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Abstract

Past practices resulted in the discharge of carbon tetrachloride (CT, tetrachioromethane) to the
216-Z-9, 216-Z-lIA, and 216-Z- 18 waste sites in the 200-PW- 1 Operable Unit in the 200 West Area of theI U.S. Department of Energy's (DOE's) Hanford Site in Washington State. Fluor Hanford, Inc. is
conducting a Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA)
remedial investigation/feasibility study (RIIFS) for the 200-PW-1 Operable Unit. As part of this overallI effort, Pacific Northwest National Laboratory was contracted to improve the conceptual model of how
CT is distributed in the Hanford 200 West Area subsurface through use of numerical flow and transport
modeling. This work supports the DOE's efforts to characterize the nature and distribution of CT in the

200 West Area and to subsequently select an appropriate final remedy.

Three-dimensional modeling was conducted with layered models to further develop the conceptualI model of CT distribution in the vertical and lateral direction beneath the 216-7-lA tile field and
216-Z-1 8 cribs and to investigate the effects of soil vapor extraction (SVE). Base case and sensitivity
analysis simulations considered migration of dense, nonaqueous phase liquid (DNAPL) consisting of CT

and co-disposed organics in the subsurface beneath the two disposal sites as a function of the properties
and distribution of subsurface sediments and of the properties and disposal history of the waste.
Simulations of CT migration were conducted using the Subsurface Transport Over Multiple Phases

(STOMP) simulator.

Simulation results support a conceptual model for CT distribution where CT in the DNAPL phase is

expected to have migrated primarily in a vertical direction below the disposal trench. None of the simu-
lations predicted that CT in the DNAPL phase would move across the water table below the 216-Z- 183 site. Movement of CT in the DNAPL phase across the water table below the 216-7-lA site was only
predicted in simulations with smaller disposal areas and larger volumes, compared to the base case
simulation, and in isotropic porous media. Because uncertainties in disposal area and volume exist,3 movement of CT in the DNAPL phase across the water table in the subsurface below the 216-7-l1A site
should be considered as a possibility. However, even if DNAPL moved across the water table in the
past, there may not currently be a DNAPL phase in the groundwater beneath the 216-7-lA site because

of dissolution. Results also show that the Hanford 1la geologic unit, located just beneath the 216-7-lA
and 216-7 18 disposal areas, retains more CT DNAPL within the vadose zone during infiltration and
redistribution than other hydrologic units. During simulated SVE operations, CT in this unit remained inI the subsurface while DNAPL in other layers was effectively removed. Additional characterization of the
Hanford 1 a unit below the two disposal sites would provide valuable information about the quantity of
DNAPL phase CT remaining in the vadose zone. A significant amount of the disposed CT DNAPL may

have partitioned to the vapor phase and subsequently into water and sorbed phases. As for the 216-7-9
site, it is predicted that any continued migration of CT from the vadose zone to the groundwater is likely
to occur through interaction of vapor phase CT with the groundwater and not through continued DNAPL
migration. The results indicated that SVE appears to be an effective technology for vadose zone
remediation, but additional effort is needed to improve simulation of the SVE process through an3 enhanced understanding of rate-limited volatilization.
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Executive Summary

Carbon tetrachloride (CT) was discharged to waste sites that are part of the 200-PW- 1 Operable Unit
in the 200 West Area of the U.S. Department of Energy's (DOE's) Hanford Site in Washington State.I Fluor Hanford, ic. is conducting a Comprehensive Environmental Response, Compensation, and
Liability Act (CERCLA) remedial investigation/feasibility study (RI/FS) for the 200-PW- 1 Operable
Unit. The RI/FS process and remedial investigations for the 200-PW-1, 200-PW-3, and 200-PW-6I Operable Units are described in the PlutoniumlOrganic-Rich Process Condensate/Process Waste Groups
Operable Unit RI/FS Work Plan. As part of this overall effort, Pacific Northwest National Laboratory
(PNNL) was contracted to improve the conceptual model of how CT is distributed in the HanfordI 200 West Area subsurface through use of numerical flow and transport modeling. This work supports
the DOE's efforts to characterize the nature and distribution of CT in the 200 West Area and to5 subsequently select an appropriate final remedy.

Three-dimensional modeling was conducted with layered models to refine and update the conceptual
model of CT distribution in the vertical and lateral direction beneath the 216-Z-lA tile field and 216-ZI18

crib and to investigate the effects of Soil Vapor Extraction (SVE) as a CT remediation option. Simu-
lations targeted migration of dense, nonaqueous phase liquid (DNAPL) consisting of CT and co-disposed3 organics in the subsurface beneath the two disposal sites as a function of the properties and distribution
of subsurface sediments and of the properties and disposal history of the waste. The geological repre-
sentation of the computational domain was extracted from a larger Earth Vision TM geologic model of theI 200 West Area subsurface. Simulations of CT migration were conducted using the Water-Oil-Air mode
of the Subsurface Transport Over Multiple Phases (STOMP) simulator (White and Oostromn 2006). The
simulations considered disposal of liquid waste at the 21 6-Z- 1, Z-2, and Z-3 sites, prior to disposal at the

216-Z-lIA and 216-Z 18 sites.

A total of 34 three-dimensional simulations have been conducted based on a layered Earth Vision TMI geologic model, which is an interpretation of available geologic data. These simulations consist of one
base case simulation and 33 sensitivity analysis simulations. These simulations examined the infiltration
and redistribution of CT from 1954 through 1993, just before the SVE treatment began. A second seriesI of simulations examined the impact of SVE on the carbon tetrachloride distribution in the subsurface
over the time period of 1993 to 2005. The simulations were completed on the Environmental Molecular5 Sciences Laboratory (EMSL) MPP2 supercomputer.

Results of the simulations, summarized below, refer to movement of CT through the different
geological layers in the subsurface beneath the disposal sites. The first geologic unit encountered is the

HlIa unit, a near surface unit of the Hanford Formation that is present in some locations in the 200 West
Area. The next units encountered are the HI and H2 units of the Hanford formation, respectively. The
Cold Creek unit (CCU) underlies the H2 unit and is significant in that it contains a fine-grained silt layer

and a caliche layer. These layers have significantly different hydraulic properties and can retain more
CT than other units in the vadose zone. The Ringold E unit is below the CCU. The water table is located3 in the Ringold E unit about 20 in below the CCU.
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Results of Base Case Simulation

Simulated DNAPL movement at the 21 6-Z- 1 A site for the base case simulation parameter values
shows DNAPL movement only as deep as the CCU and DNAPL does not move across the water table.
CT disposal at the 21 6-Z-l1A site impacts the groundwater only through vapor and aqueous phase
migration. Similarly, simulated DNAPL movement is limited at the 216-Z-18 site with DNAPL not3
penetrating any deeper than the H2 unit. CT disposal at the 216-Z-18 site has a limited impact on the
groundwater through vapor and aqueous phase migration. The limited movement of DNAPL at these two

disposal sites is partially due to the presence of the Hia unit just below the disposal site. The propertiesI
of this unit are such that DNAPL is retained to a greater extent than in the H I and H2 units below. The
Hia unit is not present at the 2 16-Z-9 site where previous simulations (Oostrom et al. 2004 and 2006)

showed much more significant vertical movement of DNAPL.3

Results of Sensitivity Simulations5

The categories of sensitivity simulations conducted in this modeling effort included 1) Disposal Site
Area (footprint), 2) DNAPL Volume, 3) DNAPL Properties and Porous Media Properties Related to CT,
4) Porous Media Properties of the Hi1a Unit, 5) Porous Media Properties of the Cold Creek Unit, andI
6) Porous Media Properties of all Units. Key results of these sensitivity simulations are summarized in
the following paragraphs.3

Sensitivity simulations with decreased disposal site area (infiltration area) showed significantly
different results than for the base case. In all three sensitivity cases, DNAPL was predicted to move
across the water table beneath the 216-Z-lA site, and the DNAPL moved deeper into the H2 unit beneath
the 216-Z- 18 site. Increasing the DNAPL volume (category 2) also increased DNAPL penetration in the
subsurface. When DNAPL volume was doubled, DNAPL was predicted to move across the water table
beneath the 216-7-lA site. Sensitivity simulations where the DNAPL properties or properties related the
CT (e.g., solubility, partitioning coefficient) did not result in any DNAPL movement across the water
table. Some of these sensitivity cases did change the distribution of CT within the subsurface by

changing the distribution of CT between the DNAPL, vapor, aqueous, and sorbed phases. Porous media
properties of the H I a unit or the CCU also impact the distribution of CT in the subsurface, but none of
the sensitivity simulations for these units resulted in DNAPL moving across the water table. However,£
the sensitivity case where the anisotropy ratio was globally lowered to a value of 1: 1 for all units and the
case where the horizontal and vertical permeability of all units was increased by a factor of 10 showed

significant changes in the simulated DNAPL migration and overall distribution of CT compared to theI
base case. The lower anisotropy ratio resulted in simulation of a large quantity of DNAPL crossing the
water table beneath the 216-7-lA site.3

Of importance, some of the sensitivity simulations that showed DNAPL moving across the water
table are the results of changes in parameters for which there is a large uncertainty in the actual value.

For instance, the actual infiltration area is not well known and if this area were smaller than what wasI
selected for the base case, DNAPL may have moved across the water table beneath the 21 6-7-lA site.
Similarly, there is some uncertainty in the volume of DNAPL disposed and the porous media property
values. Thus, interpretation of the results reported herein should consider both the base case and theI
sensitivity simulations.
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I Results of Soil Vapor Extraction Simulations

The simulations of SVE showed similar results to what has been previously reported in OostromI et al. (2004 and 2006) in that the model appears to predict extraction of more CT by SVE than has been
observed in the field. There are several possible reasons for the discrepancy between observed and3 simulated results, including uncertainties in flow rates, fluid-media properties, and disposal history (e.g.,
volumes, rates, and timing). The differences may also result from the current simulations being based on
equilibrium phase partitioning, meaning simulations do not account for any rate-limited (kinetic)3 interfacial mass transfer effects. However, the SVE simulation results suggest that SVE will be effective
for removing CT from the permeable units of the Hanford and Ringold Formation and that residual CT
will be predominantly located in the CCU, Hi a unit or in other silt lenses. Thus, SVE can be effective atI removing the driving force for future CT migration to the groundwater because this migration must occur
through these permeable units.

3 Conceptual Model Implications

The simulations results reported herein generally support the conclusions reported by Oostrom et al.I (2004; 2006).

" Where is CT expected to accumulate? CT DNAPL accumulates in the finer-grain sediments of theI 'vadose zone but does not appear to pool on top of these layers. From the 216-7-lA and 216-Z-18
modeling effort, CT DNAPL accumulates in the finer-grained sediments of the vadose zone such as5 the CCU and the Hi1a unit.

" Where would continuing liquid CT sources to groundwater be suspected? Migration of DNAPL CT
tends to be preferentially vertically downward below the disposal area. Considerable lateral move-I ment of DNAPL CT is not likely. However, significant lateral migration of vapor CT occurs. From
the 21 6-Z- IlA and 21 6-Z- 18 modeling effort, DNAPL movement to the groundwater is not likely
below the 216-Z- 18 site. None of the simulations reported here show any movement of DNAPLI across the water table below the 21 6-Z-1 18 site. DNAPL movement to the groundwater is possible
below the 216-Z-lIA site, although only 5 of the 3 5 simulation show such DNAPL movement to
below the water table.

* What is the estimated distribution and state of CT in the vadose zone? The majority of the CT was
typically a DNAPL or in the sorbed phase in 1993. Heterogeneities, however, as shown in the

results reported herein, tend to increase the amount of CT present in the vapor and related water and
sorbed phases compared to the DNAPL phase. The center of mass for CT in the vadose zone was3 typically directly beneath the disposal area and within the CCU. From the 216-7-lA and 216-Z-18
modeling effort, similar to the CT below the 216-Z-9 site, the majority of the CT was typically a
DNAPL or sorbed to the solid phase in 1993 for both the 216-7-lA and 216-Z-1 8 sites. The center3 of mass for CT in the vadose zone was typically directly beneath the disposal area and within the
CCU.

3 * How does SVE affect the distribution of CT in the vadose zone? The 216-7-lA and 216-7-18
modeling effort directly supports the conclusions of the 21 6-Z-9 modeling results. The simulations
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predict that SVE effectively removes CT from the permeable layers of the vadose zone. Finer-grainI
porous media with larger moisture contents, such as the CCU sediments, are less affected by SVE.

*Where would DNAPL contamination in groundwater be suspected? The 216-Z-1A and 216-Z-18
modeling effort directly supports the conclusions of the 216-Z-9 modeling results, although DNAPL

is only predicted to move across the water table under certain sensitivity conditions for theI
216-7-lA site. Simulations indicate that migration of DNAPL is primarily in the vertical direction
such that DNAPL, if present in the groundwater, would be most likely expected in a zone distributed

around the centerline of the disposal area.

Updates to the previous conceptual model depicted in the RIlES Work Plan (DOE 2004) are listed below

and are consistent with conceptual model shown in the recent RI report (DOE 2006).I

1. No lateral movement of DNAPL to under Plutonium Finishing Plant (PEP) is likely.

2. The zones of persistent CT mass in the vadose zone are primarily the CCU and Hia geologic3
units.

3. Large vertical and lateral density-driven movement of vapor occurred in the past.
4. DNAPL penetration to groundwater is likely to have occurred at the 216-Z-9 site, possible at the i

216-7-lA site, and unlikely at the 216-Z- 18 site.
5. DNAPL penetration to the groundwater from undocumented releases is unlikely.
6. The phase distribution of CT changes over time due to volatilization, interaction of gas-phase CT

with pore water and aqueous-phase CT with sorbed phase, DNAPL dissolution in groundwater,
and the impact of soil vapor extraction.

Simulation results from the 216-Z-l1A and 216-Z- 18 modeling effort herein and from Costromn et al.
(2004 and 2006) were also compared to available field data. Key conclusions from this comparison are
listed below.3

* High soil concentrations and predicted areas with high DNAPL saturations are spread vertically
within a relatively small lateral area within about 30 m of the disposal area footprint.3

" Measured groundwater concentrations are higher and the high groundwater concentrations are
spread deeper in the aquifer beneath the 216-Z-9 site compared to the 216-7-1A and 216--18I
sites. This observation correlates to modeling results where the CT flux to the groundwater at
the 2 16-Z-9 site was significantly higher than the flux at the 216-7-lA and 216-7-1 8 sites.
Modeling results showing a larger number of sensitivity simulations with DNAPL flux to5
groundwater and deeper penetration of DNAPL within the aquifer beneath the 216-Z-9 site
compared to the other two disposal areas are also consistent with these observations.3

Model results can also be compared to this field data to evaluate reasonable scenarios for how CT
entered the groundwater. For instance, with 100,000 kg of CT that entered the aquifer (based on the

estimate in Murray et al. 2006), only by combining the estimates of CT mass flux to the groundwaterI
from simulation sensitivities (not the base cases) that show DNAPL crossing the water table predict a
combined mass of CT (2 16-Z-9, 7-18, and 7-lA) in the aquifer similar to the estimated CT mass. The

average CT mass of dissolved CT that has been transported across the water table (a measure of theI
impact of vapor phase transport to the groundwater table and pore water from the vadose zone entering
the groundwater) for all three sites through 1993 is approximately 5,000 - 10,000 kg. The accumulated3

viii3



I CT mass in the aquifer would be significantly lower than the mass of CT in the groundwater estimated by
Murray et al. (2006) if only aqueous and vapor phase CT and no DNAPL phase entered the groundwater.
This assessment indicates that it is likely that DNAPL CT has entered the groundwater. The simulation
results herein and in Qostrom et al. (2004; 2006) show that the most likely location of significant
DNAPL movement across the water table is below the 21 6-Z-9 site.

Research Recommendations

3 * For the simulations described for the 216-Z-9 disposal site (Oostrom et al. 2004; 2006), the CCU silt
and carbonate units accumulated and retained relatively large amounts of DNAPL CT. The simu-
lation results presented in this report show that considerable accumulation is predicted in the H I a3 unit, located directly below the two disposal sites. Sensitivity simulations show that DNAPL flow
behavior in this unit is largely affected by permeability and porosity. Additional characterization of
the Hi1a unit hydraulic properties would yield an enhanced estimate for that unit's ability to retain CTI DNAPL.

.Similar to the results shown in Oostrom et al. (2006), the simulated SVE yields are strongly affectedI by the assumption of equilibrium phase partitioning. None of the simulations in this report account
for any rate-limited (kinetic) interfacial mass transfer effects. Laboratory and theoretical investi-
gations into the kinetic behavior of CT mass transfer between DNAPL and the aqueous, gas, and

sorbed phases are 'necessary to develop a science-based model for CT mass transfer.
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3 1.0 Introduction

Plutonium recovery operations within the 7-Plant aggregate area (Plutonium Finishing Plant [PFP])
at the Hanford Site resulted in organic and aqueous wastes that were disposed at several cribs, tile fieldsI and French drains. The organic waste consisted of carbon tetrachloride (CT) mixed with lard oil, tributyl
phosphate (TBP), and dibutyl butyl phosphonate (DBBP). The main disposal areas were the 21 6-Z-9
trench, 216-Z- 1A tile field, and 216-Z- 18 crib. The location of the disposal sites can be found in

Figure 3. 1. The three major disposal facilities received a total of about 13,400,000 L of liquid waste
containing 363,000 to 580,000 L of CT. Assuming a maximum CT aqueous solubility of 800 mg/L and a
fluid density of 1.59 g/cm 3, the 13,400,000 L of liquid waste would be able to contain approximately

6,700 L of CT in dissolved form. This indicates the majority of the CT entered the subsurface as an
organic liquid. Although a considerable amount of the disposed CT is assumed to remain in the vadose
zone as a residual liquid, the physical processes describing the formation of residual dense, nonaqueous
phase liquid (DNAPL) in the vadose zone are not well understood and have not previously been
incorporated into multi-fluid flow simulators.

Two remediation technologies have been applied near the PFP facility. Between 1992 and 2000,
about 76,5 00 kg (48, 100 L) of CT was removed using a soil-vapor extraction (SVE) system in the vadoseI zone. In addition, a pump-and-treat system for the unconfmned aquifer removed 4,570 kg (2,870 L) of CT
from groundwater between 1996 and 2000.

3 Between 1996 and 2000, dissolved CT concentrations increased at several groundwater extraction
wells located in the northern part of the PFP complex. The persistence of the contamination suggests that
a continuing DNAPL source may be present in the vadose zone or groundwater. Further remedial action

decisions require the identification of any continuing sources of CT beneath the PFP (DOE 2001).

