhance the extraction of soil vapor. Groundwater samples are 
collected at this well , so coordination must occur between its uses for soil vapor extraction 
and groundwater monitoring . 

• Predicted flow from interval is 145 ft3/min . 

Well 299-W18-71 (0 = 6; dtb = 20, poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-W18-72 (0 = 6; dtb = 20; poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-W18-73 (0 = 6; dtb = 15; poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies . 

Well 299-W18-74 (0 = 6; dtb = 18; poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies . 

Well 299-W18-151 (0 = 10; dtb = 15; poi = none) 

• Not .selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-W18-152 (0 = 8; dtb = 118; poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-W18-153 (0 = 8; dtb = 110; poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies . 
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Well 299-WlS-154 (0 = 10; dtb = 17; poi = none) 
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• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extract ion strategies. 

Well 299-WlS-155 (0 = 10; dtb = 17; poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies . 

Well 299-WlS-156 (0 = 10; dtb = 25 ; poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-WlS-157 (0 = 8; dtb = 110; poi = none) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies . 

CPT-10 (0 = 1; dtb = 107 bgs; poi= 94-107 bgs) 

• There is no available technology for modifying cone penetrometer wells. 

2.6 WELLS IN THE 216-Z-9 WELLFIELD BELOW THE CALICHE 

Well 299-W15-5 (0 = 8; dtb = 599; poi = 173-217) 

• Selected for use "as is" due to other uses of well, regulatory limitations, or physical 
restrictions. 

• Predicted flow from interval is 115 ft3/min. 

Well 299-W15-6 (0 = 6; dtb = 304; poi = 175-190) 

• Selected to provide coverage of area not otherwise accessible. 

• Perforate from 160 to 190 ft below toe to increase open interval from 15 to 30 ft . 

• Predicted flow from interval is 115 ft3/min . 
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• Also to be used for extraction above the caliche. A 2-in. 0 piezometer with packer should 
be used to provide access at the surface for both open intervals. 

Well 299-WlS-8 (0 = 8; dtb = 203 ; poi = none) 

• Selected to provide coverage of area not otherwise accessible. 

• Perforate from 167 to 197 ft below toe for protection of groundwater. 

• Predicted flow from interval is 115 ft3/min . 

• Also to be used for extraction above the caliche. A 2-in. 0 piezometer with packer should 
be used to provide access at the surface for both open intervals. 

Well 299-WlS-9 (0 = 8; dtb = 191; poi = 186-189) 

• Selected to provide coverage of area not otherwise accessible . 

• Perforate from 164 to 186 ft below toe to increase open interval from 3 to 25 ft. 

• Predicted flow from interval is 115 ft3/min. 

• Also to be used for extraction above the caliche. A 2-in. 0 piezometer with packer should 
be used to provide access at the surface for both open intervals. 

Well 299-WlS-82 (0 = 8; dtb = 98 bgs; poi = 73-88 bgs) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-WlS-84 (0 = 8; dtb = 106 bgs; poi = 75-90 bgs) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-WlS-85 (0 = 8; dtb = 103 bgs; poi = 83-98 bgs) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 
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Well 299-WlS-86 (0 = 8; dtb = 140; poi = none) 
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• Not selected fo r use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies . 

Well 299-WlS-95 (0 = 8; dtb = 100 bgs; poi = 83-98 bgs) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies . 

Well 299-WlS-216 (0 = 4; dtb = 185 bgs; poi = 70-80 & 175-185 bgs) 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies . 

Well 299-WlS-217 (0 = 4; dtb = 122 bgs; poi = 106-121 bgs) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies. 

Well 299-WlS-218 (0 = 4; dtb = 196 bgs; poi = 99-114 & 180-195 bgs) 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies. 

Well 299-WlS-219 (0 = 4; dtb = 182 bgs; poi = 87-102 & 167-182 bgs) 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies. 

Well 299-WlS-220 (0 = 4; dtb = 185 bgs; poi = 80-95 & 155-170 bgs) 

• Present configuration of well provides adequate extraction capabilities based on present 
extraction strategies . 

Well 299-WlS-223 (45° well; 0 = 3.5; dtb = 117 vertical bgs ; poi = 103-117 vertical ft bgs 
[20 ft long]) 

• Not selected for use because depth to bottom of well is too shallow to be useful based on 
present extraction strategies . 
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CPT-3 (0 = 1; dtb = 52 bgs ; poi = 39-52 bgs) 

• There is no available technology for modifying cone penetrometer wells. 

CPT-5 (0 = 1; dtb = 48 bgs ; poi = 35-48 bgs) 

• There is no available technology for modifying cone penetrometer wells. 

CPT-SA (0 = 1; dtb = 113 bgs ; poi= 100-113 bgs) 

• There is no available technology for modifying cone penetrometer wells . 

CPT-11 (0 = 1; dtb = 77 bgs; poi = 64-77 bgs) 

• There is no available technology for modifying cone penetrometer wells. 

CPT-12 (0 = 1; dtb = 49 bgs; poi = 36-49 bgs) 

• There is no available technology for modifying cone penetrometer wells. 

CPT-19 (0 = 1; dtb = 49 bgs; poi = 36-49 bgs) 

• There is no available technology for modifying cone penetrometer wells. 

CPT-21 (0 = 1; dtb = 97 bgs; poi = 84-97 bgs) 

• There is no available technology for modifying cone penetrometer wells. 
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---------------- ------------ . 

Table B-1. Maximum Flow at 10 in . Hg Column Pressure Drop . 

Pipe Pipe Diameter (in .) 
Length 

(ft) 1 1.5 2 2.5 3 3.5 

50 70 193 397 693 1,094 1,608 

100 50 137 281 490 773 1,137 

150 41 112 229 400 631 928 

200 35 97 198 347 547 804 

250 31 86 179 310 489 719 

300 29 79 162 283 446 656 
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2,245 
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1,296 

1,122 

1,004 

916 
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APPENDIX C 
VAPOR EXTRACTION NUMERICAL MODELING 

. Thia Copy !loloo9010: 

A Practical Approach to the Design, 

OpeTation. and Momtoring of In-Situ 
S 011 Venting S 11stems 

Ytroioo .t.011, 

clicli. on the pectm for important info 

• :,Pioo,ktr Pluo 3\•clc Cr<'>l<d by: 

PaulC.lolmscm.Pli.D. 

Am111. Stabmau 

Shell Development 

Westhollow Research Cmter 

bout This Stac Go to First Card 

System Monitoring 

Field Tests 

Site Investigation 

About Soil Venting 

Vapor 
Flow _.,.._ -,f;. t-----

-----­_.,. 

System Shut-Down 

System Design 

Is Venting Feasible? 

The "Practic.il Approach" 

Vapor t t 
TreatmE'nt • • • • • • 

................. 
lJnit .§. _... ..... 

• a::::::I • 
-;:,/::.==:mi~· • 

-- Vapor 
~ Flow 

BHI-0004 1 
Rev . 00 

The numerical modeling of the soil vapor extraction process was conducted using the Hyperventilate 
software package developed under a Federal Technology Transfer Act Cooperative Research and 
Development Agreement between the U.S. Environmental Protection Agency (EPA) and Shell Oil 
Company . Hyperventilate is based on Johnson et al. (1990). 

The modeling was conducted to estimate the carbon tetrachloride removal rate and provide 
information regarding the volume of extracted soil gas and the extraction time required to remediate 
the Z-Crib Area. This information is intended to provide guidance for the remediation efforts. 

The following annotated printouts from Hyperventilate are intended to provide the reader a better 
understanding of the Hyperventilate software and the modeling performed for this report. 
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Radius of Influence 
Interval Thichiessx 

100 !ft 
15 )tt 

( --> Calculate Flowrate Ranges<--

• t'hk\:n,c:::: of , crccricd irrtcrv~I. or 

pcrmcoblc eon• (whicncYcr is omollcr). 

About Soils fa Unit Conve,sions 

PERMEABILITY RANGE 

..... .. ... 20 ........... 5.07 ......... to ......... 3803 ....... . 

.......... 40 ···········qss ......... to ..... .... 74.14 ....... . 

) .......... 60 ........ ..14.44 .. .. .... to ....... ..108.33 ...... . 

......... 26.59 ........ to ....... ..199.41 ...... . 
22.80 to 

Info about Calculation 

BHI-00041 
Rev. 00 

DOE-RL (1991) , Appendix F, gave permeabilities for well 299-W18-171 (216-Z-lA) ranging from 2 
to 15 darcy for the three screened intervals of this wel l. These same values were used for modeling . 

WELL RADIUS AND INTERVAL THICKNESS 

All of the recently installed extraction wells have a radius of 2 in. and a screened interval of 10 to 
20 ft. An average of 15 ft was used. 

RADIUS OF INFLUENCE 

DO E-RL (1991), Appendix F, estimated a radius of influence for 299-W 18-171 of 70 to 220 ft at 300 
to 320 stdft3/min flow . A conservative 100 ft was used for modeling. 
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Flowr ate E stima.tion: 

0 Medium Sand 

0 Fine Sand 

0 Silty Sand 

0 Clayey Silts 

@ Input Y 01.ll' 0 wn Permeability Range 

Pemieabtlitl' Range (da-rcy) 

2 I to 15 

1) Choose Soil Type. or 
Optional - Enter your ownpen-neability values (darc y) 

2) Enter Well Radius (in] 
3) Enter Radius of Influence (ft)~ Interv;,I Thicr.ness· 
4) Optional - Enter your own well vacuum (40E." = maK) 
5) Clicl:. buttOTl to calculate Predicted Flowrate Ranges 

Predicted Flowrate Ranges 

Well Flowr ate 
Vacuum (SCFM) 

Pw (single well) 
(inli;iOJ ___ _ 

............. 5 ........... 0.86 ......... to ........... 6.46 ........ . 

Well Radius 2 lin .. ....... JO .. ..... .. ..1.71 ......... to ...... .. ..12.84 ....... . 

Radius of Influence 
lntetVal Tiricbiess" 

100 itt 
10 itt 

( -·> Calculate Flowrate Ranges<·-

• t.'hic\:ric~:; of :;crc:cncd intcrv.-1, or 

About Soils et Unit COTlversiOTls 

INTERVAL THICKNESS 

.. ........ 20 ......... ..3.38 ......... to ......... 25.35 ....... . 

.......... 40 ....... .... 6.59 ......... to ......... 49.42 ....... . 

) .......... 60 ..... .... J .63 ......... to ......... 72.22 ....... . 

....... ...17.72 ........ to ....... ..132.94 ...... . 
15.20 to 

Info about CalculatiOTl 

This shows the impact on flow rates of reducing the interval thickness to 10 fL 

C-5 
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0 Medium Sand 

0 Fine Sand 

0 Silty Sand 

0 Clayey Silts 

1) Choose Soil Type. or 
Optional• Enter your own permeability values ( darcy) 

2) Enter Well Radius (in) 
3) Enter Radius o! In!luence (It) Ir Interval Thiclmess· 
() Optional• Etiter your own well vacuum (( OE,"= maH) 
SJ Clicli. button to calculate Predicted Flow, ate Ranges 

Predicted Flowrate Ranges 

@ Input Y rmr Own Permeability Range 

Penneabllity Range (darcy) 

Well 
Vacuum 

PW. 
(in l!:iO) 

Flowrate 
(SCFM) 

(single well) 

2 I to 15 

WeTI Radius 
Radius of Influence 
Interval Ilricbiess• 

2 !in 
100 !tt 
20 !tt 

( --> Calculate Flowrate Ranges<--

• thic\:n,c:;::; of :::::c rccncd irrt;c:rnl, or 

permc,ble :o•• (whichever is <m>ller). 

.------, 
............. 5 ....... ... 172 ......... to ........ ..12.91 ...... .. 

........ JO ......... ..3.42 ....... .. to ....... .. 25.67 ...... .. 

.. ..... ... 20 ........... 6. 76 ......... to ......... 50.70 ....... . 

.......... 40 ........ ..13.18 ........ to ......... 98.85 ...... .. 

) .......... 60 ....... ...19.26 ........ to ....... ..144.44 ..... .. 

......... 35.45 ........ to ...... ..265.87 ..... .. 
II] 30.39 to 

About Soils & Onit Conversions 
. . , ' . . ,... ... ,_. .. . .. : . , ; •1:11• .. :.· :; Info about Calculation 

INTERVAL THICKNESS 

This shows the impact on flow rates of increasing the interval thickness to 20 ft. 

C-6 
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H16 

Enter Data Mode ( Set All too) Vapor 
Mass Molecular Pressu,e (a tm) 

I Compound ll.ame Fraction Weight (9) • 20 ~c 
59 n·dodecane 0.00 170.3 0.0004 t-
60 napthalene 0.00 128.2 0.00014 
61 n·hexylbenzene 0.00 162.3 0.0001 
62 methylnapthalene 0.00 142.2 0.00005 
63 tetrachloromethane 0.00 153.84 0.12 

64 1%tetrachloromethane 0.00 153.84 0.0012 
65 0.5%tetrachloromethane 1.00 153.84 0.0006 
66 25%tetrachloromethane 0.00 153.84 O.o3 

Di«ctiono lor Uoc ol Tobie 1" I 1.00000 I= Sum ol Mass Fractions 
1) Type in M~:; :; ?r~ction V::ih.ic:; ~nd u:;c the ::ar row \:cy::, &. 

( Sum ) 

How Do I Measure a Distribution? Print Lists 

VAPOR CONCENTRATION 

Four entries were made for carbon tetrachloride (tetrachloromethane): 

100 % tetrachl oromethane 
25 % tetrachloromethane 
1 % tetrachloromethane 
0 . 5 % tetrachloromethane 

::::: 

::::: 

::::: 

::::: 

120,000 ppmv 
30,000 ppmv 
1,200 ppmv 

600 PPffiv 

BHI-00041 
Rev . 00 

The average soil-gas concentration measured during extraction at 216-Z-lA was 570 ppffiv 
tetrachloromethane; therefore, 0 .5 % tetrachloromethane was assumed for modeling of the 216-Z-lA 
Tile Field/216-Z-18 Crib/216-Z-12 Crib area . A concentration of 25% tetrachloromethane 
(30 ,000 ppffiv) was used for modeling of the 216-Z-9 Crib area . 
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Vapor Concentration Estimation - Calculation 

(D Type in Temperature (C) (hit <return>) 

Clicl:to Enter Composition of Conto'ITlind'llt 

CD or 
Choose one of the Default Distn'butions 

G) Clicl:to View Distn'butions. (optional) 

(D Clicl::to Perform Calculations 

Results : 

Sum ot Mass Fractions 

Cale.Vapor Presrure 

Cale. Vapor Concentration 

How Do I Measure a Distribution? 

216-Z-IA MODEL 

Temperature 

20 

@ Enter Distnbution 

0 "Fresh" Gasoline 

0 "Weathered" Gasoline 

( View Distnbutions ) 

@ Perlorm Calculations 

1.00000 1 

o.oooso I atm ::=======: 
3.83716 1 mgn 

';..-:..-:..-;.-;.-;.-;.-;.-;.-:,,~--'· 
About Calculation PfintCard 

BHI-00041 
Rev . 00 

DOE-RL (1991) lists the soil temperature at 15 to 20 °C. An average temperature of 20 °C was 
assumed . 

Composition 

CC14 , 0.5 % of saturation. 

Vapor Concentration 

3.84 mg/L ::::: 600 PP111v • 
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Kn:'imum .Removal ..Rate 

Estiautes 

select !,)Our unit preference below 

Note: 

0 [lb/d) 

@ [kg/d] 

These are ·'maHimum removal 

rates". and should only be used as 

Pw • Well 
V:.cuum 
(in H:P) 

........ 5 ...... . 
.. ... ..10 ..... . 