Several conceptual models have been proposed to explain the behavior of CT mixtures in the

subsurface. The conceptual models were summarized as follows (DOE 2004):

1 . Downward migration of CT through disposal facilities and underlying soil column to

groundwater, with lateral migration of groundwater to the PFP.

2. Downward migration of CT at the disposal site through underlying soil column to the Cold Creek
unit (CCU; see Chapter 3 for a discussion of the geology), with lateral migration along the top of
the unit toward the PFP. In addition, CT also moves vertically to the groundwater and laterally3 to the PFP.

3. Downward migration from an unknown source.

34. Vapor migration from major disposal sites to groundwater, followed by lateral movement to the
PFP.

35. A combination of options 1 through 4.
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A series of three-dimensional multifluid flow simulations was conducted by Oostrom et al. (2004;
2006) with the STOMP simulator (White and Oostrom 2006) to examine the impact of parameter varia-
tion on the migration of CT in the subsurface beneath the 216-Z-9 disposal area over the period from3
1954 to 1993, when SVE was initiated in the area. The numerical models were configured using avail-
able information regarding the hydrogeology, measured fluid properties for the likely mixtures of

disposed organic liquid (e.g., mixtures of CT, lard oil, TBP, and DBBP), and estimates of hydrologicI
boundary conditions. The hydrogeologic setting was configured by assembling a geologic model based
on interpretations of borehole geologic information at the regional and local scale. The geologic model

was constructed using the EarthVision TM (Dynamic Graphics, Inc., Alameda, CA) software to provide aI
means for three-dimensional interpolation of borehole geologic information and to establish an electronic
format for the geologic model that enabled porous media properties to be readily mapped to the numer-
ical model grid. Fluid properties for relevant organic liquid mixtures were determined in the laboratoryI
as part of the DEs Remediation and Closure Science Project (Oostrom. et al. 2004). Simulation results
of water flow from a regional scale model were used to establish the boundary conditions for the local
model that was used to simulate DNAPL movement. Appropriate ranges for organic liquid and waterI
disposal conditions for the local model were established based on a thorough review of historical
information. The multifluid flow and transport simulations lead to the following adjustments of the3
conceptual model:

" Where is CT expected to accumulate? CT DNAPL accumulates in the finer-grain sediments of the3
vadose zone but does not appear to pool on top of these layers.

" Where would continuing liquid CT sources to groundwater be suspected? Migration of DNAPL CT3
tends to be preferentially vertically downward below the disposal area. Considerable lateral
movement of DNAPL CT is not likely. However, significant lateral migration of vapor phase CT
occurs.3

" What is the estimated distribution and state of CT in the vadose zone? The majority of the CT was
typically a DNAPL or in the sorbed phase in 1993. Heterogeneities, however, as shown in the3
results reported by Oostrom et al. (2006) tends to increase the amount of CT present in the vapor,
water, and sorbed phases compared to the DNAPL phase. The center of mass for CT in the vadose

zone was typically directly beneath the disposal area and within the CCU.

" How does SVE affect the distribution of CT in the vadose zone? SVE effectively removes CT firom
the permeable layers of the vadose zone. SVE previously applied in the 216-Z-9 trench area hasI
likely removed a large portion of CT initially present in the permeable layers within the large radius
of influence of the extraction wells. Finer-grain porous media with larger moisture contents, such as

the CCU sediments, are less affected by SVE.

" Where would DNAPL contamination in groundwater be suspected? Simulations indicate that
migration of DNAPL is primarily in the vertical direction such that DNAPL, if present in theI
groundwater, would be most likely expected in a zone distributed around the centerline of the
disposal area.3

This report describes three-dimensional subsurface modeling of CT in the vicinity of the 216-Z-lA
and 216-Z-1 8 disposal sites. The modeling includes a base case simulation using the best available data3

1.23



I and a sensitivity analysis in which disposal infiltration area, disposal volume, DNAPL properties, and
porous media hydraulic properties were varied. The SVE remediation process was included for the base3 case simulation and several sensitivity analysis simulations. In this report the fundamentals of the
numerical model STOMP (White and Oostrom 2006) is described in Chapter 2 followed by a discussion
of the geological model in Chapter 3. Chapter 4 outlines the choice of boundary and initial conditions, as3 well as porous medium and fluid properties for all simulations. The results are reported in Chapter 5 and
an updated conceptual model is presented in Chapter 6.

1.



2.0 STOMP Simulator and Constitutive Relations

The water-oil-air operational mode of the STOMP simulator (White and Oostrom 2006) was used to
simulate multi-fluid flow and transport beneath the 216-Z-1A and 216-Z-1 8 disposal sites. The fullyI implicit integrated finite difference code has been used to simulate a variety of multi-fluid systems (e.g.,
Hofstee et al. 1998, Oostrom et al. 1997, 1999, 2003; Oostrom and Lenhard 1998; Schroth et al. 1998;
White et al. 2004). In this section, a brief overview is presented of the governing equations and solution

methods. Details of the simulation can be found in White and Oostrom (2006).

The applicable governing equations are the component mass-conservation equations for water,

organic compounds, and air, expressed as, respectively:

I [n~co-pls, -VF, +,ilw (2.l1a)

[L7 - nD C. PyS7)±((l nT cA PS)] O + VJ7 J+ rho (2. 1b)

[' ncps ,_ VY J'J h (2.l1c)

where

3F 7w (PykrVk( + P 'g-) for y=l,g, (2-i d)

Fy0 P (P + P"g;)for y = lg(.1e

aOP~k,yk v

70 07P V + P 7 &g for y = l,g (2.l1f)

--r= - fP S DV'for 7=l,g (2.l1g)

jy flDPySy MY

Y--n D p7 V%7M7D fory = lI,g (2.lh )
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The subscripts 1, n, g, and s denote aqueous, NAPL, gas and solid phase, respectively; the super-
scripts w, o, and a denote water, organic compound, and air components, respectively; t is time (s), nD is

the diffusive porosity, nT is the total porosity, co is the component mass fraction, p is the density (kg/tn 3),3
s is the actual liquid saturation, V is the volumetric flux (m/s), J is the diffusive-dispersive mass flux
vector (kg/m2s), mn is the component mass source rate (kg/m~s), k is the intrinsic permeability (mn), kry is

the relative permeability of phase y, pi is the viscosity (Pa s), P is the pressure (Pa), g- is the gravitationalI
vector (mis 2), r is the tortuosity, M is the molecular weight (kg/mole), D is the diffusive-dispersive tensor
(m2/s), and X2 is the component mole fraction. The partitioning between the aqueous and solid phases is

described by a linear exchange isotherm through a constant distribution coefficient.

The governing partial differential equations (Equations 2. la, 2. lb, and 2. 1c), are discretized3
following the integrated-volume finite difference method by integrating over a control volume. Using

Euler backward-in-time differencing, yielding a fully implicit scheme, a series of nonlinear algebraic
expressions is derived. The algebraic forms of the nonlinear governing equations are solved with a

multi-variable, residual-based Newton-Raphson iterative technique where the Jacobian coefficient matrix
is composed of the partial derivatives of the governing equations with respect to the primary variables.

Assuming that the aqueous phase never disappears, the primary variable for the water equation isI
always the aqueous pressure. For the oil equation, the primary variable is P,, when free NAPL is present,
s,, when only entrapped NAPL is present, and the component mole fraction when no NAPL is present.

For the air equation, the primary variable is Pa,. The algebraic expressions are evaluated using upwind
interfacial averaging to fluid density, mass fractions, and relative permeability. User specified weights

(i.e., arithmetic, harmonic, geometric, upwind) are applied to the remaining flux components. For the3
simulations described in this report, harmonic averages were used for all other flux components, while
the maximum number of Newton-Raphson iterations was sixteen, with a convergence factor of 10-6.

Secondary variables, those parameters not directly computed from the solution of the governing
equations, are computed from the primary variable set through the constitutive relations. A complete
overview of these relations can be found in White and Oostrom (2000). In this section, only the relations3

between relative permeability, fluid saturation, and capillary pressure (k-S-P) pertinent to the reported
simulations are described. The used k-S-P relations consist of the Brooks and Corey (1964) S-P relations

in combination with the k-S relations derived from the Burdine (1953) or Mualem (1976) model,I
modified with adjustments for the gas phase permeability using the theory presented by Klinkenberg
(194 1). A discussion of these relations and a new theory for residual saturation formation has been

provided by Lenhard et al. (2004). In these relations, the effects of fluid entrapment and residualI
saturation formation have been included.

The k-S-P relations distinguish between actual, effective, and apparent saturations. Actual satu-I
rations are defined as the ratio of fluid volume to diffusive pore volume. Effective saturations represent
normalized actual saturations based on the pore volumes above the irreducible or minimum saturation of

the wetting fluid (i.e., aqueous phase liquid). Effective saturations for the aqueous phase, NAPL, and gas
phase and total liquid, are defined according to Equation (2.2):

S,.I - Sri (2.2a)
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I1 Sn (2.2b)
Il-Sri

g7 =S (2.2c)31 i-Sri

- / 5+ Sn -Sri (2.2d)II 1 Sri

where sr, is the irreducible aqueous phase saturation. Apparent saturations are defined in terms of effec-
tive saturations. Apparent saturations represent the effective saturation of the fluid plus the effective
saturations of fluids of lesser wettability entrapped within the wetting fluid. In the simulator, it is
assumed that fluid wettability follows the sequence: water > NAPL > air (Leverett 194 1). Fluids ofI lesser wettability can potentially be trapped by NAPL or aqueous phase and NAPL can be entrapped by
the aqueous phase.

I In a three-phase system, the apparent total-liquid saturation is considered to be a function of the air-
NAPL capillary pressure, and the apparent aqueous phase saturation a function of the NAPL-water3 capillary pressure, as follows:

3 ~gg for 83gnP,> Pd (2.3a)

3t = Ir for I4gPg,, Pd (2.3b)

S/ 1,I for/ )q,, P >Pd (2.3c)

3, = I for 8.,l !I Pd (2.3d)

where Pd is the air-entry pressure, Pgn the gas phase - NAPL capillary pressure, P,, the NAPL - aqueous
phase capillary pressure, y is a pore-size distribution factor, and Pg, and P,, are interfacial tension depend-
ent scaling factors, defined as /3 gn =(07gn - YnI )/ 07p and 8in, = (0-9gn - 07nI )/ C' ,respectively. The3 nature of these relations is discussed by Lenhard (1994). For aqueous-gas phase systems, Equations (2.3)
are replaced by

S,=p] for Pg > Pd (2.4a)

I/ =1I for Pg, J d 2.b

3 2.3



3 3.0 Geologic Model

Development of a geologic model for the 216-Z-18 and 216-Z-I A disposal sites was completed in
two stages. First, a regional-scale geologic model was developed to support groundwater flow modelingI and set the boundary conditions for the more detailed local model. Then a detailed site-specific scale
geologic model was developed to support detailed flow and transport simulations for the two disposal3 sites.

3.1 Site-Specific Geologic Model Development

I The boundaries of the regional geologic model domnain were selected such that primary recharge or
discharge areas were included within the domain. The regional model domain included important liquid3 disposal areas: the 2 16-U-14 ditch to the east, the 216-U-pond to the south, the 200-ZP-1 injection wells
to the west, and the old 216-T-4 pond to the north. The extent of the regional and the site-specific
models are shown in Figure 3.1. The site-specific model extent is 597 rn in the East-West and 612 in in3 the South-North direction. To Support the development of a site-specific geologic model for high-
resolution groundwater modeling of the 21 6-Z- IA and 21 6-Z- 1 8 disposal facilities, a detailed analysis
was conducted of borehole data in and immediately adjacent to these sites (Figures 3.2 and 3.3). ThisI detailed data analysis was supplemented by previous site-specific interpretations of thle geologic
framework beneath the 216-Z- IA site.

Thle Hanford Well Information System (HWIS) indicates that 109 boreholes are in the immediate
vicinity of the 216-Z-IA site while 26 boreholes are in thle immediate vicinity of the 216-Z-1 8 site.
There are a number of cone penetrometer testing (CPT) and Geoprobe® boreholes in the area. These3 boreholes, however, tend to be very shallow and generally lack samples and direct observation/data on
the sediments penetrated. Thus, our analyses focused mostly on 57 traditionally drilled and sampled
borehloles where physical descriptions (i.e., geologist's logs), laboratory data from drill cuttings andU samples, and geophysical logs are available. These boreholes had the highest quality and most
comprehensive data sets.

I The analysis of borehole data was initiated with the assembly and entry of raw data sets for each
selected borehole. These data were entered in to the Hanford Borehole Geologic Information Systemn
(HBGIS), a web-based relational database system with configuration control that provides systematic

entry, management, and dissemination tools for borehole geologic data with configuration control (Last
et al. 2002). The data entered for a particular borehole is dependent on the types of data available for3 that borehole. However, the raw data generally consists of general borehole information (location,
elevation, etc.), driller's logs, geologist's logs, geophysical logs, and laboratory data fromn physical and
geochemnical analyses of borehole samples. The primary sources for these data are shown in Table 3. 1.U These data were assembled and systematically translated into electronic form and entered into HBGIS
using internal PNNL procedures, DO-06, -07, and -09 as found in manual PNL-MA-567 (PNNL. 1995).
The HBGIS website(hittp://hbgis.ei-sl.pnil.gov/HBGIS/login.jsp) provides a graphical user interface toI browse and download the raw data for use in generating log plots and to support preparation of geologic
cross sections.
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Figure 3.3. Borehole/Well Locations in the Vicinity of the 216-Z-1 8 Crib3

3.41



I Table 3.1. Borehole Geologic Data Sources

3 1 1 TOther Supplementary Data]
Raw Data Type j Primary Data Source JSecondary Data Source Sources

Location Coordinates HWIS Interface-Survey

Information-Horizontal
Casing Elevation HWIS Interface-Survey

Information-Vertical3Ground Surface Elevation HWIS Interface-Survey Calculated using stickup Calculated using stickup
Information-Vertical- taken from HWIS taken from HWIS
DISC_Z Interface-Document Interface-Well History

Types-As-built, Well Information-Inspection
Summaries Logs; or using a default

stickup of 0.91m

Driller's Logs HWIS Interface-Document PNNL's Well Log Library
Types-Other Well Records

Geologist's Borehole Logs HWIS Interface-Documnent PNNI's Well Log Library Published and unpublished3Types-Other Well Records reports, field and
________________________________________laboratory notebooks.

Borehole Geophysics - New boreholes: Digital data in project files Analog strip charts from
(earliest digital data Hanford Geophysical (e.g., digitized from analog PNNL Well Log Library.
available) Logging Project strip charts) published and unpublished

Website reports
(http://gj .em.doe.gov/
hanf/)

- Older boreholes:
PNNL Log Database

(http://boreholelogs.p2

Laboratory Particle-Size Virtual Library - Published and unpublished
and CaCO 3 Data ROCSAN Data Module reports, laboratory

notebooks.

Laboratory Moisture Published and unpublishedUContent Data reports, laboratory
notebooks.

3 Once the raw data sets for each selected borehole were assembled and translated into electronic form,
some manipulation of the data sets was conducted to derive additional data sets (e.g., the sand:mud ratio),
adjust for differences in reference elevations (e.g., account for stickup), and/or graphically portray theI data. Selected data sets were then plotted side-by-side in graphical log plots to aid synergistic interpre-
tation of all data sets for a given borehole. Correlation lines were added to correlate changes across
multiple data sets. The choice of where to draw the correlation lines and the interpretation of theseI changes relative to key stratigraphic contacts and/or changes in lithologic/facies was based on the
professional judgment of a qualified/licensed geologist, or their assistant, using all available data. Log
plots and data from individual boreholes were often compared with the log plots and data from

surrounding boreholes to improve consistency and confidence in the interpretations.
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Detailed cross sections were constructed by hand using interpreted and raw data for selected bore-
holes in and adjacent to each facility. Figures 3.4 and 3.5 illustrate the cross-sections for the 216-Z-1A
and 21 6-Z- 18 sites, respectively. Interpretations were made of the fine-scale facies variations (based in3
part on sediment size classifications and sedimentary structures). The larger-scale stratigraphic contacts
were then adjusted to honor the major lithologic changes that were correlated between multiple bore-

holes. Once the cross sections were prepared, the correlation lines and lithofacies/stratigraphic contactsI
for each borehole were revisited and adjusted where appropriate. The depth of the principal stratigraphic
contacts for each borehole was assembled in to an Excel spreadsheet and combined with corresponding

information (e.g., top of casing elevation and the stickup of the top of caging above ground surface) toI
calculate contact elevations. All raw borehole geologic data are in feet, thus, all analysis was done in
feet and then converted to meters. A summary of the pertinent borehole/well information and geologic

contacts for those wells included in the geologic model for the 216-Z-1A and 216-Z-18 sites is providedU
in Table 3.2.

Borehole geologic data are of variable quality and there are many sources of uncertainty associatedI
with these data and interpretation of the geologic units, their lateral continuity, and their thicknesses.
The principal source of uncertainty for identification of geologic units and their contacts is the quality of
the drilling, sampling, and descriptive logging techniques used during installation of the borehole, as wellI
as the availability of borehole geophysical logs and laboratory data from borehole samples. Many
boreholes installed prior to the 1 980s were drilled without a geologist present to describe the drilling
cuttings and samples. For these boreholes, only driller's logs are available and their quality variesI
significantly. Furthermore, subtle differences and gradational changes between geologic facies and
across stratigraphic units make delineation and correlation of individual facies and sediment packages3
difficult. Potentially significant sources of uncertainty come from poor survey and depth control. Of
particular concern is the ground surface elevation at the time of drilling and sampling, the reference point
elevation at the time of borehole geophysical logging or other measurements, and the accuracy of depth3
measurements. Multiple survey estimates for some wells suggest that the uncertainty in ground surface
elevation could be as much as 2.4 mn. This can impart a significant error in the slopes of the geologic

contacts. The ground surface elevations used in this report were calculated using the following set ofI
logic rules (see Table 3. 1).
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1. If HWIS contained a DISCZ value,' then that value was used as a proxy for the ground surfaceI
elevation.

2. Otherwise, the ground surface elevation was calculated from the HWIS vertical survey valueI

(assumed to be top of casing) minus the stickup value taken from as-built documents found in HWIS.

If multiple stickup values were found, then professional judgment was used to select the most3
representative stickup value.

3. If a stickup value was not available from the "as built" documents found in HWIS, the stickup value

found in Inspection Log documents in HWIS was used to calculate the ground surface elevation. If
multiple stickup values were found, then professional judgment was used to select the best stickup

value.