Temper.ature (C) 
Soil T!JPe 
Soil Permeabilit!,I Ra-nge [darcy) 
t-lell Radius (in) 
Radius of Influence (ft) 
Con ta-minant T!,)pe 
Permeable ~one Thickness (ft) 

Flowr ate Estimates 
[SCFM] 

(single well) 

......... J.29 ......... to .......... 9.69 ........ . 

.......... 2.57 ..... .. .. to ....... ..19.25 ....... . 

20 

2 to 15 
2 

100 
Ose, Defi11ed 

MaH. Removal Rate Estimates 
[t.gld) 

(single well) ---- - ------
·········· 0.20 ......... to ......... J .54 ......... . 
. ......... 0.41 ......... to ......... ..3.09 ......... . 

screening estimates to determine ....... 20 ................ 5.07 ......... to ....... ..38.03........ . ......... 0.83 ......... to ........... 6.26 ........ .. 
if venting is even feasible at a 

given site. Continue on to the neHt 

card to assess if these rates are 

acceptable ... 

16-Z-lA MODEL 

Maximum Removal Rate 

..... ..40 ...... ........ ..988 ......... to ...... .. .74.14.. ..... . 

...... .60. ............ ..144( ...... to ...... ..108.33 ..... . 

...,......12::....0...,i ......... 26.59 .... .... to .. .. .. ..199.41 ..... . 
L1.Q.Q_ ..__,,2""2.8""'0___,to .._...._17'--"0'-"'.96"----' 

.......... 1.71 .......... to ........ ..12.87 ........ . 

. ......... 2.65 ......... to ... ....... 19.88 ........ . 

. ......... 5.90 ......... to .......... 44.26 ........ . 
'----"'4 . .,_,73'-----' to 35.47 

BHI-00041 
Rev . 00 

The estimated flow rates and the concentration entered earlier are used to calculate the removal rate . 
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fs Soil Venting Appropriate.? 

At this point, you comparethemcrornurn .!_ 
possible remwalTate with your desired 

remwalrate. 

If the mcrornurn remw al rate doesnot exceed 

your desired remwal rate, then s01l venting is 

not h'kely to meet your needs, and you should 

consider another treatment technology, or 

make your needs more realistic. 

In the next cards. we will refine the removal 

rate estimates. in order to decide if venting can 

achieve your objectives. 
..___ 
.... 

Enter 
Q) Emnated Spill Mass 

CI) Enter Desired Remediation 
Time 

~ --® kg 
I 2250001 0 I b 

'-I _75_,0I days 

Q) (,._ __ ··_> P_,_es_s_to_g_et_R_a_te_s<_·· __ ) 

Single Verti cal Well Rerolts 

Desi1ed Removal Rate: 3001 [kg/d] 

Gauge Vacuum (in H20): 120 [in H20] 

Min Flow,aie@ 120in H20 26.5'J [SCFMJ 
Ma>< Flowrate@ 120in H20 199 .... 1 [SCFM] 

Ma><. Est Removal Rate: 

(lower estimate) -pe, well 

I 
5. 'JOI [\g/d) 

(upper estimate)-pe1 well .C-4.26 [\9/d] 

BHl-00041 
Rev . 00 

:~ ... .. ....... : : . ... • :m:-. :·: .:::.:.: :·: :·: :: ... .... : .. 

216-Z-lA MODEL 

Spill Mass 

A combined 450,000 kg (DOE-RL 1991) of carbon tetrachloride was discharged to the 216-Z-lA Tile 
Field and 216-Z-18 Crib. It was assumed that 50% has evaporated and/or moved into the aquifer and 
is unavailable for vapor extraction. 

To obtain reasonable estimates, a remediation time of 750 days was assumed. This is equal to 
3 years at a 68 % total operating efficiency (TOE). 

Results 

The desired removal rate is 300 kg/day. The maximum removal rate per well is 6 to 44 kg/day 
depending on soil permeability. 
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CD (..__-_>_l_m_._p_o_rt_D_a_ta_<_-__ ) 

FIRST PRESS THE IMPORT DATA t--
BUITOU! 

These are the re sul ts for the contaminant I 
ttJl)e that vou have svecified. All of this ..... 

Qt/M(0) Vapor Residu;ol 
1 -;,ir/ Cone. level 

g-residual [X Initial] [X Initi;,IJ 

.00 100.00 100.00 

13.03 100.00 95.00 

26.0f, 100.00 90.00 

39.09 100.00 85.00 

52.12 100.00 80.00 

£,5.15 100.00 75.00 

78.18 100.00 70.00 

91 .21 100.00 £,5.00 

216-Z-lA MODEL 

Air/Residual Ratio 

Satu,ated Vapor 
Conce-nt,ation at time- 0 -
Kin Volvme to l!emove 
>90¾ o( h1itial l!esidual 

Temperature (ceC): 

Contaminant Type: 

BP 111 BP 112 BPll3 

Residual Residual Residu;,I 

[1/. tota l] [1/. tot;,IJ [1/. total) 

.00 100.00 .00 

.00 100.00 .00 

.00 100.00 .00 

.00 100.00 .00 

.00 100.00 .00 

.00 100.00 .00 

.00 100.00 .00 

.00 100.00 .00 

I 

j .383TE•0l [mg/l) 

[L-air/g-resi 
123l .55 I dual) 

20 I 
Ose, Delined I 

BPH BPll5 
Residu;,I Residual 
[1/. total) [1/. total) 

.00 .00 -t--

.00 .00 

.00 .00 I .00 .00 

.00 .00 

I .00 .00 

.00 .00 

.00 .00 ,I, 

BH I-0004 1 
Rev . 00 

The calculated minimum volume of air to remove > 90 % of the initial res idual contamination is 
234 .55 L-air/g-residual. 

Therefore an inventory of 225,000 kg would require the extraction of 5.3 x 1010 L (1.9 x 109 ft 3
) of 

soil gas at 600 ppm,, to remediate. This is equivalent to operating a 1,500 stdft3 /min soil vapor 
extraction system continuously for 3.5 years assuming a 68% TOE . 
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Is Venting Appropriate? 

Tm,pe,atu,e [ceC]: 20 
Cc,ntaminant Type: I Onr Defined 

Soil Type: I Oser Defined 

Well Radius [in): 2 

Est. Radius of Influence (ft]: 100 

Permeable Zc,ne Thickness [HJ: 15 

This is a complete summary of the data 

and results. Based upon these numbers, a 

"minimum number of weTis" has been 

calculated, which should grve you some 

indication of how appropriate venting is f 

your application. Note that this is the 

number of weTis if circumstances are ideal 

which they rarely are. 
Flowr ate per Well (120" Vac) [SCF 

Flowrateper Well (120" Vac) [SCF 

M] 2&.59 

M] 199.U 

Min. Vol. of Air [L/g-residual]: 

The next card discusses some of the Estimated Spill Mass: 

conditions that may limit the effecweness Desired Rernediatic,nTime (days] 
..... 

: 

Hinimirm I of W 

&.10 I< cm Your l11put P 

216-Z-IA MODEL 

234.SS 

225000 

TSO 

•lls Bu•d 

41rnn•tus < I fS.TS 

'l9 

I 

BHI-00041 
Rev . 00 

Assuming an average vapor concentration of 600 ppll\,, 6 to 46 wells around 216-Z-lA Tile Field, 
2 16-Z-18 Crib, and 216-Z-12 Crib must be extracted simultaneously to remove 225,000 kg of carbon 
tetrachloride in 3 years. 
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Vapor Concentration Estimation - Calculation 

CI) Type m Temperature ( C) (hit <return>) 

Clic l<to Ent er Composition of Contarnindnt 

CD or 
Choose one of the Default Distnbutions 

G) Clic"kto View Distributions, (optional) 

CT) Clic"kto Perform Calculations 

Results: 

Sum of Mass Fractions 

Cale. Vapor Pressure 

Cale. Vapor Concentration 

How Do I Measu,e a DistdbutiO!'I? 

216-Z-9 MODEL 

Temperature 

20 

@ Enter Distribution 

0 "Fresh" Gasoline 

0 "Weathered" Gasoline 

( View Distnbutions 

@ Perform Calculations 

1.00000 

0.03000 

191.85793 

About Calculation 

) 

BHI-0004 1 
Rev. 00 

DOE-RL (1991) lists the soil temperature at 15 to 22 °C. An average temperature of 20 °C was 
assumed. 

Composition 

CCl4 , 25 % of saturation . 

Vapor Concentration 

192 mg/L :::: 30 ,000 ppmv. 
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.ltr~lI11t ./leJJJov-d Jl6te 

E.mitutu 

T fflll'f'< ~, (C) 

SoiT~ 
Soi Ptm,ubiky ~ (~c:y) 
w.«i~[r,) 

0 Pb/dJ 
@ [kg/d] 

Th.-u ~, "'1-NMm!Zn rffl'IOY~ 

r ~t-S-, ,Id s:tioud ~~~as 

s.o<Hr>r19 t-S~t-S to df.<~ 

ii~ is WO"n leas:i:>le ~ ~ 

~ ~•- Contr.ut Ol"l t.o the~ 

~rd to ~Stts M' thtst r~tt ~• 

~oep(~-

216-Z-19 MODEL 

Maximum Removal Rate 

:bdi.a ol ~ (ft) 
~T~ 
P~ Zent Thicl:Mis (k) 

?.., •W.-f r,o...,,,ot,!st;,.,_H 
v~ ls:cn<J 
[r, H;P) (~ .,NJ 

.------, ,---~ 
5 ____!Ji_ to 1---=~--l 

_J.Q_ i51__ to 
...__.~, _ _jJ1. __ to 

20 I 

Ou-• D•f"n1•4 7 
2 I to I ?5 7 
z l 

100 I 
Osw D•1n1,4 _J 

l t5 

),(- i.ff,-,c,v• B.-llt !~H 
[li}cf) 

(~n() 
-----, ----

to 

to 

to ..__-" ... ""'-'---' 
to 
to 

BHI-0004 1 
Rev. 00 

The estimated fl ow rates and the concentration entered earlier are used to calculate the removal rate . 
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Is S01l Venhng Approprit1teJ1 

At this point, you compdl'e the maximum 

posSJble remwalrate with your desired 

removal rate. 

Enter 
CI) Estimated Spill Mass 

a) EmerDesiredRemediation 
Time 

@kg 
1,----22_5_00-,0I O I b 

l.__7_5_,ol days 

If the maximum remw al rate does not exceed 
your desired removal rate, then soil venting is 

not likely to meet your needs, and you should 

consider another treatment technology, or 

make your needs more realistic. 

•·> Press to get Rates<•· ) 

In the next cdl'ds, we will refine the remwal 

rate estimates, in order to decide it venting Cdfl 

achieve your objectrv"es. 

Single Vertical Well Rerolts 

Dt>sired Removal Rate: 

Gaug<> Vacuum (in H2O): 

Min Flow,ate@ 120in H2O 

MaH Flowrate@ 120in H2O 

MaH. Est. Removal Rate: 

(lower estimate) -per well 

~ (upper estimate) •per well ...._ ___________ __._....;..J 

3001 
120 

26.59 
199.41 

[kg/d] 
[in H20] 

[SCFM) 

[SCFM] 

2'l5.09l[kg/d] 
2213.011 [kg/d) 

;;;fi --~ -:· : --: : : -: : : -: : : -----: -.--bl _ _. : : -: : : : -: ---: -: : : -: --: : : : .: -: -,: 

216-Z-9 MODEL 

Spill Mass 

130,000 to 450 ,000 kg (DOE-RL 1991) of carbon tetrachloride was discharged to the 

BHI-00041 
Rev. 00 

216-Z-9 Trench. It was assumed that 50 % has evaporated and/ or moved into the aquifer and is 
unavailable for vapor extraction. 

To obtain reasonable estimates , a remediation time of 750 days was assumed . This is equal to three 
years at a 68 % TOE . 

Results 

The desired removal rate is 300 kg/day. The maximum removal rate per well is 295 to 2 ,213 kg/day 
depending on soil permeability . 
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Q) ( -> lmeort Data <-
FIRSf PRESS THE IMPORT DATA 

BCJITON! 

These are the results !or the contaminant 

Qt/M(0) Vapor Residual 
L-ai,/ Cone. Level 

g-residual [Xlnitial) [XInitial) 

.00 100.00 100.00 

.26 100.00 95.00 

.52 100.00 90.00 

.78 100.00 85.00 

1.0i 100.00 80.00 

1.30 100.00 75.00 

1.56 100.00 70.00 

1.82 100.00 65.00 

216-Z-9 MODEL 

Air/Residual Ratio 

Satur.ued Vilpo, 
Conce1'tfatiO'll at tinui=O 

Kin Volume to llPmove 
>90¾ of l11itial lluidual 

Tm,pe-rature, (~C): 

Contaminant Type: 

BPll1 BPll2 BPll3 
Residual Residual Residual 
[X total) [Xtotal) [Xtotal] 

.00 100.00 .00 

.00 100.00 .00 

.00 100.00 .00 

.00 100.00 .00 

.00 100.00 .00 

.00 100.00 .00 

.00 100.00 .00 

.00 100.00 .00 

1 .1'1'JE•03 [mg/L] 

ju<J I [l-ai,/g-,esi 
dual) 

.1:0 

Ose, Defined 

BP Iii BP 115 
Residual Residual 

[Xtotal] [Xtotal] 

.00 .00 1" 

.00 .00 

.00 .00 

11111 

.00 .00 

.00 .00 

.00 .00 

.00 .00 

.00 .00 "' 

BHI-0004 1 
Rev . 00 

The calculated minimum volume of air to remove > 90 % of the initial residual contamination is 
4.69 L-air/g-residual. 

Therefore , an inventory of 225,000 kg would require the extraction of 1.1 x 109 L (3.7 x 107 ft3
) of 

soil gas at 30 ,000 ppmv to remediate . This is equivalent to operating a 1,500 stdft3/min soil vapor 
extraction system continuously for 1 month assuming a 68 % TOE. 
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Is Venting Appropriate? 

This is a complete rummary of the data ! 
and results. Based upon these numbers, a ,,,,,., 

''mmum number of wells" has been !!!!!! 
calculated, which should give you some jj 

indication of how appropriate venting is for mm 
your application. Note that this is the mm 
number of weTis if circumstances a-re ideal lilili 
which they rarely are. Ji 

The neict card discusses some of the :1:::: 
conditions that may limit the effectiveness iiliill 

. -- . . ~ 

Tm1pe,ature [ceC): 

Ccmtaminant Type: 

SoilType: 

Well Radius [in): 

Est. :Radius oE ll'lllumee [Et]: 

hm1eable Zcm• Thiekl'less [ft] : 

I 

Flow,atepe, Well (120" Vac) [SCF 

Flowrateper Well (120" Vac) [SCF 

Min. Vol. o! Air [Llg-,esidual): 

Estimated Spill Mass: 

Desired :Remediation Time [ days] 

M] 

M] 

20 

Oser DeErned 

I OsM DeHned 

2 
100 

15 

2s_5g 

W1.'1 

'-" 
225000 

750 

0 .1_2 ~I< 
Minimum • of W 

cm Your lnpu t P 

ells Bued 

~,~ete,s < I 0.,1 

216-Z-9 MODEL 

l.9 

I 

BHl-00041 
Rev. 00 

Assuming an average vapor concentration of 30,000 ppmv, one well around the 216-Z-9 Trench must 
be extracted continuously to remove 225 ,000 kg of carbon tetrachloride in 3 years . 
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Help: 6c) Low Permeability Lenses 