4. If a stickup value could not be found in either the "as built" document or Inspection Log documents,
then a default stickup value 0.91 mn was used to calculate the ground surface elevation.3

The spacing and accuracy of depth-discrete observation s/samp les can also have a significant effect

on the interpretation of the depth and thickness of geologic units. Drill cuttings and samples have

routinely been collected at 1 .5 mn intervals. However the accuracy of depth measurements for these

samples and observations is rather uncertain due to the variability in measurement techniques used by

various drillers. The resulting uncertainty associated with interpretation of the depth and thickness ofI
geologic units is estimated to be within the range of 0.7 to 3 mn. Borehole geophysical logging data can
help to significantly reduce depth uncertainties for geologic units with a distinct geophysical signature.

A minor source of uncertainty contributing to the accuracy of depth measurements is the straightness andI
plumbniess of the borehole. This source of uncertainty is deemed to be rather minor because most

boreholes have been shown to have only minor deviations when casing liners and/or groundwater pumps

have been installed.

There is also uncertainty in interpreting the geometric shape of the various geologic units

(particularly within the cataclysmic flood deposits of the Hanford formation). While depth-discrete
observations and samples are vertically spaced 1.5 m or less apart, the horizontal spacing between

adjacent observations and samples is generally 10 to 100 times that distance. Even at the 21 6-Z-l A site,

where borehole coverage is about the best available for any site at Hanford, the uncertainty in correlating
geologic contacts between boreholes and interpreting where changes in facies and pinchouts occur, is

expected to be in the range of 1 Os of meters. Further contributing to this uncertainty, is the potential for

some wells/boreholes to be miss-labeled, and thus, the geologic information for those boreholes could be

assigned to the incorrect location. For instance, it is believed that wells 299-Wi18-6 and 299-WI18-7 were

mislabeled in the field shortly after they were drilled and completed. A comparison of the scintillation

and total gamma geophysical logs with geologic descriptions in the driller's logs and borehole sample

data (i.e., granulometric and calcium carbonate data), suggests that the geophysical logs labeled as being

for well 299-WI 18-6 correlate better with the geologic materials labeled as being from 299-WI 18-7 andI
visa versa. Thus, for this analysis, we have used the driller's log, granulometric data, and calcium

carbonate data labeled as being from well 299-W1 8-6 for the location of well 299-W 18-7 as labeled in

1The DISC_-Z field in HWIS is generally understood to contain surveyed elevations of the brass cap located on the
concrete pad at or just above the ground surface.
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I the field and as documented in HWIS. Likewise, we used the driller's log, granulometric data, and

calcium carbonate data labeled as being from well 299-WI18-7 for the location of well 299-WI 8-6 as
labeled in the field and as documented in HWIS. Note that the geophysical logs were kept with the wells

as they were labeled and located in the field and in HWIS.

3.2 Geologic Framework Beneath the 216-Z-1A and 216-Z-18 Facilities

The geologic framework beneath the 216-Z- IA and 216-Z- 18 facilities can be represented by aI sequence of 5 major stratigraphic units. From oldest to youngest, these are the Saddle Mountains
Formation (of Miocene age), the Ringold Formation (of Miocene/Pliocene age), the CCU (Pliocene-
Pleistocene), the Hanford formnation (Pleistocene), and undifferentiated Holocene deposits. Each of theI sedimentary sequences overlying the Saddle Mountains Formation can be further subdivided into a
number of lithofacies or subunits. Table 3.3 (modified from Oostrom et al. 2004 and Last and Rohay

1993) illustrates the dominant grain size, calcium carbonate content, and gross gamma activity for the

principal sedimentary sequences and lithofacies overlying the basalt bedrock.

1. Saddle Mountains Formation. The Saddle Mountains Formation forms the bedrock beneath theI site. Its uppermost member, the Elephant Mountain Member lies at a depth of approximately 161 mn,
and slopes to southwest at a rate of about 0.0 15 (or 15 m/l 00 in). This medium- to fine-grained
tholeiitic basalt essentially acts as a no-flow boundary at the floor of the unconfined aquifer

2. Ringold Formation. The basalt bedrock is overlain by the Ringold Formation, a sedimentary

sequence of fluvial-lacustrine clay, silt, sand, and granule to cobble gravel deposited by the ancestral

Columbia River. Beneath the 21 6-Z-9 site, the Ringold Formation has been subdivided into three
subordinate units. From oldest to youngest, these are: 1) Unit A - fluvial sandy gravel; 2) the Lower

Mud Unit - a sequence of paleosols and lake deposits, consisting of muddy medium to fine sand; and

3) Unit E - semi-indurated fluvial muddy sand gravel.

3. Cold Creek Unit. Overlying the Ringold Formation is the CCU. Locally, this unit is differentiated

into the Cold Creek carbonate layer and the Cold Creek silt layer. The Cold Creek carbonate layer,
formerly described as the caliche (or calcrete), is a fine- to coarse-grained, calcium-carbonate3 cemented paleosol that developed on top of the Ringold Formation. Overlying the Cold Creek

carbonate layer is the Cold Creek silt layer formally referred to as the "Early Palouse Soil." This unit

consists of cohesive, compact, massive to laminated and stratified fine-grained sand and silt (e.g.,I Sandy Mud).

4. Hanford Formation. Rohay et al. (1994) locally subdivided the Hanford formation into fiveI mapable units (from oldest to youngest): 1) a lower fine-grained unit, 2) a lower coarse-grained unit,
3) a middle fine-grained unit, 4) an upper coarse-grained unit, and 5) an upper fine-grained unit.
These units vary in thickness and distribution, with the lower coarse-grained unit thinning andI pinching out towards the northwest as the lower fine-grained unit thickens. The upper fine-grained
unit is rather difficult to differentiate from Holocene surface deposits and appears to be fairly spotty

in its distribution. The five units are:

(a) Lower Fine Unit. The lower fine-grained unit is believed to be equivalent to the H4 unit
described by Lindsey et al. (1994 a, b). This unit appears to be a sequence of coarse to medium
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sand to silty fine to very fine sand, with some silt to silty-clayey sand lenses. It is moderate toI
well sorted and described as brown, olive brown, and/or light brownish gray with weak to strong
reaction to HCI. This unit varies in thickness from about 4.3 to 9.7 meters thinning and

eventually pinching out beneath the western side of the 216-Z-lA tile field. Locally, a sequence
of interbedded fine sand and silt that can be differentiated at the base of this unit, can be
identified beneath portions of the 216-Z- 18 crib.

Table 3.3. Typical Particle-Size, Calcium Carbonate, and Gamma Log Activity for the Principal
Stratigraphic Units Beneath the 21 6-Z- I A and 21 6-Z- 18 Disposal Facilities (after Gostrom

et al. 2004)

v ery -cun

Lihfce rCoarse Coarse Sand Fine Sand Very Fine Mud (Sill + Relative

Lihfce rFolk Gravel Sand Sand 0.25-0.5 0.125-0.25 Sand Clay) CaCO3 Gross

Formation Facies Borehole Classification / >2 mm 1-2 mm 0.5-1 mm mm mm 0.063-0.125 nO.063 Content Gamma

/ Unit Association /Depth (in) Description Wet. "% Wt. '% W(. 'Y Wt. % Wt. % Wt. l'. Wt. % Wt.% Activity
Holocene Backfill 299-W15-95 gras elly IL9 0.6 16.8 52.5 11.9 3.3 3.1 0.5 Low -

Deposits 3.0 in medium SAND Moderate

(HD) ____

Sand 299-W]5-5 slightly muddy. 0.0 0.7 4,9 13.1 30.9 33.9 16.5 0.5 Moderate

(Fine-Grained, 3.01t1 fine to verN floe

Massive. Well SAND

Hianford Upper Fine, 299-W'18-95 gravelly, Nsery 20.5 39.0 20.0 7.1 4.5 3.0 5.9 0.5 Low

fonain Hla 4.6 tn coarse to coarse

(HF) (Sand SAND)
Do eil~

Upper Coarse, 299-W18-85 sandy GRAVEJ 50.1 24.6 15.9 4.3 (.8 1.1 2.1 0.6 Low

1101 12.2 in

(Gravel
T~nriated)

Fine, H2 299-Wl5-95 coarse to 3.5 14.0 30.5 29.l 10.4 4.8 7.7 1.5 Low -

(Sand 19.8 or medium SAND Mloderate
11-inatedtI

Lower Coarse, 299-W18-85 muddy, sandy. 46.7 7.8 9.0 6.9 5L1 3. 7 10.8 1.1 Low

1-13 36.6 in GRAVEL

(Gravel

Lower Sand. 299-W15-95 slightly muddy. 1.9 4.8 9.8 21.2 35.6 14.0 12.6 1.2 Low-

H4 26.8 in medium to fioe Moderate

(HF-SD) -SAND
299-W15-95 sandy M[ D 00 0,1 0.4 2.4 11.8 46.9 38.4 1.3

I'll 7.1 __I_ I
Cold Creek Silt 299-WI15-85 sandy MUD 0.5 1.4 6.0 10.1 6.3 13.3 62.3 2.5 High

Unit (CCU) (Fine-Grained, 42.7 tn

Laminated, to

299-W]5-5 calcareous. 21.6 10.6 7.6 8.8 9.2 9.9 32.4 12.8 Moderate

38.1 mn gravelly, to High

muddy. SAND

Rtngold Member of 299-W 15-5 slightly muddy. 7.3 8.3 22.5 30.5 10.3 6.7 14.5 4.0 LowI

Taylor Flats 45.7 m slightly

(Upper) gravelly, coarse

to medium

Memnber of 299-W15-5 muddy, sandy, 58.7 12.4 4.0 7.9 7.3 3.8 5.9 0.3 Low-

Wooded Island, 56A4in GRAVEL Moderat

Membe of 299-WI15-5 muddy. medium 0.9 2.4 5.5 21.4 21.6 14.0 34.3 L.6 Moderate

Wooded Island, 137.2 to to fine SAND to High
Lower Mud

Member of 299-W15-5 sands GRAVE 40.1 33.4 17 1 4.5 1.2 1.2 2.6 0.3' Low-

Wooded Island] 147.8 to Moderat

After DE 2002U
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I(b) Lower Coarse Unit. The lower coarse-grained unit is described in geologists' borehole logs as
being an unconsolidated gravel, sandy gravel, and/or silty sandy gravel with up to 95% gravel.3 These materials are described as poorly sorted and bedded, with some openwork and clast
supported gravels. Some silt and CaCO3 coatings were noted on some of the clasts giving rise to
moderate reaction to HCl. Two thin 1.5 cm thick sandy silt to silt sand lenses were noted in well
299-W-18-246. This unit is equivalent to the H3 unit described by Lindsey et al. (1994a, b). The
general thickness of this unit is highly variable ranging from about 3.4 to 10.7 m and generally
thins to the east.

(c) Mddle Fine Unit. The middle fine-grained unit appears to be a sequence of interbedded sand
and slightly silty/clayey sand. This sequence is believed to be equivalent to the Hanford R2 unit

of Lindsey et al. (I 994a, b). Bedding, where noted, is described as <1 cm to 2.4 cm thick. The
slightly silty/clayey sand beds are describes as moderate to poorly sorted with up to 25% silt and
mostly fine to very fine sand and with similar mineralogy to that of the sand beds. Rohay et al.I (1994) indicated that clastic dikes have been encountered in this unit. The general thickness of
this unit varies over the study area and ranges from about 8.8 to 15.2 mn.

I(d) Upper Coarse Unit. The upper coarse-grained unit is a sequence of open framework gravel to
coarse to medium sand. It is believed to be equivalent to the Hanford HI unit of Lindsey et al.
(1994a, b). Beneath the eastern portion of the 216-Z-1A site, the unit appears to consist of twoI distinct sediment packages, the lower most sediment package fines upward from poorly sorted
open framework gravel to well sorted medium sand. Above this fining upward sequence lies
another gravel dominated sediment package. This sediment package grades upward to a gravelly

coarse sand, and finally to a moderate to well sorted medium sand. Two thin silty fine sand beds
were encountered near the top of this sequence in well 299-W 18-246. To the east beneath the
21 6-Z- IlA site the two sediment packages seem to loose their definition and transition into a

sequence of gravelly coarse to medium sand. The overall thickness of this upper coarse unit is
fairly uniform at about 9.1 to 12.8 mn.

(e) Upper Fine Unit. The upper fine-grained unit is discontinuous across the study area and is not
recognized in the immediate vicinity of the 21 6-Z- lA site. However, it is present beneath the3 21 6-Z- 18 Crib. This unit generally consists of very coarse to medium sand to slightly pebbly
very coarse sand, with some silty stringers. The general thickness of this unit beneath the
216-Z- 18 ranges from about 6 to 9 mn.

5. Holocene Deposits. The surface of the study area, where undisturbed, is blanketed by a sequence of
slightly silty to silty fine to very fine Holecene Eolian sand. This material is described as brown toI dark gray brown, well sorted, and with moderate to no reaction to HC1. This unit appears to range
from about 3 mn to perhaps as much as 5.5 m. The 216-Z-1IA and 216-Z- 18 sites were excavated in to
the underlying Holocene Sand and upper Hanford units. Stockpiles of sediment created duringI excavation were used as backfill in and around these facilities. These backfill materials are
described as poorly sorted gravelly medium sand to sandy gravel. The backfill materials are discon-
tinuous and are highly localized in areas around the waste disposal facilities, underground pipelines,I and well/storage pads. Backfill thickness ranges from less than 0.6 m beneath well/storage pads, to
3.6 mn beneath the 216-Z-1A site.

3.13



U cross-section through the 216-Z-1IA site, while Figures 3. 10 and 3.11 depict cross sections through the
216-Z-1 8 site. Figure 3 .12 through 3.22 show top views of the main hydrostratigraphic units.
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3 ~Figure 3.6. Three-Dimensional Geologic Model with a Cut-Out Beneath the 21 6-Z- 18 and 21 6-Z- IA
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I 4.0 Overview of Simulations

Simulations were conducted in two phases. The first set of simulations examined the infiltration
and redistribution of CT from the time of disposal through 1993, just prior to the initiation of the SVEI treatment. The second phase of simulations examined the impact of SVE on the CT distribution in the
subsurface over the time period of 1993 to 2007.

1 4.1 Infiltration/Redistribution Simulations

A total of 34 three-dimensional simulations were conducted for the infiltration/redistributionI assessment. The simulations consist of one base case simulation and a sensitivity analysis consisting of
33 simulations. The computational domain was discretized into 49 x 50 x 85 =208,250 nodes. Since the3 water-air-oil mode was used, this number of nodes translates into 3 x 208,250 =624,750 unknowns. The
simulation time period was from 1948 -1993.

4.1.1 Base Case Simulation

The simulations include fluid infiltration from the 216-Z-1, 216-Z-2, 216-Z-3, 216-7-lA, and3 216-Z-18 disposal facilities. The first three sites, located in the northern part of the 219-7-lA site
footprint (Figure 3.2) received aqueous waste only. The 21 6-Z-I1A and 21 6-Z- 18 sites received both
aqueous waste and DNAPL. The aqueous phase and DNAPL volumes reported in this section are3 obtained from Anderson (1976) and Rohay et al. (1994). The fluid distribution information is listed in
Table 4.1 for the aqueous phase disposal sites, Table 4.2 for 216-Z-1A, and Table 4.3 for 216-Z-18.
Although the majority of the aqueous waste from 216-Z-1, 216-Z-2, and 21 6-Z-3 were disposed well
before DNAPL was released at the 216-7-lA and 2 16-Z-1 8 sites, the releases are included in the model
because the magnitude of the combined volume discharged at the three aqueous waste sites was approx-
imately 2.1 x 108 L, which is almost 25 times the volume disposed of at the 216-7-lA and 216-Z-18 sitesI combined. It is expected that this volume, released between 1949 and 1960, would have resulted in
elevated water saturations during CT infiltration and redistribution in later years.

3 The modeled area of the 216-Z-1I and 216-7-2 sites combination was 40 in2 , while the modeled area
of the 216-Z-3 site was assumed to be 160 in2 . The modeled areas for the 216-7-18 and 216-7-lA sites
were estimated from drawings presented in Rohay et al. (1994). For the 216-7-18 site, it was estimatedI that each of the four disposal trenches was 60-in long with a disposal area of 1 M2 per m trench length,
for a total area of 240 in2 . The modeled area of the 216-7-lA tile field was estimated by adding the
length of the vitrified clay distributor pipes from Figure A-2 in Rohay et al. (1994) and allowing a dis-2 2posal area of 1 m per m pipe length, yielding an area of approximately 480 in2 . The base case simulation
takes into account that during the disposal period for DNAPL at this site (1964 - 1969), a 5-cm-diameter
stainless steel pipe was used to divide the tile field into three operational sections (216-7- 1AA,I 216-7-lAB, and 216-7-lAG). The disposal periods for each operation section, each with an area of
160 M2 ,were obtained from Anderson (1976) and are listed in Table 4.3.
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Table 4.1. Discharged Aqueous Waste Volumes for the 216-Z-1, 216-Z-2, and 216-Z-3 Sites.
Following Anderson (1976), the discharges for the 216-Z-1I and 216-Z-2 sites are combined
into one area.3

r 216-Z-1I and 216-Z-2 [216-Z-3
Year Volume (L) [Year Volume (L)
1949 5.55E6 1952 9.90E6
1950 1. 12E7 1953 1.41E73
1951 1. 12E7 1954 1.44E7

1952 5.55E36 1955 3.32E7

1966 1.00E5 1956 2.91E7
1967 4.00133 1957 3.40E7

1968 3.80E4 1958 3.50E73
1969 6.00E4 1959 8.70E6

Total 3.37E7 Total 1.78E8

Table 4.2. Discharged Aqueous Waste and DNAPL Volumes for the 216-Z-18 Site

[ I Aqueous Phase Volume
Year ___________ DNAPL Volume (L)

From 4/1969 5.50E5 2.20E4

1970 7.69E5 3.00134

1971 8.84E5 3.40E43
19721.24E6 5.00E4

Through 4/1973 3.66E5 1.40E4

Total 3.72E6 1.47E5

The following fluid and porous media properties were used for the base case simulation.3

DNAPL properties:
Fluid properties were measured in the EMSL Subsurface Flow and Transport Experimental

Laboratory based on average fluid composition of 8.8% TBP, 14.7% DBBP, 2.9% lard oil, and 73.6%I
CT.