'"dried"' zone 

\ . 
.-------------------------r----, 6 

• 
In the situation depicted abO¥e. vapor flows past. rather thanth-c01Jgh the contaminated s01l zone, such as might be -t­
the case for a contaminated clay lens surrounded by sandy soils. In this case vapor diffusion th-cough the clay to the .,.,., 
flowing vapor limits the remov alr ate (the -removal Tate actuaTiy becomes independent of total vapor tlowrate at high lilili 
tlowrates . The maximumremc,,,,alrate in this case occurs whenthev or tlowisfast enou htomaintain a low "°" 

Show Me Equations Return Let's Do a Calculation 

BHI-00041 
Rev . 00 

The following pages present results of modeling extraction from a low-permeability lens such as the 
caliche layer found in the Plio-Pleistocene unit. 
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Help: 6c) Low Permeability Lenses - Equations 

Rut = n (R~ - R~) C rn oerr C soil Psoil 

2 t 

Rut = estimated remo1Jal ,ate [mg/d] 
8 = thickness ol "dried-out" zone [m] 

R1 = defines region in which contamination is p,esent [m] 
R2 = defines region in which contamination is present [m] 

C.,t = estimated satu,ated vapor concentration [mg,'m3) 
D•ff = eHective soil Yapor diHusion coefficient [m2/d] 

C,oil = initial residual leYel of contaminant in soil [mg/kg) 

P,oil = soil bulk dmsit!,I [kg/m3] 
t = time (d] 

Let's Do a Calculation Return 

C-1 9 

6 = .... /Cut o•rr t 
, V C soil Psoil 

Derivations for these equations are gwen 1' 
in Johnson. et al · "A Practical Approach 
to the D esiqn, Operation and Monitoring 

of In Situ S01l Venting Systems"· 1990. 

These Equations are valid for 

single-component contaminants: remwal 

rates for mixtures probably will be lower. 

due to compomion changes and 

liquid"J)hase diffusional resistances. 

;;~ ~ : . . . :' . . . . . ·, . . 
'< ••• ;, ••••• • •• • ••• 

<({. . .. .. .... . . . . . H26 
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/~' ~-:-;:;. ;,,, ,,, V' \,, __ ~-<:-..'»,, /:;:·~:i~•,,,_..'< i~l,,,, 

Help: Low Permeability Lenses - Calculation 

(!) Process V aria bl es: 
(input 11alues) 

I 2 I 11mting well , adius [in] 

I 900 i ,adial width ol OOl\taminated ZOl\e [HJ 

I 310 i ,esidual OOl\tamin.mt le11el [mg/kg] 

(D Contaminant Properties: 

! 153.840058 i contaminant molecular weight(g/mole] 

I 0.456 i contaminant vapor pressu,e [mm Hg] 

I 20 i temperature (C) 

0 use values aileady input 1,om Ca,d 10 

(I) ( ..... ___ --_> _C.a:.aal~cu::.:.lat=-e ..;..<-_-__ J) 

B.emaval 
Time late li 
(dai,s) (\gld) (m) 

................. 1 ......................... 2837.400 .................... 0.048 .......... . 

................ 1 ....................... ..1072.436 ........ ............ 0.128 .. ........ . 

............... 30 ······ ... ····· .. .. ...... 518.036 ..................... 0.265 .......... . 

............... 60 ...................... ..366.307 ................. .... 0.375 .......... . 
120 259.018 0.530 

.............. 180 ....................... 211.487 ..................... 0.650 ··········· 

.............. 240 ..................... ...183.153 ................... .. 0.750 ······ .. ··· 
Just ente, values into the app,opriate fields, then click on 

the '"Calculate'" button. 

-t, ............ ..360 ....................... 149544 .................. ... 0.919 .......... . 
··············540 ....................... 122.102 ...................... 1.125 ........ .. . 
. ............. 720 ....................... 105.744 ...................... 1.299 .......... . 

:._iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii-i;;;;;;;;;;;;;;;;•~ 1080 86.339 1.59iiiliiiiiiiiliillll 
. . . . . . . . . ' . . . :-- . ' . . ' : ~ ~ . . ~ . "' 

. . . . . . . . . . . . . . . . . 

. ~~ . . . . .. Return ,, ........ , ... , ..... . . 
. . . . . .. . ': . . ,,_ .. H30 

VENTING WELL RADIUS 

Radius of the well is 2 in. 

RADIAL WIDTH OF CONTAMINATED ZONE 

The radius of a circle with an area enclosing the soil vapor plume around 216-Z-lA Tile Field , 
216-Z- 18 Crib , and 216-Z-12 Crib (Figure 2-2) is 900 ft. 

RESIDUAL CONTAMINANT LEVEL 

A residual contaminant level of 310 mg/kg of tetrachloromethane was used. This concentration, if 
representative of the early Palouse and Plio-Pleistocene formations, would result in an inventory of 
-200,000 kg tetrachloromethane in the area of 216-Z-lA Tile Field , 216-Z-18 Crib , and 
216-Z- 12 Crib. 

CONTAMINANT VAPOR PRESSURE 

The vapor pressure equivalent to 0 .5 % tetrachloromethane is 0.456 mm Hg. 

C-20 
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Help: Low Permeability Lenses - Calculation 

(D Process Variables: 
(input values) 

I 2 I vmting well, adius (in] 

I 450 I 1adial width ol contaminated zone (HJ 

I 1250 I 1esidual contamin.mt level [mg/kg) 

® Contaminant Properties: 

! 153.840002 I contaminant molecul¥ weight(g/mole) 

I 22.8 I contaminant vapo, p1essu1e (mm Hg] 

I 20 I tempeiatu1e (C) 

0 use values al,eady input llom Ca,d 10 

m C.._ ___ --..:;:::,....:C~a~lcu:.!!.l!.::at!.::e:...::<::....--__ __,J) 

Removal 
Time II.ate li 
(days) (kgld) (m) 

.............. ...1 .... .. .......... ........ 1424.409 .................... 0.024 .......... . 

................ 7 .......................... 538.376 ......... ············ 0.064 .......... . 

......... ...... 30 ........................ 260 060 ..................... 0.132 .. .. ...... . 

............... 60 ........................ 183890 ..................... 0.187 .......... . 

............. J.?.Q ....................... 130.030 ......... ············ 0.264 .......... . 
180 106.169 0 324 

... : ........ J49 ...................... ..91. 945 ...................... 0:314 .......... . 
Just ente, 11alues into the app1opliate lie Ids, then click on i- ............ ..360 ............. .. ....... ..75.073 ·········· ............ 0.458 .......... . 

.............. 540 ············· ........... 61.297 ...................... 0.560 ··········· 
720 53.085 0.647 

the "Calculate" button. 

~-----------;;;;;;;;;:;;;:"'__ 1080 43.343 0.792 
-· . . . . . . . . . . . ... 

Return . . . . . . . . . . ..... . >. . . . . . . . . . . . . . . 
. . . . . . . . . . . . . . . H • • • • • • • 

VENTING WELL RADIUS 

Radius of the well is 2 in. 

RADIAL WIDTH OF CONTAMINATED ZONE 

The radius of a circle with an area enclosing the soil vapor plume around 216-Z-9 Crib (Figure 2-2) 
is 450 ft. 

RESIDUAL CONTAMINANT LEVEL 

A residual contaminant level of 1,250 mg/kg of tetrachloromethane was used . This concentration, if 
representative of the early Palouse and Plio-Pleistocene formations, would result in an inventory of 
-200 ,000 kg tetrachloromethane in the area of 216-Z-9 Crib . 

CONTAMINANT VAPOR PRESSURE 

The vapor pressure equivalent to 0. 5 % tetrachloromethane is 22. 8 mm Hg. 
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NOTE : 

Help: 6a) Dilution Effects [Bypassing] 

11apor flow --- ...... . . . . . . . ..... 
11apor llow ---

~~-
Yaporflow t 't\ 

Top Vi~w 

The figure above depicts the case where some vapors "bypass" zones of contamination, and therefore the 1'-
vaporSTemaved from the extraction wen represent a milcture of the vapors obtained from both contaminated 

and clean vapor flowpaths. One can roughly judge the amount of bypassing by the well placement, scremng, j::!.:,l,',1,, 1,, 1,_ 

and contaminant distribution. Generally, observed vapor concentrations are roughly 10 · 50% of the ideal 
saturated concentrations. To account for this in the modelling, therefore, rrrultiply the number of wells on card 1 H!! 