Density: 1,426 kg/in 3 3
Viscosity: 1.l1X 10-3 Pa s
Vapor pressure: 10,830 Pa
Surface tension (air-DNAPL): 25.1 dynes/cin
Interfacial tension (water-DNAPL): 15.2 dynes/cm
CT aqueous phase solubility: 720 mgIL
CT gas phase concentration: 108,300 ppmv3
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U Table 4.3. Discharged Aqueous Waste and DNAPL Volumes for the 216-7-lA Site

* [ Aqueous Phase Volume
Yeaj (L) DNAPL Volume (L)

1949 6.00E4

1950 1.00E5

1951 1.00E531952 1.00E5

1953 1.00E5

1954 1.00E5

1955 1.00E5

1956 1.00E531957 1.00E5

1958 1.00E5

1959 4.00E4

1960 - 4/1963
Z-1AA35/1964 - 12/1964 4.20E5 2.00E4

1965 j9.20E5 4. 10E431/1966 - 5/1966 5.40E5 2.52E4

Z-1AB

6/1966 - 12/1966 9.60E5 4.48E4

1/1967 - 9/1967 9.40F5 3.94E4

Z-1AC310/1967 - 12/1967 2.53E5 1.06E4

168 1.00E6 4.50E4

1/1969 -4/1969 1.55E5 7.00E3

Total 6.2 1 E6 2.42E5

Porous media present in domain (bottom to top):I Ringold A
Lower Mud
Ringold EI Upper Ringold
Cold Creek C
Cold Creek ZI Lower Sand
Lower Gravel
Hanford 23 Hanford I
Hanford la
Backfill
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Sorption:
A linear equilibrium Kd of 0.2 mL/g was applied to all porous media.

Hydraulic properties.:
Retention parameters, porosities, and hydraulic conductivities were obtained from Khaleel et al. 2001

and Khaleel and Freeman (1995). The published van Genuchten (1980) saturation-pressure parameters

were converted to equivalent Brooks-Corey (1964) parameters using the algorithms presented by Lenhard
et al. (1989). The Brooks-Corey (1964) and van Genuchten (1980) parameter values are listed in
Table 4.4 and 4.5, respectively.3

Permeability anisotropy ratio:
10:13

Boundary and initial conditions:
On the top boundary, atmospheric gas pressure was assumed in conjunction with a 0.5 cm/yr water

flux (recharge). For the South, North, West, and East boundary, fluctuating water table boundaryI
conditions were imposed for the water mass balance equation below the water table and zero-flux
boundary conditions were applied above the water table. The time variant boundary conditions for the
water mass balance equation at the South and North boundary (water table information) were similar toI
the conditions imposed on the domain for the 2 16-Z-9 studies (Oostrom et al. 2004; 2006).

The resulting boundary conditions yielded a ground water flow direction from south to north.3
Neumann boundary conditions were imposed for water and DNAPL discharges for the 216-Z-9 trench
area during the years that these liquids were disposed. The flow rates are listed in the section associated

with the specific input parameters for each simulation case. DNAPL was allowed to move freely acrossI
all boundaries. The initial gas and aqueous phase pressure distributions in the domain at 1948 were
obtained by conducting a 10,000-yr simulation using the interpolated 1948 water levels at the South and
North boundary and a recharge rate of 0.5 cm/yr. It was assumed that in 1948 no DNAPL was present in

the domain.

Table 4.4. Horizontal Saturated Hydraulic Conductivity (K,), Porosity, and Retention Parameter Values
(Brooks-Corey A, hd, and irreducible water saturation, Sri) of Stratigraphic UnitsI

Stratigraphic Units ] K, ('cmis) Porosity -Corey hd (CM) [ Coreyd k r

Ringold A 5.73E-3 0.0770 71.3 0.52 0.1299

Lower Mud 1. 16E-8 0.0770 71.3 0.52 0.1299
Ringold E 5.73E-3 0.0770 71.3 0.52 0.1299
Upper Ringold 5.73E-3 0.0770 71.3 0.52 0.1299
Cold Creek C 6.72E-3 0.3203 36.3 0.61 0.2451I
Cold Creek Z 1.48E-4 0.423 8 120.0 0.79 0.0967
Lower Sand 1.87E-2 0.3359 4.7 0.78 0.0747
Lower Gravel 3.OOE-2 0.2720 23.0 0.75 0.1471I
Hanford 2 5.85E-3 0.3653 14.1 0.95 0.0846
Hanford 1 5.OOE-2 0.1660 7.7 0.54 0. 13 86_
Hanford 1A 5.98E-4 0.4478 58.1 0.71 0.1740I
Backfill 1.5E-2 0.2620 22.0 0.36 0.3646
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I Table 4.5. Horizontal Saturated Hydraulic Conductivity (K,), Porosity, and Retention Parameter Values
(van Genuchten a, n, and irreducible water saturation, sj~) of Stratigraphic Units for

* Simulations

T Van1
Genuchten a Van

Stairpi nt ,(cmls) Porosity (1/cm) Genuchten n Srl
Ringold A 5.73E-3 0.0770 0.0090 1.62 10 0.1299

Lower Mud 1. 16E-8 0.0770 0.0090 1.6210 0.1299

Ringold E 5.73E-3 0.0770 0.0090 1.6210 0.1299

Upper Ringold 5.73E-3 0.0770 0.0090 1.6210 0.1299

Cold Creek C 6.72E-3 0.3203 0.0 173 1.7705 0.245 1

Cold Creek Z 1.48E-4 0.423 8 0.0052 2.0671 0.0967

Lower Sand 1.87E-2 0.3359 0.1338 2.0475 0.0747

Lower Gravel 3.OOE-2 0.2720 0.0270 1.9940 0.1471IHanford 2 5.85E-3 0.3653 0.0448 2.3553 0.0846

Hanford 1 5.OOE-2 0.1660 0.0830 1.6600 0.1386

Hanford 1A 5.98E-4 0.4478 0.0 107 1.9229 0.1740

Backfill I 1.5E-2 10.2620 1 0.0320 1 1.4000 10.3646

34.1.2 Sensitivity Analysis Simulations

A total of 33 sensitivity analysis simulations were conducted for the infiltration/redistributionI assessment. The simulations are categorized in six groups, depending on the imposed change.

31. Disposal Site Area

a. Infiltration area 20% of base case area for both aqueous phase and DNAPL.
b. Infiltration area 10% of base case area for both aqueous phase and DNAPL.

c. Infiltration area 100% of base case area for aqueous phase and 10% for DNAPL.

11. DNAPL Volume

a. 1.25 x DNAPL volume base case for both sites.
b. 1.5 x DNAPL volume base case for both sites.3 c. 2 x DNAPL volume base case for both sites.

111. DNAPL Properties and Porous Media Properties Related to CT

Ia. Fluid properties of disposed DNAPL equal to properties of pure CT.

Density: 1594 kg/in 3

Viscosity: 0.97x1 0- Pas
Vapor pressure: 11,950 Pa3 Surface tension (air-DNAPL): 26.2 dynes/cm
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Interfacial tension (water-DNAPL): 40.8 dynes/cm
CT aqueous phase solubility: 800 mg/L
CT gas phase concentration: 120,000 ppmv3

b. Properties of DNAPL reflecting DNAPL composition of 50% CT, 10% lard oil, 20% DBBP, and
20% TBP. This DNAPL composition reflects the lowest CT percentage of the disposed DNAPL.3

Density: 1260 k g/rn 3

Viscosity: 1.357x 0,3 Pa sI
Vapor pressure: 8,250 Pa
Surface tension (air-DNAPL): 24.2 dynes/cm
Interfacial tension (water-DNAPL): 11.8 dynes/cmI
CT aqueous phase solubility: 550 mg/L
CT gas phase concentration: 82,300 ppmv

c. A DNAPL vapor pressure of 5,415 Pa.

d. A DNAPL vapor pressure of 2,708 Pa.I

e. A CT solubility of 360 mg/L

f. A CT solubility of 180 mg/L

g. A Kd partitioning coefficient of 0.0 mL/g.3

h. A Kd partitioning coefficient of 0. 1 mL/g.

i. A Kd partitioning coefficient of 0.4 mL/g.

j . Laboratory measured maximum residual NAPL saturation for Cold Creek silt (0. 13), Hanford
Sand (0. 10), Lower Gravel (0.05), and Ringold E material (0. 11). For the other materials, aI
maximum residual of 0. 1 was assumed.

k. Measured and assumed maximum residual DNAPL saturation times 1.25.1

IV. Porous Medium Properties of H I a Unit3

a. Permeability of HI unit (5.OE-2 cmls)
b. Porosity of HI unit (0.166)
c. Air-entry pressure head of HIimuit (7.7 cm)I
d. All porous media properties of Hi unit

V. Porous Medium Properties of Cold Creek Unit

a. 0. 1 x base case permeability

b. 0. 1 x base case permeability and -I 0 x the air-entry pressure head.I
c. 10 x base case permeability.
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d. 10 x base case permeability and iI Ni 0 x the base case air-entry pressure.

3 VI. Porous Medium Properties of all Units

a. Anisotropy ratio of 1: 1.
b.Anisotropy ration of 20:1c. b .5xbs aeprst

c. 1.25 x base case porosity
d. 0.7 x base casei-n pors ea
e. 2. x base case air-entry pressure headI f~. 10 x base case peaiir tyrsueha
g. . 1 x base case permeability

I4.2 SVE Simulations

Rohay (2002) describes the details of the field SVE campaigns for the 200-P W-lI Operable Unit,
which includes the 216-Z-9 trench, 216-Z-1A tile field, and 216-Z-18 crib. There are 46 wells available

for SVE in this operable unit, with well diameters ranging from 5 to 20 cm. During the active SVE
campaigns, each system extracted soil vapor simultaneously from multiple wells open either above
and/or below the CCU. Details on the operation of the well field can be found in Rohay (2002) and

Oostrom et al. (2004; 2006).

A total of seven simulations for the period 1993 - 2007 were conducted to investigate the effect ofI well location, extraction rate, and vapor pressure on CT removal during SVE operations. The base case
fluid and porous medium property values are used for all simulations in this section. The initial3 conditions of these simulations are the base case 1993 conditions. The SVE simulations are:

1. Extraction from all wells.

1 ~2. Extraction from wells with screens located in 216-7-lA Cold Creek Silt: W18-159,4-65,4-66,4-67,
-178, and -174.

3. Extraction from wells located near water table near the 216-Z-18 trench: W18-l0,4-1, and-12.

34. Extraction from well W 18-96 only, located below the 216-7- 18 trench.

5. Extraction from well W 18-165 only, located below the 216-Z-lIA tile field.

I6. Extraction from well W18-246 (located west of 216-7-lA and north of 216-Z-18)

37. Extraction with 25% of the rate.

8. Extraction from all wells and hydraulic properties of HlIa the same as for HlI.
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4.3 Undocumented Discharge Simulations

The conceptual model for CT behavior in the subsurface of the 200 West Area includes downward3
migration of CT as a DNAPL or dissolved in the aqueous phase to groundwater from an undocumented
source (DOE 2004). To address this issue, two types of simulations were conducted.3

1 . A series of simulations was conducted to estimate the volume of DNAPL needed to reach the
groundwater for each of the three DNAPL waste sites. For each site, the infiltration rate of the base
case simulation was modified in an iterative manner, while keeping the disposal area and durationI
unchanged, to find the minimum volume of discharged DNAPL that would yield DNAPL movement
across the water table by 1993. The computed volumes are assumed to be indicative of the size of

undocumented discharge volumes needed at a typical disposal facility to reach the saturated zone.

2. Assuming that an undocumented discharge might result from an accidental spill, various spills were3
simulated for two generalized three-dimensional geologic domains. For the first representation, the
H Ia, Hi1, H2, and Lower Sand units are assumed to be each 8 m thick. Located below the Lower
Sand unit, the Cold Creek silt and caliche units are both 3-mn thick. The Ringold E unit is the lowestI
unit of the simplified computational domain. The water table is located at 65 m below the surface.
The first domain represents the subsurface of the 21 6-Z-lA and 216-Z-1 8 sites. The second domain
is similar to the first with the exception that the H Ia unit is not present. Instead, the H I unit is I16-inm
thick. The second domain is assumed to represent the subsurface of the 216-Z-9 site (Oostrom et al.
2004, 2006). For each geologic representation, a total of nine simulations were conducted. All spills
are assumed to have occurred on a I M2 area, with volumes of 0.2, 2, and 10 in3 , and a spill durationI
of I hour, 1 day, and 10 days. A spill size of 0.2 in 3 is equivalent to approximately a one 208.2-L
drum. For each simulation, the maximum DNAPL penetration depth was recorded.3
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1 5.0 Results and Discussion

5.1 Base Case Results

I Before DNAPL was disposed at the 216-7-lA and 216-Z-18 sites, large volumes of aqueous phase
were released at the 216-Z-1 and 216-Z-2 sites between 1949 and 1953 and the 216-Z-3 site between
1952 and 1960 (Table 4.1). These three sites, located on the footprint of the 216-7-lA site, have

received a combined volume of 212,000 m 3 of aqueous phase through 1960. The combined liquid waste
to the 216-Z-lIA site from 1964 through 1969 and to the 216-Z- 18 site from 1969 through 1973 was19,120 in 3 . Because of the considerable size of the initial aqueous phase waste releases and the location of
the disposal sites, liquid waste emanating from the 216-Z-1, 216-Z-2, and 216-7-3 sites have been
included. The effect of the initial water disposal are shown in Figures 5.1 through 5.3, where the3 differences in water saturations between 1953, 1960, and 1964, respectively, with the 1948 steady-state
water saturations are shown. Figure 5.1 depicts the water saturation differences after the 33,500 m'
liquid waste disposal at the 216-7-1 and 216-7-2 sites was completed in 1953. The figure shows
increased saturations by up to 70% below the northern part of the 216-7-lA. The 1960 plot (Figure 5.2)
shows water saturation differences directly after the 178,000 M3 distribution to the 216-7-3 has ended.
The contribution from this site, located about 40 m to the east of the shown cross-section, was able to

increase saturation over a 150 x 150 m area, all the way to the water table. The plot showing the
differences at 1964 (Figure 5.3) shows that the saturation differences had decreased considerable after
four years of inactivity. As expected, the CCU sediments were able to retain the disposed water longerIthan the other units. The 216-7-lA tile field received approximately 5,260 mn3 liquid waste between 1964
and 1970, while the waste stream to the 2 16-Z- 18 crib totaled 3,860 m 3 between 1969 and 1974. Plots
showing the differences in water saturation between 1948 for 1970 and 1974 are presented in Figures 5.4I and 5.5, respectively. The figures show that the effects from earlier water disposal have dissipated and
that most of that water has drained from the CCU and the elevated water saturations are primarily the
result of the aqueous phase disposal at the two DNAPL waste sites. Over time, the disposed water
continues to flow downward and laterally through capillary forces. In 1993, at the beginning of SVE
operations, elevated water saturations are only predicted to occur in the CCU (Figure 5.6).

I DNAPL infiltration at the 216-7-lA site occurred between 1964 and 1970, while the 216-7-1 8 site
received waste from 1969 through 1974. Disposal at the 216-7-lA site occurred at three sub-sites:
216-7-1AA, 216-7-lAB, and 216-Z-lAC. Each of the three sites received waste for approximately
2 years out of the total of six years that DNAPL waste was disposed at the 216-7-lA site. Details of the
disposal history can be found in Chapter 4. Simulated DNAPL saturations at the end of 1966, 1968,3 1970, 1974, 1984, and 1993 are shown in Figures 5.7, 5.8, 5.9, 5.10, 5.11, and 5.12, respectively.
Figures 5.7, 5.8, and 5.9 reflect the change in disposal location within the 216-7-lA site as the DNAPL
body is getting larger in a southerly direction with time. In 1970, DNAPL has moved into the LowerI Sand unit but not yet into the CCU. Figure 5.9 also shows DNAPL saturations after the first year of
disposal at the 216-7- 18 site indicating DNAPL infiltrating from the four individual cribs that comprise
the 216-7- 18 site. At the end of the 216-7- 18 site disposal period (1974), the infiltrated DNAPL fromI this site has just started to move into the H2 unit (Figure 5.10). This figure also shows that below the
216-7-lA site, DNAPL has entered the CCU silt. After 1974 no aqueous phase or DNAPL were3 disposed at either site. Figures 5.11 and 5.12 show the DNAPL redistribution at 1984 and 1993
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respectively. The plots for this base case simulation show that the DNAPL under the 21 6-Z- lA site
primarily remains in the Hia unit, H2 unit, and CCU. No DNAPL has moved across the water table by
1993. Below the 216-Z-1 8 site, the DNAPL has not moved below the H2 unit by 1993. The sequence of3
plots presented in Figures 5.7 through 5.12 clearly indicates that the disposed DNAPL remained below
the footprints of both sites.I

The CT gas concentrations in 1970, 1974, 1984, and 1993 are shown in Figures 5.13, 5.14, 5.15, and
5.16, respectively. The figures show that the gas plume grows rapidly and spreads out over the lower-

permeability CCU and later in time over the water table. The CT component of the DNAPL is causingI
the density of the gas phase to increase because the gas density of air saturated with CT in the DNAPL
used in the simulations was approximately 1.8 g/L at 200 C, compared with an ambient gas density of
1.2 gIL. The difference in gas density causes density-driven advection to move considerable amounts ofI
CT downward in the vapor phase. Top views of the gas concentrations in the middle of the CCU are
shown in Figure 5.17 and 5.18 for 1974 and 1993, respectively. The plots show that CT vapors appear in
the CCU below the 216-Z-1A site before arriving below the 216-Z-1 8 site. By 1993, the plume hasI
become rather extensive in the horizontal directions and its size clearly exceeds the footprints of both
disposal sites. CT in the gas phase arrives at the water table approximately 10 years after arriving at the
CCU. CT gas concentrations at the first unsaturated node above the water table are shown inI
Figures 5.19 and 5.20, for 1984 and 1993, respectively. Since the CT gas arrived later at this level, the
horizontal extension is less pronounced than in the CCU.3

The CT mass distribution over the DNAPL, sorbed, aqueous phase, liquid phase phases are shown in
Figure 5.2 1. The plot shows that after the infiltration periods for the disposal sites (1964-1974), the total

CT mass in the computational domain remained practically unchanged through 1993, meaning that only a
small amount of CT mass has left the domain in the various phases. After DNAPL infiltration ceased,
the CT mass in the DNAPL phase slowly decreased, while the CT mass in the other phases increased.
Note that the sorbed CT mass is larger than the CT mass in the gas and aqueous phases. The relative
contribution of the sorbed CT mass and the dissolved, and gas phases can be illustrated by a simple

distribution calculation. The calculation assumes that an excess of CT DNAPL phase is in equilibriumI
with the other phases under unsaturated conditions. In this case, the sum of the sorbed and CT mass in
the gas and aqueous phases per unit volume is given by3

(I1-flD)PS+ 9gCg + 7I(5.1)

where the subscripts g and I denote the gas and aqueous phase, respectively, nD is the porosity, p, is theI

particle density (M/L 3), S is the sorbed CT mass per unit mass of porous medium (MI'M), 0 is the
volumetric content, and C the concentration (MJL 3) . Assuming a linear sorption isotherm withI

S =KdCI,9 where Kd (L 3/NM) is an equilibrium partitioning coefficient, Eq. (5. 1) can be rewritten to

(I - nD)PSKdCI + OgCg + OIC 1  (5.2)I

With the following data, appropriate for the subsurface and DNAPL properties used in the STOMP3
simulation: nD = 0.25, p, = 2650 kg/n 3, Kd = 2 x 10-4 M3/kg, Og =0.2, Cg = 0.73 kg/m3 0 = 0.05, and

C, =0.72 kg/in3 . These values result in a computed sorbed CT mass of 0.3 975 kg/in3 , gas phase CT mass3
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3I
Iof 0. 146 kg/rn3 , and aqueous phase CT mass of 0.036 kg/rn3 . The total CT mass per cubic meter Is

0.5795 kg for which 3.64 x 10-4 M3 (364 mL) liquid CT is needed. In this particular example, the sorbed
CT mass > gas CT mass > aqueous phase CT mass, which is consistent with Figure 5.21.

The CT DNAPL phase mass distribution of the hydrostratigraphic units for 1960-1993 is shown in3 Figure 5.22 for the combined sites. The plot shows that the Hia unit contains the most CT in the
DNAPL phase throughout the simulation period. Note that the influence of the H Ia unit was not
observed in the 216-Z-9 simulations (Oostromn et al. 2004; 2006) because this unit is not present below3 ~ ~~that disposal facility based on the available geologic data. Since the CT DNAPL in the Hlaunit is so
large, several sensitivity cases were executed to investigate the influence of several hydraulic parameters
on CT DNAPL flow in that unit. The results of these simulations are shown in Section 5.2.4.3 Figure 5.22 also shows that the H2 unit retains considerable volumes of CT DNAPL, while all CT
DNAPL has been removed from the H I unit before 1985. Other units above the CCU containing
DNAPL are the Lower Sand and Lower Gravel units. The lowest layer with CT DNAPL is the CCU silt.

No CT DNAPL was transported to the CCU caliche.

CT mass distributions over the phases for each of the two individual sites are shown in Figure 5.23I for the 21 6-Z-1 A site and in Figure 5.24 for the 21 6-Z-1 8 site. The plots, reflecting the disposed DNAPL
volumes, show similar trends as found for the figure combining the phase distributions for both sites
(Figure 5.21 ). CT mass distributions over the hydrostrati graphic units for each individual site are shown3 in Figure 5.25 and Figure 5.26 for the 216-Z-1A and 216-Z-18 sites, respectively. These two figures
show distributions quite different from the plot combining the two sites (Figure 5.22). For the 216-Z-1A
site, the H2 unit contains the most DNAPL, followed by the Hia unit. Below the 216-Z-18 site, DNAPL

is not able to penetrate lower than the H2 and the vast majority of the DNAPL is located in the H I a.

This plot quantitatively describes what can be visually observed in Figures 5.7 through 5.12.
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5.2 Sensitivity Analysis Results

3 A total of 33 sensitivity simulations were conducted in six categories, depending on the imposed
variation. The categories are 1) Disposal Site Infiltration Area, 2) DNAPL Volume, 3) DNAPL
Properties and Porous Media Properties Related to CT, 4) Porous Media Properties of the Hia Unit,I 5) Porous Media Properties of the Cold Creek Unit, and 6) Porous Media Properties of all Units.
Moment-method statistics of these simulations and a comparison with the base case results are presented
in Section 5.3. In this section, the results of the sensitivity simulations are discussed in general terms,I with special emphasis on simulations which yielded markedly different results than the base case
simulation. Included in the discussion are data on DNAPL vadose zone retention (Table 5. 1) and3 DNAPL movement across the water table (Table 5.2).

Table 5.1. Total DNAPL Mass Inventory and DNAPL Mass in Vadose Zone at 1993, as a Percentage of3 Total Inventory

T otal DNAPLT DNAPL Mass (kg) in
Mass Inventory DNA!PL Mass (kg) in Vadose Zone at 1993 as a

Siuain(kg) jVadose Zone at 1993 Percentage of Inventory
Base Case 5.37e5 2.8 1e5 52

I-a 5.37e5 3.16e5 59UI-b 5.37e5 3.29e5 61
I-c 5.37e5 3.3 1e5 62
II-a 6.71e5 3.83e5 57

11-b 8.06e5 4.89e5 61
I-c 1.74e6 TWO0e 693 11-a 6.00e5 2.97e5 50

HI1-b 4.47e5 2.99e5 67
II-c 5.37e5 4.2105 783III-d 5.37e5 4.81e5 90
llI-e 5.37e5 2.86e5 53
Ill-f 5.37e5 2.89e5 543 II-g 5.37e5 2.85e5 53
III-h 5.37e5 2.83e5 53
Ill-i 5.37e5 2.76e5 51I II-j 5.37e5 2.92e5 54

111-k 5.37e5 3.02e5 56
IV-a 5.37e5 1.66e5 31UIV-b 5.37e5 2.49e5 46
IV-c 5.37e5 2.67e5 50
IV-d 5.37e5 1.99e5 373- .75 .555
V-a 5.37e5 2.85e5 53
V-b 5.37e5 2.66e5 53
V-c 5.37e5 2.67e5 50
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Table 5.1. (contd)

TTotal DNAL DNAPL Mass (kg) in3
Mass Inventory DNAPL Mass (kg) in Vadose Zone at 1993 as a

Simulation (kg) Vadose Zone at 1993 Percentage of Inventory
VI-a 5.37e5 1.97e5 37
VT-b 5.37e5 4.33e5 81
VI-c 5.37e5 2.91e5 54
VI-d 5.37e5 2.66e5 503
VI-e 5.37e5 2.74e5 51
VI-f 5.37e5 2.83e5 53

VI-g 5.37e5 1.71e43
VT-h 5.37e5 4.8le5 90

Table 5.2. Time for DNAPL to Reach the Water Table, CT DNAPL Mass and Dissolved CT MassI
Transported Across the Water Table at 1993. CT DNAPL that moved across water table
originated from the 21 6-Z- IlA site.3

Time (yr) for CT DNAPL Mass (kg) Dissolved CT Mass Moved
DNAPL to Reach Moved Across Water Across Water Table at

Simulation Water Table Table at 1993 1993
Base Case - 0 317

I-a 24 14 416
I-b 19 87 418I
I-c 14 948 729

11-a - 0 4453
1I-b - 0 539
11-c 13 1,040 622
rn-a - 0 4533
Ill-b - 0 112
III-c - 0 -0

I11-d - 0 0I
11I-e - 0 788
111-f - 0 1,143

11I-g - 0 5,345
111-h - 0 1,054
rn1-i - 0 40I
III-j - 0 51
HI-k - 0 47
TV-a - 0 766
TV-b - 0 513I
TV-c - 0 489
TV-d - 0 6173
V-a - 0 0
V-b -0 0
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I Table 5.2. (contd)

* Time (yr) for CT DNAPL Mass (kg) Dissolved CT Mass MovedIDNA$P: to Reach Moved Across Water Across Water Table at
Simulation WtrTable Table at 1993 1993)3V-c -0 2,237

V-d - 0 2.254

VI-a 6 45,570 2.076

VI-b - 0 2,310
VI-c - 0 0
Vl-d - 0 234IVI-e - 0 3.36
Vl-f - 0 543

VI-g - 0 4,387

VI-h -0 0

35.2.1 Disposal Site Area

Three alternative disposal site area simulations were conducted. For case I-a, the infiltration area
was 20% of the base case for both fluids while for case I-b, the area was only 10% of the base case. In

case I-c, the base case infiltration area was used for the aqueous phase while a 10% area was assumed for
the DNAPL. In all three cases, DNAPL was predicted to move across the water table beneath the
216-Z-1A site, although the volume was considerable higher in Case I-c than for the other two cases. As

can be seen in Figure 5.27 the DNAPL body under the 21 6-Z-lIA site for case I-c showed less spreading
than for the base case (Figure 5.12), while the DNAPL body under the 21 6-Z-1 8 site has penetrated much3 deeper into the H2 unit. As a result, the CT vapor plume for this case is slightly smaller (Figure 5.28)
than the base case vapor plume (Figure 5.13). The CT mass distribution curves over the phases of all
three disposal area cases have similar shapes as the base case, which is illustrated in Figure 5.29 forI case 1-c. However, since less DNAPL spreading occurred due to more concentrated releases, more CT
remained as a DNAPL in the subsurface (Table 5.1). The CT mass distribution over the hydrostrati-
grahic units for these cases is different than for the base case (Figure 5.22). The results of case I-cU (Figure 5.30) show that, compared to the base case, less CT DNAPL remains in the H Ia, but consid-
erably more in the H2 unit and both the CCU silt and CCU caliche. The reduced infiltration area yielded3 larger DNAPL relative permeabilities and more rapid downward movement.
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5.2.2 DNAPL Volume

The implications of varying DNAPL volumes was investigated through three simulations with 1.25
(case 11-a), 1.5 (case 11-b), and 2 (case 11-c) times the base case volume. Although the CT DNAPL mass
retained in the vadose zone increased as a percentage of the inventory with volume size (Table 5. 1), only
case 11-c shows CT DNAPL movement across the water table (Table 5.2). DNAPL phase saturations and
CT gas phase concentrations for case 11-c are shown in Figure 5.31 and 5.32, respectively. Compared to
Figure 5.12 for the base case, Figure 5.31 shows DNAPL penetration into the CCU and the Ringold E

unit by 1993. The resulting CT gas phase plume from case 11-c is not considerably larger than the baseI
case (Figure 5.16), although the plume contains larger areas with relatively higher CT concentrations.

The CT mass distributions over the phases (Figure 5.33) indicated the larger amount of disposed
DNAPL compared to the base case (Figure 5.21). As a percentage of the inventory, less sorbed CT and
CT in the aqueous and gas phases but more DNAPL are in the domain by 1993 compared to the base

case. The CT DNAPL distribution over the hydrostratigraphic units (Figure 5.34) shows a considerableI
presence in the CCU and Ringold E unit, as is also obvious from Figure 5.3 1. In fact, the distribution
shown in Figure 5.34 is closer to the situation depicted by Figure 5.30 for case I-c.I
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5.2.3 DNAIPL Properties and Porous Media Properties Related to CT

5 Multiple simulations were conducted to study the impact of DNAPL properties (density, viscosity,
vapor pressure, and aqueous solubility), sorption, and residual DNAPL saturation on subsurface flow and
transport below the two disposal sites. The simulations in this section are:

a. Fluid properties of disposed DNAPL equal to properties of pure CT.

b. Properties of DNAPL reflecting DNAPL composition of 50% CT, 10% lard oil, 20% DBBP, andI 20% TBP.

3c. A DNAPL vapor pressure of 5,415 Pa.

d. A DNAPL vapor pressure of 2,708 Pa.

Ie. A CT solubility of 360 mg/L.

f. A CT solubility of 180 mg/L.

g. A &~ partitioning coefficient of 0.0 mL/g.

Ih. A Kd partitioning coefficient of 0. 1 niL/g.

3 i. A K~Ipartitioning coefficient of 0.4 mL/g.

j . Laboratory measured maximum residual DNAPL saturation for CCU silt (0. 13), Hanford Sand
(0. 10), Lower Gravel (0.05), and Ringold E material (0. 11). For the other materials, a maximum

residual of 0. 1 was assumed.3k. Measured and assumed maximum residual DNAPL saturation times 1.25.

The data in Table 5.1 show that except for cases Il1-b, 111-d, and 111-d, the CT DNAPL remaining in
the vadose zone at 1993 is comparable with the base case. The reason these three cases report higherI values of the remaining CT DNAPL is directly related to the lower vapor pressure in these cases. None
of the cases in this category showed movement of CT in the DNAPL phase across the water tableI (Table 5.2).

The simulation results for cases HI-a, Ill-b, Ill-j, and HI-k show that DNAPL movement for these
cases do not significantly differ from the base case. Although the DNAPL composition changes the CTI phase distribution and CT DNAPL distribution over the hydrostratigraphic units somewhat, the changes
are relatively minor. The simulations including a residual DNAPL saturation also produce results that
are fairly close to the base case results as the maximum DNAPL saturations during the infiltration and

redistribution stages are relatively small so that the residual mass in the units is typically less than a few
percent.

I The effect of a lower vapor pressure was investigated in case III-c and 111-d. The DNAPL saturations
and CT gas phase plume at 1993 are shown in Figure 3.35 and 3.36 for case 111-d. Figure 3.35 depicts a
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larger DNAPL body than for the base case (Figure 5.12). In contrast, the CT gas phase plume for case
III-d is smaller than the CT gas phase plume for the base case and the concentrations are lower
(Figure 5.16). Figure 5.37 shows a strong reduction in the CT gas phase mass and an increase in the CT3
DNAPL phase mass. Because less DNAPL volatilizes, more CT moves downwards and laterally as a
DNAPL. As a result, the DNAPL body at 1993 is rather extensive with similar penetration into the CCU
silt as the base case.

The simulations with lower solubility (cases IlI-e and Ill-f) result in relative minor differences in

DNAPL body positioning in 1993 (Figure 5.39) but a more limited aqueous phase CT plumeI
(Figure 5.40). The phase distributions (Figure 5.4 1) show a decrease in the CT mass in the aqueous
phase and in the sorbed mass. The latter is explained by realizing that the sorbed mass is directly related

to the aqueous phase concentration (see Equations 5.1 and 5.2). CT DNAPL phase mass distributionsI
over the hydrostratic units (Figure 5.42) do not show major differences with the base base.

The effects of sorption were evaluated with case 111-g, -h, and -I (see Figures 5.43 through 5.48).
The simulation with zero sorption (case II1-g) caused a large increase in the CT gas phase plume
(Figure 5.44) but not in the DNAPL configuration (Figures 5.43 and 5.46). As a result, the CT phase
distribution (Figure 5.45) shows relatively more CT partitioning into the gas and aqueous phases. ForI
simulation HI-i, with a portioning coefficient twice as large as for the base case, the sorbed mass at 1993
is approximately 175,000 kg (Figure 5.47), while the CT DNAPL distribution is not significantly affected

(Figure 5.48).
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5.2.4 Porous Medium Properties of HIa Unit

The base case simulation indicated the importance of the H I a unit on DNAPL flow and transport.
The H Ia unit, located directly below the two disposal sites, has been assigned the properties of Hanford
Fine Sand (see Table 3.1 in Oostrom et al. 2004) and has a considerably lower permeability than the
underlying H I sediments, but a larger porosity and entry pressure (Table 4.4 and 4.5). Note that the H Ia3
was not observed below the 216-Z-9 site for the simulations described in Oostrom et al. 2004; 2006.
Because there is considerable uncertainty about the properties of the H I a in this model, hydraulic

properties of the H I a unit are varied in the four simulations in this category. In case TV-a, IV-b, andI
TV-c, the permeability, porosity, and air-entry pressure of the underlying H I unit was assigned to the H Ia
unit, respectively. For case IV-d, all hydraulic properties of the Hia are equal to those of the Hi unit. r

The simulations in this category all show a reduced amount of CT DNAPL in the vadose zone
compared to the base case at 1993 (Table 5. 1). No DNAPL was transported to the water table, although

the dissolved CT mass transported into the saturated zone were larger than for the base case (Table 5.2).I
Of the three parameters varied in the simulations, the increase in permeability had the largest effect on
CT DNAPL flow and CT transport in the gas phase. The decrease in air-entry pressure head for case
TV-c only resulted in relatively small changes. The latter result is not unexpected because the domainI
above the water table remained at a total-liquid saturation less than 0.6 through the DNAPL infiltration
and redistribution process. The results for case I-V-d are shown in Figures 5.49 through 5.52. The plot
with DNAPL saturations (Figure 5.49) show that most of the DNAPL has drained from the H1 Ta under-I
neath both disposal sites, which is in contrast with the findings for the base case (Figure 5.12). The CT
gas phase plume of this sensitivity case (Figure 5.50) reaches a similar extension as the base case

(Figure 5.16) although no vapors are present in the HI a unit. Differences between this case and the base
case are minor in terms of CT phase distributions over time (Figure 5.5 1). However, the main differ-
ences between case IV-d and the base case become obvious in Figure 5.52 where the H2 layer is the unit5
containing the majority of the DNAPL throughout the infiltration and redistribution periods until 1993.
In this case, some DNAPL actually shows up in the CCU caliche.
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15.2.5 Porous Medium Properties of Cold Creek Unit

The permeability and air-entry pressure of the CCU were determined to be important for DNAPLI movement into the subsurface of the 216-Z-9 disposal site (Oostrom et al. 2004; 2006). Four simulations
were conducted in this category of which two used a lower permeability (case V-a and V-b) and two a3 higher permeability (case V-c and V-d). In addition, for case V-b and V-d, the permeability was

increased and decreased by -10 to be consisted with the Miller and Miller (1956) scaling theory. The

simulations for the category only show minor differences with the base case. As an example, the plotsI shown in Figures 5.53 through 5.56 are quite similar to the equivalent figures for the base case. The
main differences are observed for aqueous phase transport and the associated dissolved CT transport
across the water table. In case V-a and -b, no dissolved CT is transport into the saturated zone due to a

lower permneability of the CCU. For cases V-c and V-d, the dissolved phase CT mass transported across

the water table in the aqueous phase is approximately six times the mass transported in the base case.
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5.2.6 Porous Medium Properties of all UnitsI

A total of eight simulations were used to vary hydraulic properties of all units. The parameter value
changes for the simulations compared to the based case are:

a. Anisotropy ratio of 1: 11
b. Anisotropy ratio of 20:1
c. 1.25 x base case porosity
d. 0.75 x base case porositye. 2x bse cse ir-etrypresurehea
e. 2. x base case air-entry pressure head
f. 10 x base case peaiir tyrseha
g. . 1 x base case permeabilityI

The results of case VI-a (Figures 5.5 7 through 5.6 1) are unique as it is the only simulation that5
predicts DNAPL disposed at the 216-Z-1IA to move down all the way to the Lower Mud unit
(Figure 5.57). The isotropic conditions cause more than 45,000 kg DNAPL to move across the water
table by 1993 (Table 5.2). The associated gas concentration plume is shown in Figure 5.58 while
aqueous phase concentrations are depicted in Figure 5.59. The latter figure shows a dissolved CT plume
ranging from the water table to the top of the lower mud. The mass distribution over the phases shows
that over time, the sorbed mass becomes larger than the CT DNAPL mass. The CT distribution over theI
hydrostratigraphic units shown in Figure 5.61 reflects the findings shown in Figure 5.57. By 1993, the
CT mass in the Ringold E is more than in the Hia unit.3

All other cases in this category provide expected results (Table 5.1 and 5.2), with relative minor
deviations from the base case except for case VI-g and VI-h where the permeability was increased and
decreased with a factor 10, respectively. Figure 5.62 shows that for case VI-g, virtually no DNAPL
phase CT was left in the subsurface by 1993. This result is supported by the estimated 3% of the
inventory left in the domain according to Table 5.1 and the phase distribution plot shown in Figure 5.64.3
The associated gas plume (Figure 5.63) is therefore also smaller than for the base case. The CT DNAPL
hydrostratigraphic distribution (Figure 5.65) shows that DNAPL only appeared in the upper part of the
domain, with the vast majority in the Hi a. Overall, the increase in permeability by a factor 10 in allI
directions caused rapid lateral DNAPL spreading and gas transport. The overall reduction in permea-
bility imposed in case VI-h resulted in a more compact DNAPL body (Figure 5.66) and CT gas plume

(Figure 5.67). The reduction caused CT to primarily remain as a DNAPL (Figure 5.68) in the upper partsI
of the domain (Figure 5.69).
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5.3 Comparison of Simulation Results

Using similar procedures used in Oostrom et al. (2004; 2006) for the 216-Z-9 simulations,3
normalized spatial moments of the DNAPL distribution were calculated to provide a quantitative basis
for comparing the results of the different simulation cases (Freyberg 1986). The Ujkth moment of the

mass distribution in space was defined as

M k(t)= f f JpnVOS(XY',!,'tiYjkdXd~d 51

where p, is the mass density of the DNAPL, 0 is the porosity, S, is the DNAPL saturation, and x, y, and : 3
are the spatial coordinates. The integrals in Equation (5. 1) were evaluated over the extent the DNAPL or
dissolved component was transported from either the 216-Z-lIA or 216-Z- 18 sites.