' 0 0 -,I, 

. . . 
•• • • • • • • • • • • • • • • h •• • • 

· ,,,:. . . . . . . . . 
:,! t . . Return H23 
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Generally, observed vapor concentrations are roughly 10 to 50 % of the ideal saturated concentrations. 
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Help: 6a) Dilution Effects [Bypassing] Ip: 6a) Dilution Effects [Bypassing] 

11apor flow --- ...... . . . . . . . . . . . . . . . . . . ' . . . . . . . .... . .... ' 

Sidt.>Vit.>w 

11apor (low --- vapor flow 

Top Vit.>w 

by a factor of 2 to 10. and rern<Nalrates (and vapor concentrations)by a factor of 0.10 to 0.50 ( 10% to 50% 
efficiency factor). 

This information may also have be obtained during an air permeability test. when s01l gas concentrations at 
vadose monitoring instaTiations. and extraction wen concentrations are compared 

i;;t,t·;\T'! ❖~-~ - ,:--::::: :.:.:,;.~ ~-~~:<~-~.;:: --~ ':,., :, ... :' .... . . . . . . . . . . . . . Return 
~;-~-. ; -r;}_'; : .; ':'~'; ~-{· ..... ... -~-: .i~-, 

,t:r,: -~·;·~::ft 't•·-+?J{--\~t ~ t'v:.}~ft .. : 
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APPENDIX D 
CARBON TETRACHLORIDE CHEMICAL CHARACTERISTICS 

Raoult's Law - A physical law which describes the relationship between the vapor pressure of a 
component over a solution, the vapor pressure of the same component over pure liquid, and the mole 
fract ion of the component in the solution. The component is the solvent portion of the solution. 
Raoult 's law is generally valid for components with a mole fraction near 1. For an ideal solution: 

where: 

p = (X)(P0
) 

P = vapor pressure of the component over the solution 
X = mole fraction of the component in the solution 
P0 = vapor pressure of the pure component. 

Henry's Law - A physical law which describes the relationship between vapor pressure of a 
component over a solution and the mole fraction of the component in the solution. Henry's law is 
generally valid for dilute solutions in which the component mole fraction is near 0 . For an ideal 
solution: 

P = (X)(Hc) 

where : 

He = Henry 's Constant , unitless 

(1) 

(2) 

(3) 

The Henry's Law constant is temperature dependent. This correlation for carbon tetrachloride is as 
follows (Munz , C. , and P.V. Roberts, 1987, Journal of AWWA Research and Technology, May 1987, 
pp . 62-69): 

log He= 5.853 - 1718/T[K] 

A temperature of 20 °C (293 K) was used in the body of the report and is representative of soil-gas 
venting from wells in the vicinity of the 216-Z-9 Trench. 

D-3 
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Table D-1. Carbon Tetrachloride Chemical Properties. 

PROPERTY VALUE 

Molecular Weight 153.82 

Melting Point -23 °C 

Boiling Point 76 .8 °C 

Vapor Pressure (@ 20 °C) 112 mm Hg 

Solubility in Water (@ 20 °C) 800 mg/L 

Log Octanol/Water Coefficient 2 .73 

Henry's Law Constant (@ 20 °C) 0.976 

Specific Gravity (@ 25 °C) 1.588 
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1.0 INTRODUCTION 

One of the primary challenges of predicting the fate of carbon tetrachloride in the subsurface is to 
define the vapor phase partitioning coefficient (K,) accurately for the soils of interest. This 
coefficient can be used in an isotherm expression (Equation 1) to determine the solid phase sorbed 
concentration of carbon tetrachloride given the equilibrium vapor phase concentration. Determination 
of the sorbed and vapor concentrations is critical for estimating carbon tetrachloride atmospheric 
losses and residual inventory at the 200 West Area of the Hanford Site. 

where: 

q. = solid phase concentration (mass of contaminant sorbed on soil particles plus mass 
dissolved in soil moisture per mass of soil) 

K, = equilibrium partition coefficient 

c. = gas phase equilibrium concentration. 

The coefficient Kv is calculated for linear isotherm traces and is dependent upon a variety of system 
conditions (soil moisture, relative humidity, physical and chemical soil characteristics, temperature , 
etc.). Consequently, it is not typically available in the literature . Due to the system-specific 
conditions that define Kv, it was decided to estimate K, under field conditions. 

2.0 LABORATORY TESTING 

2.1 BACKGROUND 

(1) 

The experimental procedure initially developed to estimate carbon tetrachloride vapor phase sorption 
involved the testing of soil samples at a Washington State University laboratory. These samples were 
collected during the drilling of wells 299-W 15-220 and 299-W 18-252 during FY 1993 in the 
200 West Area. 

A static headspace analysis procedure was developed that is detailed in the following discussion . This 
procedure was developed because it would theoretically afford a relatively efficient method of 
defining Kv using field soil samples under actual field soil moisture, relative humidity, and 
temperature conditions . 

Thirty-three individual soil samples were collected at eleven depths (three samples per depth) from 
well 299-W15-220, east of the 216-Z-9 Trench . Sample collection was initiated at the 90- to 95-ft 
interval , and collection proceeded at approximately 10-ft intervals to termination at the 190- to 195-ft 
interval. Of the 33 soil samples collected from well 299-W15-220, 3 (all at 95-ft depth) had 

E-5 



detectable concentrations of carbon tetrachloride . Two of the four samples collected from 
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well 299-W18-252, west of the 216-Z-lA Tile Field , had detectable carbon tetrachloride 
concentrations. The relatively low number of samples with detectable carbon tetrachloride was an 
apparent result of the combined effect of collecting a small mass of soil and low solid phase (sorbed) 
carbon tetrachloride concentrations. Consequently, it was not possible to define equilibrium solid and 
gas-phase sorption using the samples as received from the field. Based on these results, a carbon 
tetrachloride addition protocol was developed that involved spiking selected samples with a known 
mass of carbon tetrachloride . The procedure employed is presented in the following section. 

2.2 METHODOLOGY 

Eight samples were selected for the carbon tetrachloride sorption experiments that involved the 
addition of carbon tetrachloride . Three samples were collected from the 95-ft interval and three from 
the 125-ft interval (well 299-WlS-220). Two samples were collected from well 299-W18-252 at 
177 ft. Selection of these sample sets allowed for sorption experiments to be carried out on a sandy 
gravel and sandy silt. In addition to the sample bottles containing soil, three blank bottles (containing 
no soi l) were used and carried through all the experimental procedures to verify the sample recovery . 
All experiments were carried out in the original collection bottles (120-mL septum bottles). 

Carbon Tetrachloride Addition. Each bottle was spiked with 1 µL of liquid carbon tetrachloride 
and allowed to equilibrate at 18 °C for 3 days . Following equilibration, the vapor phase was analyzed 
for carbon tetrachloride using a gas chromatograph that was calibrated using vapor phase carbon 
tetrachloride standards . 

Concentration Calculations. The total mass of carbon tetrachloride in each bottle was then 
determined by maintaining the bottles at 96 °C for 2 hours and quantifying the carbon tetrachloride 
vapor phase concentration (Voice 1993). The concentration measured at 96 °C was corrected for the 
loss of carbon tetrachloride that resulted from the analysis at 18 °C (Equation 2), and the total mass 
sorbed to the soil was then calculated using Equation 3. Equation 3 solves for the mass of 
contaminant sorbed per mass of soil. 

where : 

C•<li = adjusted concentration (ppm.) 
C96 = concentration measured at 96 °C (ppm.) 
C,8 = concentration measured at 18 °C (ppmv) 
V, = sample volume withdrawn to determine concentration at 18 °C (4 mL) 
Vb = vapo r phase volume in bottle 
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Equation (3): 

where: 

q. = Solid phase concentration (µg/kg) 
Vb = vapor phase volume in bottle (L) 
m = soil mass (kg) 
M .W. = molecular weight of carbon tetrachloride, 154 g/mole 
V m = molar volume, 22.4 L/mole 

Sorption isotherms were then developed by plotting values of q. and c •. 