The zeroth, first, and second (i + j+ k = 0, 1, or 2, respectively) spatial moments of the DNAPL
distribution were computed. These moments provide measures of the total DNAPL mass, the location of

the center of mass, and spread about the center of mass. The zeroth moment, M400 , is equal to the total mass in
the domain. The first moment, normalized by the zeroth moment, defines the location of the center of mass
(Xc, Y, Zr):5

X, __ =-10 Y OI C=M0 (5.2)
M00 0 MOO M0 00

The second moment about the center of mass defines a spatial covariance tensor (Freyberg 1986):

2 ~~20 22 M 2 2M3
2 C 20 2 002 (52

2 = M200__ 2 2 =_ M 2 2 M 02 7

(Tt V f - XCYC a-x :x C COV: C :T.= -Yz

The components of the covariance tensor are directly related to the spread of the DNAPL body about its
center of mass. In Table 5.3 and 5.4, the zeroth and first order moments are shown for the 216-Z-1 8 and3
216-Z-1IA, respectively. Table 5.5 and 5.6 provide an overview of the second order diagonal moments
for the two sites. The listed moments are computed for 1993.

The first order moments (Table 5.3 and 5.4) show that for both disposal sites, the horizontal center of
mass is located below the disposal site footprint for all simulations. The vertical center of mass for the
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I sites is located in the H2 unit for most simulations. A vertical center of mass closer to the CCU is
predicted by the cases where the hydraulic properties of the H I a unit were altered to resemble properties3 of the HI unit. The standard deviations of the second order moments, shown in Table 5.5 and 5.6,
provide an indication of the DNAPL spreading. According to the moment analysis, approximately 95%
of the DNAPL mass is predicted to be located between the center of mass and plus or minus the3 computed standard deviations. For most cases, the standard deviations in the horizontal direction are less
than 50 m, limiting the mass distribution to areas with roughly the same order of magnitude as the
footprints. In the vertical direction, the standard deviation for the 216-7-1 A site is typically in the orderI of about 10 m, while the standard deviation for the 216-Z- 18 site is often less than 5 m.
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Table 5.3. Zero and First Order Moments of CT DNAPL Mass at 1993 for DNAPL Disposed at theI
216-Z-1A Site. (The center of 216-Z-1A Trench is set at x = 0 m, y =0 m, and z = 199 m.

The CCU below the trench is approximately located between z =162 m and z =170 in.)

Simulation I M,(,, XC x(m) [ Y(m) zI z(m)

Base Case 1.93e5 -2.1 -2.3 181I
I-a 1.99e5 -1.4 -1.6 177
I-b 2.03e5 -2.1 -3.1 175
I-c 1. 16e5 -2.4 -0.6 171

11-a 1.80e5 -0.4 -2.4 180
11-b 1.85e5 -0.9 1.4 176
11-c 1.4105 -0.7 1.2 172

111-a 1.95e5 -1.1 -3.1 180

rn-b 1.97e5 -3.1 -0.3 182I
111-C IWO1e -2.1 0.4 182
11I-d 2.02e5 -3.2 -3.1 1803
111-e 1.43e5 -0.9 0.8 178
rnI-f 3.12e5 -1.2 -0.7 180
I11-g 1.97e5 -1.3 0.3 1805
I11-h 1.89e5 -1.5 -0.2 179
rn-i 1.9105 -3.0 -1.1 181
rnl-j 2.0105 -1.3 -1.0 184I
Ill-k 2.05e5 -2.2 -3.3 183
lV-a 1.02e5 -1.2 -3.4 1723
lV-b 1.8105 -0.9 -4.5 171
IV-c 1.85e5 -1.5 -3.2 171

IV-d 1.45e5 -2.3 -6.1 167
V-a IWO1e -0.1 3.1 181
V-b 2.02e5 -0.4 2.6 180
V-c 1.9005 -0.5 1.4 179
V-d 1.92e5 -0.6 4.2 180
VI-a 1.32e5 -0.8 -2.5 162
VI-b 3.3 1e5 -1.2 4.2 182
VI-c 2.02e5 -1.4 -1.3 181

VI-d 1.82e5 -2.5 -2.8 180I
VI-e 1.85e5 -2.3 -3.7 182
VI-f 1.95e5 -2.7 -2.3 1773
VI-g 5.04e3 4.2 0.4 184

VI-h 4.02e5 3.4 1.3 185
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Table 5.4. Zero and First Order Moments of CT DNAPL Mass at 1993 for DNAPL Disposed at the
216-Z- 18 Site. (The center of 216-Z- 18 Trench is set at x = 0 m, y = 0 m, and z = 199 m.3 The CCU below the trench is approximately located between z = 162 m and z = 170 in.)

Simulati on ]I XC (in) [ Ye (mn) [ z, (in)

Base Case 0.88e5 -6.7 7.2 184
I-a 0.93e5 -5.6 7.4 180
I-b 0.9e5 -7.2 6.5 177

I-c 0.5005 -4.6 8.2 174
11-a 0.69e5 -6.2 5.4 182
11I-b 0.82e5 -5.4 4.4 179
Il-c 0.58e5 -4.1 6.5 176

111-a 0.900e 1 -4.9 6.4 183

111-b 0.9105 -6.2 8.3 185
111-c 0.65e5 -5.3 5.4 184jIII-d 0.64e5 -3.6 3.6 183
III-e 0.54e5 -3.7 6.3 172
Ill-f 1.2105 -5.7 7.5 181£ II-g 0.94e5 -6.2 8.3 182
111-h 0.77e5 -7.8 6.9 183
Ill-4 0.83e5 -4.3 3.9 185I II-j 0.9105 -5.2 5.4 186
I11-k 0.97e5 -5.7 7.5 1873IV-a 0.64e5 -4.3 3.5 174
IV-b 0.68e5 -6.7 6.2 172
IV-c 0.82e5 -6.7 5.4 172
IV-d 0.54e5 -5.6 6.4 168
V-a 0.84e5 -4.6 6.7 183
V-b 0.83e5 -5.9 4.3 183

V-c 0.76e5 -2.0 6.1 182
V-d 0.74e5 -6.2 5.7 182
VI-a 0.65e5 -5.8 7.4 164

VI-b 1.02e5 -7.8 6.5 185
VI-c 0.89e5 -6.4 4.5 1853VI-d 0.84e5 -6.5 4.3 182
VI-e 0.89e5 -4.2 6.5 185
VI-f 0.88e5 -5.7 6.3 181
VI-g 1.2004 -7.6 7.4 185
VT-h 0.79e5 -5.4 7.5 186
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Table 5.5. Standard Deviations of Second Order Moments (Rounded to Nearest Meter) of CT DNAPL
Mass at 1993 for the 216-Z-lIA Site. (The center is at x = 0 m, y = 0 m, and z = 201 m. The

CCU below the trench is approximately located between z =162 m and z = 170 in.)3

Simulation [ o-,,(m) IY W+m ]- O~(m)1

Base Case 54 34 12

I-a 53 32 11

I-b 53 30 10
I-c 56 23 10

I1-a 52 27 9

11-b 48 29 9
11-c 49 28 10

111-a 52 36 123
I11-b 50 34 10

rn-C 39 29 13

11I-d 41 30 11I
III-e 47 34 12

111-f 49 34 11

11I-g 48 32 12
111-h 52 28 11

1111-i 48 27 103
HI-j 32 19 8

111-k 34 17 8

IV-a 38 197
IV-b 36 19 8

IV-c 31 15 73
IV-d 22 16 6

V-a 46 29 10

V-b 54 27 103
V-c 51 32 11

V-d 48 29 11

VI-a 9 8 41I
VI-b 12 8 8

VI-c 47 29 103
VI-d 44 28 13

VI-e 43 26 12

VI-f 43 35 123
VI-g 47 31 18

VI-h 29 18 63
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3 Table 5.6. Standard Deviations of Second Order Moments of CT DNAPL Mass at 1993 for the
216-Z- 18 Site. (The center is at x =0 m, y = 0 m, and z =199 m. The CCU below the trench3 is approximately located between z =162 m and z =170 in.)

Simulation ] , u(M) ] a (in) [-(in)
Base Case 42 22 3

I-a 42 20 33I-b 43 21 4
I-c 44 21 4

1I-a 35 18 3

11-b 36 18 3
11-c 40 21 3

111l-a 43 24 4
111-b 40 21 3

HI-c 31 17 5IIII-d 29 18 4
III-e 37 22 4

111- 41 24 5

T1I-g 42 22 5
111-h 41 22 33 11- 38 20 4
11I-j 20 14 2

111-k 21 13 2IIV-a 31 16 3
JV-b 30 15 3

JV-c 22 13 2

IV-d 16 12 3
V-a 36 24 43V-b 40 22 4
V-c 41 23 4

V-d 42 22 41VI-a 8 6 14
VI-b 9 5 33VI-c 37 21 4
VI-d 38 25 4

VI-e 32 22 53VI-f 33 24 5
VI-g 40 21 73VI-li 19 14 2

3 5.53



5.4 SVIE Simulation Results

In this section the results of eight SVE simulations for the period 1993 - 2007 were conducted to3
investigate the effect of well location, extraction rate, and vapor pressure on CT removal. The base case
fluid and porous medium property values are used for all SVE simulations except for case 8. The SVE

simulations are:I

1. Extraction from all wells. This case is referred to as the "base case with SVE" simulation.3

2. Extraction from wells with screens located in 216-Z-1A CCU silt: W18-159, -165, -166, -167, -178,
and -174.3

3. Extraction from wells located near water table near the 216-Z-18 trench: W18-1O, -11,and -12.

4. Extraction from well Wi 18-96 only, located below the 21 6-Z- 18 trench.3

5. Extraction from well W18-165 only, located below the 216-Z-IA tile field.g

6. Extraction from well W18-246 (located west of 216-Z-iA and north of 216-Z-18)

7. Extraction with 25% of the rate.5

8. Extraction from all wells and hydraulic properties of H Ia the same as for H I.

The results of SVE case 1 are discussed in Section 5.4. 1., while the other simulations are described
in Section 5.4.2.

5.4.1 Base Case with SVIEI

The results of the simulation with SVE operations in the subsurface of the two disposal sites are3
compared with an extension of the base case from 1993 - 2007 without the inclusion of SVE.
Figure 5.70 and 5.71 show the DNAPL saturation at 1995 for the base case without, and with SVIE,
respectively. The figures show that after two years of extraction, most of the DNAPL in the Lower3
Gravel unit below the 21 6-Z- lA site has been removed. The remediation seems to have less impact on
the DNAPL in the CCU and the H I a unit, while some removal is visible in the H2 unit, especially below

the 216-Z-1i8. Five years later, in 2000, the situation for the base case without SVE (Figure 5.72) has notI
changed much while the SVE operations seem to have removed most DNAPL in the H2 unit and CCU
(Figure 5.73. The SVE does not seem to have a large affect the DNAPL in the Hia unit below both sites.
The relative low permeability of the unit and the larger distance to the SVE well screens are importantI
factors limiting mass removal from this unit.

The CT gas plumes at 1995 (Figures 5.74 and 5.75) and 2000 (Figure 5.76 and 5.77) show the largeI
impact of SVE. For the base case without SVE the plumes look fairly similar for both times. However,
the figures for the base case with SVE demonstrate a rapid reduction of the plume extension, even in the
lower permeability units. By the year 2000, the plume extension is reduced to a size smaller than theI
respective footprints of the disposal facility. Top views of the CT gas plume at 1995 (Figures 5.78 and
5.79) and at 2000 (Figures 5.80 and 5.8 1) in the CCU show an apparent stable gas plume for simulation3
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I without SVE, but a rapidly decreasing extension for the case where SVE is considered. In the latter case,
no gaseous CT gas is predicted to be present in the CCU below the 216-Z-1 8 site by 2000, while the

extension below the 216-Z-IA site is less than the width of the footprint (Figure 5.81). A comparison for

the CT gas concentration near the water table is shown in Figures 5.82 and 5.83. For the simulation
without SVE, CT in the gas phase is still being transported to the water table (Figure 5.82) while not3 gaseous CT is being observed near the water table for the simulation with SVE (Figure 5.83).

Figures 5.84 and 5.85 show the CT mass distribution over the phases for the cases without and with3 SVE, respectively, for the period 1960 - 2007. Figure 5.84 show gradual changes in phase distribution
while Figure 5.85 show abrupt changes induces by the SVE operations. Figures 5.86 and 5.87 provide

the same information for the period from 1993 - 2007 when SVE was employed. Again, the figuresI show gradual compositional changes for the simulation without SVE (Figure 5.86) and more pronounced
decreases over all phases for the simulation with SVE (Figure 5.87). Figure 5.87 demonstrates a rapid
decrease in gaseous, sorbed, and aqueous phase CT, and a more gradual decrease in CT DNAPL. TheI rapid decrease in gaseous CT and the slower reduction in CT DNAPL shown in this plot are consistent
with the CT gas plumes shown in Figures 5.75 and 5.77 and DNAPL saturations shown in Figures 5.71I and 5.73. The total mass that is predicted to be removed by SVE through 2007 is almost 400,000 kg.

The CT mass distribution over the hydrostratigraphic units for the base case without and with SVE

are depicted in Figures 5.88 and 5.89, respectively. The simulation without SVE shows gradual changesI in composition, while the simulation with SVE indicates rapid CT DNAPL decreases in the H2, Lower
Sand, and Lower Gravel units. The CT DNAPL mass reduction in the CCU appears to be a slower
process, while a reduction in the H Ia unit seems to be unrelated to SVE since its CT DNAPL massI behavior looks the same as for the simulation without SVE (Figure 5.88). This information becomes
more pronounced in Figures 5.90 and 5.9 1, where the CT mass distribution is shown for the 1990 -2007
period. Figure 5.91 shows that by 1995, all CT DNAPL mass in the Lower Gravel has disappeared and

that by 1998, the SVE has removed the CT DNAPL from the Lower Sand. Complete depletion of the
H2 unit is predicted to have occurred by 2004. Again, the resilience of the CT DNAPL in the Hia unit is

remarkable and is associated with its low permeability, high porosity, and considerable distance to most

SVE wells.
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U5.4.2 SVIE Sensitivity Simulations

SVE sensitivity case 2 shows the effect of extraction from well with screen in the CCU silt below the
216-7-lA. The CT mass distribution shows rapid changes corresponding with activation of the wells
(Figure 5.92) and considerable recovery from these wells was not started until 1997. Total mass recovery3 was approximately 275,000 kg, which is 125,000 kg less than the base case with SVE. Removal was
again the fastest from the Lower Sand, Lower Gravel, and H2 units. It is also of interest to observe that
although the well screens were placed in the CCU silt, CT DNAPL removal from the unit was relatively

low.

The case 3 simulations show the effect of the SVE wells located close to the water table3 (Figure 5.93). The predicted total mass removal is limited to approximately 50,000 kg (Figure 5.94), and
most of that CT mass was removed from the Lower Sand and Lower Gravel (Figure 5.95). The
distribution predicted by case 4, i.e., extraction from well WI 18-96 only, is shown in Figures 5.96 andI 5.97. This well was only active in during the initial stages and has recovered approximately 100,000 kg
from below the 216-Z-1 8 site. The fifth SVE case (Figures 5.98 and 5.99) looks at the recovery from a
single well located below the 216-7-IA site. This particular well was active during several periods of the3 campaign, yielding about 150,000 for the subsurface of this site. Most of the removed CT came from the
Lower Gravel and H2 units. To investigate the effect of a well that is not located below either disposal
site, a simulation was conducted (case 6) where only well Wi 8-246 was used. This well is located westI of the 216-7-lA and north of the 216-Z-18. Although this well was located a considerable distance from
both sites, the predicted removal was over 250,000 kg (Figure 5.100 and 5.101). For case 7, the effect of
a 75% vapor pressure lowering on recovery was simulated (Figures 5.102 and 5.103). This simulation

predicts a much slower recovery than the base case with SVE and a gradual reduction of the CT in all
phases. Removal occurs primarily from the more permeable porous media, while leaving the CT mass in3 the H Ia unit and CCU in place. The figures for SVE case 8 (Figures 5.104 and 5.105) indicate the
importance of the properties of the Hi1 a unit on CT DNAPL behavior and subsequent removal with SVE.
The CT distribution over the phases (Figure 5.104) shows a larger reduction in the total VOC mass over3 time. The reason for the more pronounced removal is the location of the CT DNAPL at 1993. Contrary to
the base case, at this point in time no CT DNAPL is located in the HI a unit because the properties of this
unit are the same as for the underlying H I unit. Most of the CT DNAPL has moved to more permeableI units, allowed for a rapid removal. For this simulation, the CT DNAPL in the Cold Creek units is the
most resilient (Figure 5.105).
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3 5.5 Undocumented Discharge Simulations

3 A series of simulations was conducted for each of the major DNAPL sites to identify the minimum
volume needed to result in DNAPL movement across the water table by 1993. The results of the iterative
simulation are presented in Table 5.7. The results indicate that the minimum volume is 245 in 3 ,I occurring at the 21 6-Z-9 site. The required volumes at the other two sites are approximately twice as
high. The reasons for the differences are related to size of the disposal area, disposal rate, and subsurface
geology. However, if the assumption is made that an undocumented discharge should have occurred atI either a crib, french tile, or trench, similar to the 216-7-9, 216-Z-lIA, or 216-7- 18, volumes in the order of
250 M3 are needed to result in DNAPL movement across the water table. Based on the available Hanford
site information, additional disposal volumes of this magnitude, beyond what has been reported for the

three major DNAPL sites, are not likely.

Table 5.7. Disposed DNAPL Volume at the 216-Z-9, 216-Z-lA, and 216-Z-18 Sites and the Volume

Needed for Transport of a Minimum of 1 Kg CT Across the Water Table by 1993

Disposed Volume Needed
Disposed Volume for Movement Across

DNAPL Site (in,) Water Table (in)

216-Z-9 316 245
216-7-lA 242 475
216-Z- 18 1 147 535

IThe results of the accidental spill simulation are listed in Table 5.8. The maximum penetration depth
is 28 mn, which is still above the CCU silt. The geologic domain without the Hia unit resulted in smaller
penetration depths than the simulations where the Hia was included. The higher permeability of the HiI unit caused more lateral movement of the DNAPL and of the CT in the gas phase, resulting in less
DNAPL available for vertical movement. The important information that may be derived from Table 5.8
regarding undocumented releases is that even fairly large spills of up to 10 m3' do not result in DNAPL

movement across the water table.
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Table 5.8. Maximum Penetration Depth (in) for Several Spill Scenarios and Two Geologic Domains
(The spill area is 1 M 2  for all cases.) Pe tr io D ph P ntai nD ph

Spill Size Geologic Domain 1 Geologic Domain 2
(in) Spill Duration (in) (in)3

0.2 1ihour 6 5
0.2 1iday 5 4
0.2 10 days 3 23
1 1ihour 12 9
1 1iday 10 8
1 10 days 8 73

10 1ihour n.d. 21
10 day 28 19

10 10 days 22 173
n.d.= Not determined due to excessive infiltration rate.
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U 6.0 Summary and Conceptual Model Update

I A conceptual model of CT in the vadose zone and groundwater underlying the disposal sites defines
the current understanding and the areas of uncertainty that need to be considered in characterization and
modeling activities and to support remediation decisions. The conceptual model discussion for thisI report is focused on the subsurface near the disposal areas to provide a framework for describing the
distribution of CT within the vadose zone, the source of CT for the existing groundwater plume, and the
nature of any continuing source of CT to the groundwater plume from within the subsurface near the

disposal areas. This discussion uses results of multi-phase modeling and assessment of published data
near the disposal areas to refine the conceptual model that has been developed over time and summarized3 in the RI/FS Work Plan (DOE 2004). The conceptual model presented in the RI/FS Work Plan was the
most recent conceptual model during the modeling effort described in this report. The conceptual model
was updated for the RI report (DOE 2006). The discussion herein describes how the model results revise
the conceptual model presented in the RIIFS Work Plan and how this update is consistent with and in
addition to the conceptual model presented in the RI report.

Figure 6.1 illustrates the conceptual distribution of CT in the subsurface near the disposal areas as
depicted in the RI/FS Work Plan (DOE 2004) and discusses the key overall components of this
conceptual model. Based on the modeling results presented herein and in Gostrom et al. (2004; 2006),I Figure 6.1 has been updated as a revised overall conceptual model shown in Figure 6.2. Both Figures 6.1
and 6.2 describe how CT in the DNAPL and other phases are distributed through the subsurface, but do
not necessarily represent a "picture" of the CT distribution at any given time. In addition to a staticI picture of the conceptual model for CT, modeling provides information about the variation in CT distri-
bution over time. Thus, the revisions to the previous conceptual model include a temporal component to
interpreting CT distribution in the subsurface. A conceptual depiction of temporal variation in the CT

distribution over time for the 2 16-Z-9 and216-Z-IA are shown in Figures 6.3 and 6.4, respectively, for
the years 1966, 1974, 1993, and 2000, and for the 216-Z-1 8 in Figure 6.5 for the years 1974, 1993, and
2000. The key revisions to the updated overall conceptual model of the RIIFS Work Plan (DOE 2004)
are listed below. These items are consistent with the conceptual model update shown in the RI report
(DOE 2006). However, as discussed below, the simulation results provide additional information to
further refine the conceptual model presented in the RI report (DOE 2006).

1 . No lateral movement of DNAPL to under the Plutonium Finishing Plant is likely.

I2. The zones of persistent CT mass in the vadose zone are primarily the CCU and H Ia unit.

3. Large vertical and lateral density-driven vapor movement of occurred in the past.

4. DNAPL penetration to groundwater is likely to have occurred at the 216-Z-9 site, is possible at3 the 216-7-lA site, and unlikely at the 216-Z-18 site.

5. The phase distribution of CT changes over time due to volatilization, interaction of gas-phase CT
with pore water and aqueous-phase CT with sorbed phase, DNAPL dissolution in groundwater,I and the impact of soil vapor extraction.
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The overall revisions to the conceptual model are supported by both modeling results and existing
published data. Figure 6.6 shows comparison of the simulated CT DNAPL distribution and the existing
published soil data (tabulated in Appendix A, Table A. 1). The vertical distribution of CT in groundwater
beneath the disposal sites from field data and a three-dimensional model of the CT distribution in
groundwater developed through geostatistical modeling of the CT data (Murray et al. 2006) are shown in

Figure 6.7 (data tabulated in Appendix A, Table A.2). Key conclusions from this information are listedI
below.

* High soil concentrations and predicted areas with high DNAPL saturations are spread vertically3
within a relatively small lateral area within about 30 mn of the disposal area footprint.

* Measured groundwater concentrations are higher and the high groundwater concentrations are
spread deeper in the aquifer beneath the 216-Z-9 site compared to the 216-7-lA and 216-Z-18
sites. This observation correlates to modeling results where the CT flux to the groundwater at

the 216-Z-9 site was significantly higher than the flux at the 216-Z-lIA and 216-Z- 18 sites.I
Modeling results showing a larger number of sensitivity simulations with DNAPL flux into
groundwater and deeper penetration of DNAPL within the aquifer beneath the 216-Z-9 site, as

compared to the other two disposal areas are also consistent with these observations.

While these overall changes to the conceptual model are important, it is equally important to assess
the behavior of CT at key locations and interfaces in the subsurface to better understand the distributionI
of CT within the vadose zone, the source of CT for the existing groundwater plume, and the nature of any
continuing source of CT to the groundwater plume from within the subsurface near the disposal areas.3

Modeling results show accumulation within the CCU. Measured CT concentrations in vadose zone
soil samples from wells within 30 mn of the disposal areas are consistent with these modeling results,
where the CT concentration averages 2424 tg/kg within the CCU and 444 rig/kg in other units within theI
vadose zone, based on samples with data above the detection limit. After initial infiltration and redistri-
bution of the CT in the vadose zone, CT is retained in the CCU and the flux in or out of the unit is3
expected to be very small and only primarily via the vapor phase. While the flux in the vapor phase can
be impacted by SVE above or below the CCU, the CCU is likely a location where CT will be present
over the long term. Other portions of the vadose zone with a large percentage of small particle size3
sediments (e.g., silt lenses) would also be expected to accumulate CT based on the modeling results.
Consistent with these results, for wells within 30 mn of the disposal areas, the measured CT concen-

trations in vadose zone soil samples with an M, sM, (g)M, (g)sM, gM, gsM, or mS sediment classifi-I
cation average 2099 rig/kg (not including one sample that was 380,000 Fpg/kg) compared to an average of
528 [tg/kg for all other sediment classifications (based on samples with data above the detection limit).

Modeling results also show that CT DNAPL is distributed vertically below the disposal areas with
minimal lateral spreading (see Tables 5.3 - 5.6 and Oostrom et al. 2004; 2006). With this pattern of

DNAPL migration, the most likely location for any DNAPL remaining in the subsurface would beI
vertically below the disposal areas. Measured vadose zone soil data (see Appendix A, Table A. 1) also
show low CT concentrations at distances greater than 30 mn from the disposal areas, where CT concen-
trations average 79 jig/kg and within the CCU at these locations the CT averages only 81 jig/kg (based onI
samples with data above the detection limit) compared to the much higher CT concentrations vertically
beneath the disposal areas (laterally within 30 mn of the disposal area) shown above. Additionally, of3
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408 vadose zone soil samples from wells within 30 m of the disposal areas, only 70 were below detection
limit (-K17%) compared to 215 out of 258 samples below detection limit (83%) for soil samples greater
than 30 ma from the disposal areas.

Assessing mass flux at key interfaces provides another means to refine the conceptual model for CT.
While mass flux measurements in the subsurface are difficult, modeling readily provides mass flux
estimates. The mass flux estimates are related to the conceptual model and to measured data because the
flux estimates can be used describe the amount of mass that has moved past an interface as a function of
time. For instance, Murray et al. (2006) estimated the mass of CT within the groundwater based on
recent data and how much CT would need to have been added to the groundwater to result in this mass
estimate if hydrolysis were continually degrading CT at a specified rate. Using these estimates, the fluxI of CT across the groundwater since initial disposal that would be needed to accumulate the estimated
mass of CT in the groundwater can be calculated. Model results can then be compared to this flux
estimate to evaluate reasonable scenarios for how CT entered the groundwater. For instance, withI 100,000 kg of CT that entered the aquifer (based on the estimate in Murray et al. 2006), only by
combining the estimates of CT mass flux to the groundwater from simulation sensitivities (not the base
cases) that show DNAPL crossing the water table, can a combined mass of CT (216-Z-9, 216-Z- 18, andI 216-7-lA) in the aquifer near the estimated CT mass be predicted. The average CT mass of dissolved
CT that has been transported across the water table (a measure of the impact of vapor phase transport to
the groundwater table and pore water from the vadose zone entering the groundwater) for all three sites

through 1993 is approximately 5,000-10,000 kg. The accumulated mass in the aquifer would be
significantly lower than the mass of CT in the groundwater estimated by Murray et al. (2006) if only
aqueous and vapor phase CT and no DNAPL phase entered the groundwater. This assessment indicates

that it is likely that DNAPL CT has entered the groundwater. The simulation results herein and in
Oostrom et al. (2004; 2006) show that the most likely location of significant DNAPL movement across
the water table is below the 21 6-Z-9 site. In the base case simulation and other simulation sensitivities
where DNAPL enters the groundwater, the DNAPL flux below the 216-Z-9 site ceases by 1995, when
SVE was employed. Without the inclusion of SVE in the simulations, DNAPL movement across the
water table is predicted to continue, though at a low flux through the present day.

The estimated amount of CT in the groundwater by Murray et al. (2006) does not include any
DNAPL mass that may be in the aquifer now. For simulations where the mass of CT entering the
groundwater is just equal to the mass of CT in the groundwater estimated by Murray et al. (2006), all of
the DNAPL would need to be dissolved and distributed within the plume at the present time. For simu-I lations where the mass of CT entering the groundwater is greater that the mass of CT in the groundwater
estimated by Murray et al. (2006), DNAPL may still be present in the aquifer. In these cases, modeling
results suggest that the DNAPL would be localized to the portion of the aquifer beneath the disposal
areas (in particular at the 216-Z-9 disposal area) and laterally only within a relatively localized areal

In the previous conceptual model (RI/FS Work Plan, DOE 2004), there are multiple components of
the conceptual model that are included as potential mechanisms for how CT distributes through the
vadose zone and groundwater near the disposal areas. The following analysis provided additional

evaluation of how CT is distributed within the subsurface to help assess the importance of processes
other than the CT movement simulated in the modeling effort.
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Undocumented Sources - The conceptual model in the RIIFS Work Plan (DOE 2004) notes that
undocumented sources may contribute to the CT plume in the groundwater. The following assessment
provides information that can be used to describe the magnitude of disposal at an undocumented source
that would be needed for CT for this source to have a significant impact on groundwater. A series of
simulations was conducted to estimate the volume of DNAPL that is required to result in DNAPL

movement across the water table for all three sites. The simulations revealed that at least 250 m3' ofI
DNAPL are necessary for this movement to occur if the DNAPL would have been disposed at typical
waste site in the 200 West Area. Additional DNAPL volumes of that magnitude beyond what has been
commonly reported for the three major DNAPL sites, are not likely. Undocumented CT sources mightI
have also been the result of accidental spills. The simulations outlined in Chapter 4.3 considered
accidental releases ranging from 0.2 mn3 to 10.0 M3 (approximately 1 - 50 drums) of CT DNAPL, disposed
on an area of 1 m2 for infiltration time ranging from 1 hour to 10 days. The maximum simulatedI
infiltration depth of CT DNAPL was 28 mn for the case where 50 barrels were allowed to infiltrate in
1 day. This distance is not even enough for the CT DNAPL to reach the CCU. The limited infiltration
depth is directly related to sorption and mass transfer into the aqueous and gas phases as well as gaseousI
transport away from the infiltration zone due to advection and diffusion. Considering the size of the
simulated CT DNAPL spill volumes (up to 10 in 3 ), it is also unlikely that an undocumented spill of CT
DNAPL would have been able to reach the water table.

Effect of Water Infiltration at Other Locations - Water was disposed of at sites other than the CT
disposal areas. Future modeling with a larger model that encompasses all three CT disposal areas and
nearby water infiltration sites (e.g., U Pond) can be conducted to support an assessment of how these
water sources can impact CT distribution. The localized models used herein and by Oostrom et al. (2004
and 2006) do not directly address this issue.

Impact of Vapor Phase CT on Distribution of CT in the Groundwater - The simulation results show
that CT in the gas phase is likely to have moved considerable distances in the lateral direction due to
diffusion and advection. i particular, extensive CT gas plumes are predicted to develop on top of the

water table. Part of the CT from the gas phase transfers into the aqueous phase but, since the diffusionI
transport process in the saturated zone is much smaller than in the gas phase, the amount of CT that is
able to move below the water table through this process is relatively small.

6.4I



Plutonium
Finishing Plant Plutoniuml Unsealed

Complex Organic-Rich Well Casing
Crib Wastewater

F~ff- F Disposal Crib

? -Undocumented

Iicag
IH

0 Downward migration of carbon tetrachloride (aqueous and/or non-aqueous phase liquid) H, Hanford formation gravel
through plutonium/organic-rich cribs and underlying soil column to groundwater with lateral dominated sequence
migration with groundwater. H2 Hanford formation sand
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Figure 6.1. Conceptual Model Presented in the RI/FS Work Plan (DOE 2004)
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Figure 6.2. Revised Overall Conceptual Model for CT Migration within the SubsurfaceI
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IFigure 6.3a. Conceptual Distribution of Carbon Tetrachloride from Waste Disposed at the 216-Z-9 Site
in the Years 1966 (a), 1974 (b), 1993 (c), and 2000 (d). (These figures are based on the
results of the base case simulations. Note that some sensitivity simulations show

significantly different results. The figure for the year 2000 shows the conceptual impact

of soil vapor extraction remediation operations.)
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Figure 6.3b. Conceptual Distribution of Carbon Tetrachloride from Waste Disposed at the 21 6-Z-9 SiteI
in the Years 1966 (a), 1974 (b), 1993 (c), and 2000 (d). (These figures are based on the
results of the base case simulations. Note that some sensitivity simulations show
significantly different results. The figure for the year 2000 shows the conceptual impactI
of soil vapor extraction remediation operations.)
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Figure 6.3c. Conceptual Distribution of Carbon Tetrachloride fromn Waste Disposed at the 216-Z-9 Site
in the Years 1966 (a), 1974 (b), 1993 (c), and 2000 (d). (These figures are based onl theI results of the base case Simulations. Note that some sensitivity simulations show
significantly different results. The figure for the year 2000 shows the conceptual impact
of soil vapor extraction remediation operations.)
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Figure 6.3d. Conceptual Distribution of Carbon Tetrachloride from Waste Disposed at the 21 6-Z-9 Site
in the Years 1966 (a), 1974 (b), 1993 (c), and 2000 (d). (These figures are based on the

results of the base case simulations. Note that some sensitivity simulations showI
significantly different results. The figure for the year 2000 shows the conceptual impact
of soil vapor extraction remediation operations.)
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Figure 6.4a. Conceptual Distribution of Carbon Tetrachloride from Waste Disposed at the 21 6-Z-1 A

Site in the Years 1966 (a), 1974 (b), 1993 (c), and 2000 (d). (These figures are based on
the results of the base case simulations. Note that some sensitivity simulations show
significantly different results. The figure for the year 2000 shows the conceptual impact

of soil vapor extraction remediation operations.)
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Figure 6.4b. Conceptual Distribution of Carbon Tetrachloride from Waste Disposed at the 216-Z-1IA

Site in the Years 1966 (a), 1974 (b), 1993 (c), and 2000 (d). (These figures are based on
the results of the base case simulations. Note that some sensitivity simulations show
significantly different results. The figure for the year 2000 shows the conceptual impact

of soil vapor extraction remediation operations.)
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Figure 6.4c. Conceptual Distribution of Carbon Tetrachloride from Waste Disposed at the 21 6-Z- 1 A

Site in the Years 1966 (a), 1974 (b), 1993 (c), and 2000 (d). (These figures are based on
the results of the base case simulations. Note that some sensitivity simulations show
significantly different results. The figure for the year 2000 shows the conceptual impact

of soil vapor extraction remediation, operations.)
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Figure 6.4d. Conceptual Distribution of Carbon Tetrachloride from Waste Disposed at the 216-Z- IA
Site in the Years 1966 (a), 1974 (b), 1993 (c), and 2000 (d). (These figures are based onI
the results of the base case simulations. Note that some sensitivity simulations show
significantly different results. The figure for the year 2000 shows the conceptual impact

of soil vapor extraction remediation operations.)
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Figure 6.5a. Conceptual Distribution of Carbon Tetrachloride from Waste Disposed at the 216-Z- 18I Site in the Years 1974 (a). 1993 (b), and 2000 (c). (These figures are based on the results
of the base case simulations. Note that some sensitivity simulations show significantly
different results. The figure for the year 2000 shows the conceptual impact of soil vapor

extraction remediation operations.)
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Appendix

I Field Data For Comparison to Model Results

Table A.1. Compilation of Vadose Zone Soil Data Compiled from EIS and Augmented with Geologic
Unit and Sediment Classification. Geologic unit and sediment classification use the3 terminology presented in Section 3.