2.3 RESULTS AND DISCUSSION 

BHI-00041 
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(3) 

Two points should be made from the data presented in Table E-2. The first is that the concentrations 
at 18 °C and 96 °C in the blank bottles are consistent, indicating that no detectable losses of carbon 
tetrachloride occurred throughout the analytical procedures . The value for q. for bottle CEE37 is 
negative , a physical impossibility and a result of a leak in the septum during the heating procedure. 
This leak was visually observed and noted during the analysis procedure. The septum type for bottles 
CEE34 and CEE37 differed from those septa used on the remainder of the bottles . As a result of the 
observed leak, bottles CEE34 and CEE37 were not used in subsequent isotherm development and data 
analysis . 

The second point is that the data in Figures E-1 and E-2 indicate a maximum solid phase carbon 
tetrachloride concentration of approximately 3,500 µg /g at a vapor phase equilibrium concentration of 
- 16 ,000 µg /L (2,693 ppm@ 18 °C , 700 mm Hg). The data from each set of samples have been 
approximated with a linear line of best fit. The slopes of the lines fitting each data set are not 
signifi cantly different. Similarity in sorption data between the two sample sets is evidenced by 
Figure E-3, where the data from both sets of samples are combined. The slope for the line of best fit 
fo r the combined data is 0 .63 and for Figures E-1 and E-2 is 0.67 and 0.55, respectively. It should 
be noted that the intercept of the line of best fit is not zero. This indicates that over a full range of 
equilibrium vapor phase concentrations , the sorption isotherm is nonlinear . As a result , a linear 
partitioning coefficient , Kv, cannot be determined . 

2.4 FUTURE WORK 

These data are a preliminary indication of solid sorption capacity over a relatively narrow carbon 
tetrachloride vapor phase concentration range . An ideal outcome would have been that the intercept 
was close to zero for the line of best fit. Since this was not the case , a wider range of vapor phase 
co ncentrations should be studied to defi ne the isotherm shape. Additional equ ilibrium studies shou ld 
involve the use o f larger soil samples . 
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Visual observation of the soil samples indicated a range of soil moistures. If soil moisture is shown 
to vary at the site, isotherm data could be collected at varying soil moisture levels . 

This s tudy yie lded valuable information that can be used for future planned efforts with respect to the 
removal of residual carbon tetrachloride from the unsaturated zone. Although this study was 
preliminary in scope, the results indicate that solid phase concentrations of carbon tetrachloride could 
be significantly less than was assumed for the carbon tetrachloride residual inventory calculations 
(WHC 1993) . This highlights the system-specific nature of vapor phase partitioning and the necessity 
to determine partitioning under conditions that closely approximate those found in the field . 

The low vapor phase partitioning also points out the necessity to modify the experimental protocol 
used to determine gas phase equilibrium. This is a result of the difficulty encountered in measuring 
small changes in vapor concentration. This modification would involve the development of a 
continuous flow protocol, rather than the batch protocol used previously. It is fortuitous that the 
continuous flow apparatus could be used for both equilibrium data development and gas phase 
extraction data development. 

Additional pr imary objectives of the laboratory-scale extraction tests are as follows: 

• Define the effects of a lower permeability layer (e.g., a clay lens) on extraction efficiency. 
This would be particularly applicable to the caliche layer that may contain significant 
quantities of carbon tetrachloride . Even though the partitioning onto the solid phase is 
probably small, the permeability of the layer would decrease extraction efficiency as a result 
of diffusion limitations . 

• Define the carbon tetrachloride field capacity of Hanford Site soils. 

• Define liquid (groundwater), soil, and gas phase equilibria and the degree to which vapor 
extraction impacts contaminated groundwater; that is, how fast does the equilibrium shift as 
the vapor concentration is reduced over the groundwater during soil vapor extraction. 

• Provide vapor partitioning and equilibria information to help assess the efficiency of passive 
vapor extraction. 

The proposed study would be closely related to the tracer gas investigation currently in progress . 
Both projects would result in compatible and mutually beneficial information. The tracer gas 
experiments could be extremely useful in the proposed laboratory-scale investigation. It should be 
possible to define the diffusion characteristics of different soil materials using tracer techniques . The 
information gained could then be applied to the field investigation to further elucidate those find ings . 

3.0 BOREHOLE SAMPLE DATA 

Some sample data exist (Rohay et al. 1993) in which borehole soil and soil-gas concentrations are 
avai lab le . These data are given in Table E-1 and are plotted in Figure E-4 along with the WSU 
laboratory data from Tab le E-2. 
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These data show more scatter than the WSU laboratory data but also cover a broader concentration 
range . Because the data appear linear with a y- intercept near zero, a linear isotherm was assumed 
and they-intercept was forced to zero . A linear regression was found to have a slope of 0.73 and R2 

value of 0. 835, indicating a fairly good fit. The resulting linear isotherm is represented by the 
following equation: 

Qe( µ g/kg)=0 . 73Ce(ppm) . (4) 
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Table E-1. Well Sample Carbon Tetrachloride Data. 

Depth 
CC14 Concentration 

Well# in soil gas 
(ft) 

(ppm,)" 

W18-96 87.0 8.1 
101.0 8.3 
122.0 98.1 

W18-252 49.0 1.7 
86.0 16.3 
123.0 5.2 
138 .0 36.4 
159.0 1,4 19.6 
186.0 8.9 
202.0 169.7 

W15-218 60.0 45.4 
92 .0 102.9 
112 .0 16,660.0 
112.0 20,910.0 
127.0 29.8 
140.0 10.2 
140.0 7.9 
159.0 155.0 
179.0 778.6 
190.0 10,380.0 

Wl5-220 51.0 853.7 
90.0 1,511.6 
115 .0 633 .0 
142.0 149.0 
142.0 167 .2 
160.0 108.4 
182.0 49.4 
182.0 50.2 

"Field gas sample , analyzed by GC/ECD . 
bSoil sample preserved in methanol, analyzed by GC. 
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CC14 Concentration 
in soil 
(ppbl 

93 .0 
127 .0 
111.0 

20.0 
30.0 
10.0 

307.0 
205.0 
159.0 
130.0 

354.0 
810.0 

15,794.0 
15,794.0 

25.0 
244.0 
244.0 
37.0 
50 .0 
25.0 

1,052. 0 
1,132. 0 

25.0 
20 .0 
20.0 
15.0 
20.0 
20 .0 
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Tab le E-2 . Measured and Calculated Data for the Determination of Carbon Tetrachloride Vapor 
Phase Sorption Equil ibria. 

Bortle No. gas vol soil mass C, 18° C96° adj C 96° adj C 96° C, 18° q, 
(mL) (g) (ppm) (ppm) (ppm)' (µg/L) (µg /L) (µg/Kg) 

CEE l0 ' 106.430 37.870 2 143 2 149 2229 13155 12644 1435 

CEE 11 1 100.250 52.450 2740 2914 3023 17838 16167 3195 

CEE12 ' 113.040 22 .500 2392 2323 2407 14206 14 11 3 463 

CEE34' 108.780 33.470 2464 2598 2688 15863 14538 4307 

CEE37' 118.690 7.150 2358 2220 2299 13567 139 13 -5733 

CEEl33 106.430 31.820 2450 2445 2537 14969 14455 1718 

CEE143 112.890 17.870 2434 2410 2496 14728 1436 1 2320 

CEEls3 97 .050 51.220 2802 2997 311 2 18364 16532 3471 

blank 1 12 1.010 0 2263 2069 2218 13090 13352 ---

blank 2 121.250 0 2127 2008 2148 12676 12550 ---

blank 3 122 .250 0 2460 2259 24 19 14278 145 14 ---

Samples collected from the 125 ft interval (299-W15-220) : Sandy gravel , 40 % gravel, cobbles to 2 in. diameter, 80 % felsics, 
20% basalt. 

2 Samples co llec ted from 175 ft (299-W18-252) 

3 Samples collected from 95 ft interval (299-Wl5-220) : Sandy silt interbeds 

4 Concentration adjusted for the removal of 4 mL of sample during 18 •c analys is. 
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APPENDIX F 
VAPOR EXTRACTION CHARACTERIZATION TESTS 

WELL 299-W18-252U 

Four vapor extraction characterization tests have been performed on the upper interval of 

BHI-00041 
Rev . 00 

well 299-W18-252, located west of the 216-Z-lA Tile Field . The tests were completed on January 5, 
6, and 20, and March 10, 1994 . The first two tests were routine characterization tests in which a 
vacuum is applied to a single open interval and the resulting flow and concentration are measured . 
The third test was used to determine the radius of influence of well 299-W18-252U. The fourth test 
was conducted to determine the relationship between applied vacuum and flow at this interval. 

On January 5, a vacuum of 33 in. HP was applied at the wellhead, resulting in a flow of 150 ft3/min 
containing 80 ppmv of carbon tetrachloride . The vacuum at the vapor extraction system was 
92 in. H20. On January 6 , a vacuum of 70 in. Hp was applied at the wellhead, resulting in a flow 
of 230 ft3 

/ min containing 518 PPffiv of carbon tetrachloride . The vacuum at the vapor extraction 
system was 127 in. H20. On January 20, the vapor extraction system vacuum was 127 in. H20, 
which again produced a wellhead vacuum of 70 in . H20 and a flow of 230 to 240 ft3/min containing 
500 ppffiv of carbon tetrachloride. On March 10, the vacuum at the wellhead was varied from 14 to 
70 in . H20, resulting in flows ranging from 118 to 269 ft3/min. 

The vapor extraction system, which includes a 500-ft3/min blower, was connected to well 
299-W18-252U through a 4-in.-diameter, 5-ft-long manifold positioned near the well. Approximately 
500 ft of 4-in .-diameter flex hose runs from the extraction system to the manifold , which is connected 
to the wellhead with approximately 15 ft of 2-in.-diameter flex hose (Figure F-1). 

Well 299-W18-252 is completed with 4-in .-diameter schedule 5 stainless steel casing extending 
210.3 ft below ground surface (bgs) with two louvered , 0 .020-slot screened intervals from 113 .24 to 
133.2 1 ft bgs and from 165 .13 to 185 .09 ft bgs (Figure F-2) . Filter packs were installed from 111.0 
to 134.7 ft and from 163 .0 to 187.2 ft bgs (Rohay et al. 1993) . A 2-in .-outer diameter pipe is 
located in the center of the casing and extends to approximately 135 ft bgs. An air bladder packer is 
placed between the inner pipe and the casing to isolate the upper and lower screened intervals . Thus 
the soi l gas extracted from the upper interval flows through a 4-in . by 2-in. annulus. Because this 
wel l was installed in 1993, it is assumed that the steel surfaces are smooth and clean. 

Three pressure transducer vent lines, consisting of 1/8-in.-diameter stainless steel tubing , were 
strapped to the exterior of the permanent well casing during completion. These were open ended, 
terminating at 100.0 , 145 .2, and 2 10.0 ft. Each open tube end was filter packed with approximately 
3 to 4 ft of filter pack to provide continuity with the formation . The transducer tube and screen filter 
packs were isolated from each other by installing portland cement grout annular seals and bentonite 
annular seals between the filter packs . A portland cement grout annular seal was also installed across 
the Plio-Pleistocene unit to prevent contaminant transport across the confining unit. A bentonite 
annular seal was installed from 9 .0 ft to the top of the upper transducer cement grout seal at 90.2 ft, 
and a cement grout seal was installed from the ground surface to 9 .0 ft bgs (Rohay et al. 1993). 

An array of subsurface monitoring ports was installed north of well 299-W18-252 using a cone 
penetrorneter in 1993 (Figure F-3) . The north end of the array is anchored by extraction well CPT-4. 
Ten moni toring locations, each consisting of one to five subsurface ports , were installed between 
299-W 18-252 and CPT-4 . The monitoring ports range in depth from 10 to 109 ft bgs (Figure F-4). 
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During the January 20 radius-of-influence test, a vacuum was applied to well 299-W18-252U for 
approximately 6.5 hours, and subsurface differential pressures were monitored every 15 minutes at 
the 299-W18-252 lower screened interval (299-W18-252L); at the three stainless steel transducer 
tubes at 299-W18-252 [252/1 (100 ft), 252/2 (145 ft), 252/3 (210 ft)]; and at eight subsurface 
monitoring ports [CPT-4F (75 ft and 109 ft) , CPT-4E (75 ft and 103 ft), CPT-4D (75 and 99 ft) , 
CPT-4C (107 ft) , and CPT-4B (90 ft)]. Spots check of the pressure were also made at the other 
CPT-4 monitoring ports . 

Extraction was initiated at approximately 8:45 a.m. on January 20, 1994 and continued until 
approximately 3: 15 p.m. Differential pressures were monitored from 3: 15 p .m. on January 19 
through 1: 15 p.m. on January 21. Barometric pressure was also recorded. 

Vacuums measured during the test are shown on a cross section of well 299-W18-252 and the CPT-4 
monitoring array (Figure F-5). These vacuums have been corrected for the effects of barometric 
pressure . Based on the corrected January 20 subsurface vacuum readings, the radius of influence is 
estimated to be 125 ft (Figure F-6). 

The data recorded during the January 20 test are illustrated in Figures F-7 through F-12 . These 
graphs show the absolute pressure in in. H20 for the barometric and subsurface monitoring points. 
The sample points which were affected by vapor extraction are shown with areas of hatch marks. 
The upper curve of the hatched areas represents an approximation of the subsurface pressure in the 
absence of the applied extraction vacuum. The lower portion of the hatched areas are the measured 
subsurface pressures . The height of the hatched areas represents the vacuum that was induced by the 
vapor extraction system. The times that the test started and stopped are indicated in the figures as 
vertical bars . 

Monitoring at 299-W18-252L and 252/3, which are the lower screened interval and lowest stainless 
steel transducer tube, respectively, at well 299-W18-252, shows no response to the vacuum applied at 
the upper screened interval (Figure F-7) . This indicates that the Plio-Pleistocene caliche layer is 
effective as a barrier to vertical air flow in this area . 

Results of the March 10 flow step test are shown in Figure F-13 . As the vacuum is increased, the 
resulting flow increases but appears to reach a maximum of approximately 250 to 300 ft'/min . This 
suggests that increasing the wellhead vacuum above approximately 70 in. H20 will not significantly 
increase the resulting air flow. 
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Figure F-1. Flow Diagram for Extrac tion at Well 299-Wl8-252 Upper Interval. 
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Figure F-2. Well Summary Sheet for Well 299-Wl8-252 (from Rohay et al. 1993). (sheet 1 of 3) 
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Figure F-2. Well Summary Sheet for Well 299-W18-252 (from Rohay et al. 1993). (sheet 2 of 3) 
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Driller ----=G..:.. . ..,_H""o'-'w..,_e""l"-I ______________ Drilling Method and Equipment Cable Tool Wa lker Neer WS-31 
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Figure F-2. Well Summary Sheet for Well 299-W18-252 (from Rohay et al. 1993) . (sheet 3 of 3) 
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Figure F-4 . Location and Depths of Subsurface Monitoring Ports in CPT-4 Array . 
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Figure F-6 . Radius of Influence During January 20, 1994 299-Wl8-252 Extraction Test. 
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