Sample Sample
Bottom lop Sediment Data

Well Name - (ft) Lft Location Geologic Unit Classification Sample Date Result Units Qualifier
299-W15-216 49.6 49.1 216-Z-9 H2 ________ 5/20/1992 67 jig/kg
299-W15-211 110.7 110.2 216-Z-9 CCUz M 6/2/1992 54 jig/kg ____3299-WI5-216 110.7 110.2 216-Z-9 CCUz MI 6/2/1992 40 pg/kg ____

299-W15-216 110.7 110.2 216-Z-9 CCUz M! 6/2/1992 ____U

299-Wl5-216 116.8 116.3 216-Z-9 CCUc gs 6/3/1992 27 pg/kg ____

299-W15-216 121 120.5 216-Z-9 Re gsM 6/8/1992 U
299-W15-216 129 128.5 216-Z-9 Re gs 6/10/1992
299-W15-217 5 5 216-Z-9 Hol ms 6/8/1992 U
299-W15-217 10 10 216-Z-9 Hol ins 6/8/1992 20 gg/kg ____

299-W15-217 15 15 216-Z-9 HI ins 6/9/1992 16 pg/kg _____

299-W15-217 20 20 216-Z-9 Hi 5 6/9/1992 38 pg/kg ____

299-W15-217 21 20.5 216-Z-9 HI 5 6/9/1992 4 p~g/kg ____

299_W5_21 24.5 24.5 216_Z- HI_ __ ____ 6/0192 6_g

299-W15-217 24. 24.5 216-Z-9 HI msG 6/10/1992 61 pg/kg
299-W15-217 26 25. 216-Z-9 Hi msG 6/10/1992 17 pg/kg
299-W15-217 30 30 216-Z-9 HI mns 6/11/1992 17 pig/kg
299-W15-217 35 305 216-Z-9 Hi msG 6/11/1992 47 pg/kg
29I1-1 45__ 45_ 216_Z-9 H1_ __ /6/92 61 lg
299-W15-217 41 40 216-Z-9 Hi msG 6/15/1992 609 pg/kg
299-W15-217 5453 5. 216-Z-9 Hi Wis 6/16/1992 610 pg/kg
299-W15-217 50. 50. 216-Z-9 Hi Wins 6/16/1992 239 pg/kg

299-W15-217 54.3 53.8 216-Z-9 H2 Winms 6/17/1992 33Ugk
299-W15-217 54. 53. 216-Z-9 H2 Winms 6/17/1992 2128 pg/kg D
299-W15-217 54. 53. 216-Z-9 R2 (gmS 6/17/1992 705 __ Ugk

299-W15-217 55 55 216-Z-9 H.2 (gms 6/17/1992 298 pg/kg___ __ _ ___ _ _ _ _ _

299-W15-217 60 60 216-Z-9 H2 WgS 6/17/1992 7058 pg/kg D
299-W15-217 65 65 216-Z-9 H2 mgS 6/18/1992 5698 pg/kg D
299-W15-217 70 70 216-Z-9 H4 (gS 6/18/1992 370 pg/kg _ __ _ _ __ _ _

299-W15-217 75 75 216-Z-9 H4 (gS 6/18/1992 2333 pg/kg D
299-W15-217 81 80 216-Z-9 H4 in 6/19/1992 1770 pg/kg D____

299-W15-217 85 85 216-Z-9 H4 5 6/23/1992 2336 pg/kg D
299-W15-217 900 900 216-Z-9 H4 ins 6/26/1992 9445 ptg/kg _ _ _ _ _ _ _

299-W15-217 9015 951 216-Z-9 H4 in 6/26/1992 4869 pg/kg D
299-W15-217 100 100 216-Z-9 H4 ms 6/26/1992 120 pg/kg

299-W15-217 110 110 216-Z-9 H4 ins 6/29/1992 1879 pg/kg

1299-W15-217 1 114 1 114 216-Z-9 CCUz MI 6/29/1992 37817 pg/kg D299-W1S-217 1115.6 1115.1 216-Z-9 CCUz j M 6/30/1992 551 pg/kg ____
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Table A.1. (contd)

Sample Sample

Bottom lop Sediment Data
Well Name (f) (t Location Geologic Unit Classification_ Sample Date Result Units Qulfe

299-W15-217 122.1 121.6 216-Z-9 CCUc mgS 6/30/1992 4377 jig/kg D

299-W15-218 7 7 216-Z-9 Bf S 2/4/1993 82 jig/kg
299-W15-218 10 10 216-Z-9 Bf 5 2/4/1993 1 84 jig/kg I

299-W15-218 15 15 216-Z-9 Bf gs 2/5/1993 23 jig/kg J

299-W15-218 15 15 216-Z-9 Bf gs 2/5/1993 15 jig/kg J

299-W15-218 20 20 216-Z-9 Hi WgS 2/5/1993 17 jig/kg J
299-W15-218 25 25 216-Z-9 Hi sG 2/8/1993 36 jigg/kg ____

299-W15-218 27 27 216-Z-9 HI sG 2/8/1993 106 jig/kg ____

29_W5_1 30_ 30__ 21_-_1_s28193 9 gk

299-W15-218 30 30 216-Z-9 HI gS 2/8/1993 962 jig/kg ____

299-W15-218 30 30 216-Z-9 HI WS 2/8/1993 112 jig/kg ____

299-W15-218 35 35 216-Z-9 Hi (g)s 2/9/1993 16 ig/kg J

299W1521 35_ 35_ 216_Z- H1__ WI2919 g

299-W15-218 35 35 216-Z-9 HI WgS 2/9/1993 11 jig/kg
299-W15-218 35 35 216-Z-9 HI (G) 2/9/1993 7 i/k

299-W15-218 51 51 216-Z-9 Hi (G) 2/9/1993 90 jg/kg J

299-W15-218 42 42 216-Z-9 Hi G 2/10/1993 198__ Ui/

299-W15-218 5 5 216-Z-9 Hi sG 2/10/1993 40 jig/kg
299-W15-218 52. 52. 216-Z-9 H2 sM(lsiie 2/11/1993 1876 jig/kg ____

299-W15-218 75 55 216-Z-9 H2 5 2/11/1993 19 jig/kg

299-W15-218 60 60 216-Z-9 H2 5 2/11/1993 1354 jig/kg

299-W15-218 65 65 216-Z-9 H2 5 2/12/1993 756 jig/kg

299-W15-218 70 70 216-Z-9 H4 5 2/12/1993 815 jig/kg

299-W15-218 75 75 216-Z-9 H4 5s 2/12/1993 31894 jig/kg D
299-W15-218 800 800 216-Z-9 H2 5s 2/12/1993 1334 jig/kg

299-W15-218 8045 8045 216-Z-9 H4 5 2/16/1993 260 jig/kg

299-W15-218 910 910 216-Z-9 H4U 5s 2/16/1993 1079 jig/kg D
299-W15-218 9165 9165 216-Z-9 H4U gs 2/17/1993 6180 jig/kg D

299-W15-218 100. 100. 216-Z-9 H4U gS 2/17/1993 1182 jig/kg D

299-W15-218 10. 10. 216-Z-9 Re 5G 2/17/1993 260 jig/kg

299W_521 125 125_ 216_Z- Re_ Is //19

299-W15-218 110 110 216-Z-9 Re~ nsG 2/17/1993 194 jig/kg D
299-W15-218 116. 116. 216-Z-9 Re~ sG 2/24/1993 6816 jig/kg D

299-W15-218 1165 1165 216-Z-9 Re~ gS 2/24/1993 3932 jig/kg D

299-W15-218 120 120 216-Z-9 Re sG 2/25/1993 31 jig/kg_____
299-W15-218 125 125 216-Z-9 Re msG 3/8/1993 U4pgk

299-W15-218 130 130 216-Z-9 Re msG 3/81/1993 19 jg/kg_____

299-W15-218 140 140 216-Z-9 Re sG 3/9/1993 244 jig/kg ____

299-W15-218 145 145 216-Z-9 Re 5G 3/10/1993 395 jig/kg D

299-W15-218 150 150 216-Z-9 Re sG 3/10/1993 81 jig/kg ____

299-W15-218 155 155 216-Z-9 Re sG 3/10/1993 54 jig/kg3

299-W15-218 160 160 216-Z-9 Re sG 3/11/1993 37 jig/kg J

299-W15-218 165 165 216-Z-9 Re sG 3/11/1993 17 ji. g/kg

299W1S21 17 17 26-Z9 R s 3/2/193 11 ig/g2



I Table A.1. (contd)

Sample Sample

Bottom lop Sediment Data
Well Name (ft (f Location Geologic Unit Classification Sapl Date Result Units Qualifier

299-W15-218 200 200 216-Z-9 Re sG E 3/18/1993 323 jig/kg ____

299-W15-218 205 205 216-Z-9 Re sG 3/18/1993 308 jig/kg ____

299-W15-219 25.9 25.9 216-7-9 Hi sG 4/22/1993 ____ U
299-W15-219 29.5 29.5 216-Z-9 Hi sG 4/23/1993 8 jig/kg ____

299-W15-219 35.5 35.5 216-Z-9 HI sG 4/23/1993 12 jig/kg J
299W_521 39.7 39.7 216_Z-9 HI__ __4/7/99

299-W15-219 39.75 39.75 216-Z-9 Hi gS 4/27/1993 17 gk

299-W15-219 44.75 44.75 216-Z-9 H2 5 4/27/1993 117 jig/kg ____

299-W15-219 49.5 49.5 216-Z-9 H2 5 4/27/1993 407 jig/kg ____

299-W15-219 543 543 216-Z-9 H2 5 4/28/1993 188 jig/kg ____

299-W15-219 56.55 56.55 216-Z-9 H2 S 4/28/1993 213 jig/kg ____

299-W15-219 57.9 57.9 216-Z-9 H2 5 4/29/1993 495 jig/kg
299-W15-219 65 65 216-Z-9 H2 gS 4/29/1993 283 jig/kg

299-W15-219 70 70 216-Z-9 H2 (m)gS 4/29/1993 679 jig/kg D

299-W15-219 75.5 75.5 216-Z-9 H2 gs 4/29/1993 867 jg/lkg

29I1-1 79.5_ 79.5 216_Z- H4_ __/019 95 gk

299-W15-219 79.5 79.5 216-Z-9 H4 5 4/30/1993 29 jig/kg D

299-W15-219 84.5 84.5 216-Z-9 H4 5 4/30/1993 2039 jig/kg D

299-W15-219 87 87 216-Z-9 H4 5 5/3/1993 5775 jig/kg D____

299-W5_21 95.5_ 95.5_ 216Z- H4_54/93 10_g

299-W15-219 96.5 96.5 216-Z-9 H4 S 5/3/1993 155 jig/kg
299-W15-219 1 1 216-Z-9 H4 5 5/3/1993 3095 jig/kg D

299-W15-219 105.5 905.5 216-Z-9 H4 5 5/4/1993 106 jig/kg

299-W15-219 19.5 19.5 216-Z-9 H4 5 5/4/1993 806 jig/kg

299-W15-219 100 100 216-Z-9 H4U 5s 5/4/1993 139 jig/kg

299-W15-219 105.5 105.5 216-Z-9 H4U 5m 5/4/1993 3768 jig/kg D

299-W15-219 109.5 109.5 216-7-9 H4U 5m 5/4/1993 166 jig/kg D

299-W15-219 111.1 111.1 216-Z-9 CCUz Sm 5/5/1993 2886 jig/kg D
299-W1S-219 120. 120. 216-7-9 CCe sG 5/51/1993 1349 jig/kg D

299-W15-219 114.5 114.5 216-Z-9 CCe s 5/51/1993 108 jig/kg D

299-W1S-219 131.5 1314.5 216-7-9 Re~ s 5/51/1993 1168 jig/kg _ __ _ _ _ _ _ _ _ _

299-WI5-219 114.9 114.9 216-7-9 CCe sM 5/5/1993 9866 jig/kg D

299-W15-219 124.5 124.5 216-Z-9 Re sG 5/11/1993 235 jig/kg D

299-W15-219 129.25 129.25 216-7-9 Re gS 5/11/1993 4905 jig/kg___ _ ___ _ _ _ _ _

299-W15-219 153.5 153.5 216-Z-9 Re gS 5/11/1993 574 jig/kg

299-W15-219 140 140 216-Z-9 Re sG 5/13/1993 372 jgk

299-W15-219 145 145 216-Z-9 Re 5G 5/13/1993 552 jig/kg

299-W15-219 149 149 216-Z-9 Re 5G 5/14/1993 1398 jig/kg D

299-W15-219 10.5 10.5 216-7-9 Re 5G 5/14/1993 1720 jig/kg D

299-W15-219 153. 153. 216-Z-9 Re 5G 5/17/1993 231 jig/kg D

299-W15-219 155 185 216-7-9 Re sG 5/17/1993 U7 gk
299-W15-219 160 160 216-7-9 Re sG 5/17/1993 1305 jig/kg D

299-W15-219 175. 175. 216-7-9 Re msG 5/18/1993 162 jig/kg D

299W1S21 18 10 26--9 e s 519/99 148 ig/g3



Table A.1. (contd)

299-W15-219 195 195 216-Z-9 Re msG 5/20/1993 120 jig/kg

299-W15-219 200 200 216-Z-9 Re msG 5/21/1993 13 jig/kg __ _ _ _ _ __ _ _ _ _ _

299-W15-219 205 205 216-Z-9 Re msG 5/24/1993 382 jig/kg
299-W15-219 210.5 210.5 216-Z-9 Re msG 5/25/1993 107 jig/kg

299-W15-220 24.8 24.8 216-Z-9 HI sG 6/3/1993 ___ U
299-W15-220 29.7 29.7 216-Z-9 Hi sG 6/5/1993 29 jig/kg
299-W15-220 34.7 34.7 216-Z-9 Hi msG 6/7/1993 8 jig/kg J

299-W15-220 40 40 216-Z-9 Hi msG 6/8/1993
299-W15-220 45 45 216-Z-9 H2 s 6/9/1993 133 jig/kg J
299-W15-220 50 50 216-Z-9 H2 ms 6/9/1993 1052 jig/kg
299-W15-220 55 55 216-Z-9 H2 s 6/9/1993 772 jig/kg
299-W1S-220 60 60 216-Z-9 H2 (g)S 6/10/1993 296 jig/kg
299-W15-220 64.8 64.8 216-Z-9 H2 (g)S 6/10/1993 544 jig/kg
299-W15-220 69.6 69.6 216-Z-9 H2 (g)S 6/11/1993 544 jig/kg
299W_522 75_ 75__ 216Z- H4I /4193 21 j

299-W15-220 75. 75. 216-Z-9 H4 mS 6/14/1993 21 jig/kg

299-W15-220 84.6 84.6 216-Z-9 H4 S 6/15/1993 107 jig/kg

299-W15-220 90.5 90.5 216-Z-9 H4 S 6/15/1993 1132 jig/kg
299-W15-220 94.6 94.6 216-Z-9 H4 sM 6/16/1993 699 jig/kg
299-W15-220 100.5 100.5 216-Z-9 H4 S 6/16/1993 545 jig/kg
299-W15-220 104.5 104.5 216-Z-9 CCUz sM 6/16/1993 56 jig/kg
299-W15-220 109.6 109.6 216-Z-9 CCUc sG 6/17/1993 109 jig/kg
299-W15-220 114.8 114.8 216-Z-9 Re msG 6/24/1993 ____U

299-W15-220 120 120 216-Z-9 Re msG 6/25/1993 ___ U
299W_522 123 123_ 216_Z-9 Re_ sG62/93 1 I
299-W15-220 123 123 216-Z-9 Re sG 6/25/1993 18 jig/kg
299-W15-220 127 127 216-Z-9 Re sG 6/28/1993 6 pg/kg J
299-W15-220 133. 133. 216-Z-9 Re sG 6/28/1993 4 i/k

299-W15-220 138. 138. 216-Z-9 Re msG 6/29/1993 5 gk
299-W15-220 146 146 216-Z-9 Re msG 7/9/1993 5 jig/kg J
299-W15-220 150 150 216-Z-9 Re msG 7/12/1993 8 i/k
299-W15-220 155 155 216-Z-9 Re msG 7/12/1993 5 pg____ U

29_W5_2 164. 16.I1-- eg /419
299-W15-220 160 160 216-Z-9 Re sG 7/12/1993 5 i/k
299-W15-220 1645 1645 216-Z-9 Re mGS 7/14/1993 ___ ___ U
299-W15-220 170 170 216-Z-9 Re msG 7/14/1993 ___ ___ U

299-W15-220 185 185 216-Z-9 Re msG 7/19/1993 ___ ___ U

299-W15-220 190 190 216-Z-9 Re msG 7/20/1993 5 jig/kg __ _ __ _ _ _ _ _ _

299-W15-220 195 195 216-Z-9 Re msG 7/21/1993 5 jig/kg J
299-W15-220 200 200 216-Z-9 Re msG 7/21/1993 101 jig/kg ____

299-W1S-42 2 0 Far Field Bf S 11/26/2001 6 jig/kg __ _ _ _ _ _ _ _ _ _ _ _
299-W15-42 30.5 28 Far Field HI gS 11/28/2001 5 jig/kg U
299-W1S-42 62.5 60 Far Field H2 S 11/30/2001 5 jig/kg U
299-W15-42 62.5 60 Far Field H2 S 11/30/2001 6 jig/kg U
299-W15-42 119.8 117.3 Far Field CCUz M 12/19/2001 6 jig/kg
299-W15-42 125.5 123 Far Field CCUc mG 12/19/2001 6 jig/kg U
299-W15-42 132 Far Field Re gS 1/2/2002 6 jig/kg U

.299-W15-42 138.7 136.2 Far Field Re msG 1/3/2002 6 jig/kg
1299-W1S-42 1182.1 1179.6 Far Field Re sG18202 5 jg/kg U
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I Table A.1. (contd)

Sample Sample

Bottom Top Sediment Data
Well Name (f) (t Location Geologic Unit Classification Smle Date Result Units Qualifier
211-WI5-42 222.5 219 Far Field Re sG 1/17/2002 5 ptg/kg U3299-W1S-42 233 231 Far Field Re sG 1I/18/2002 5 pg/kg U
299-W15-42 283 281 -- Far-Field Re msG 1/23/2002 4 pg/kg J

299-W1S-43 30 0 Far Field HI mS/ginS 11/11/2002 5 pg/kg U
299-W15-43 237 230 Far Field Re sG 11/11/2002 6 pg/kg U

299-W15-44 30 0 Far Field HI gs 10/14/2002 6 pg/kg __ _ __ _ _ _ _ _ _

299-W15-44 30 0 Far Field Hi gS 10/14/2002 6 pg/kg U

299-W15-44 240 225 Far Field Re sG 10/17/2002 5 pg/kg U
299W1_4 50_ 47.5 216_Z-9 H1___0/020 1 g

299-WI5-46 50 47.5 216-Z-9 Hi S/sG 10/20/2003 14 pg/kg
299-WI5-46 66. 63. 216-Z-9 H4 S 1/29/2003 1 pg/kg

299-W15-46 92.5 90 216-Z-9 H4 5 3/23/2004 19 pg/kg

299-W15-46 92 195 216-Z-9 HU NI 3/23/2004 54 pg/kg __ _ _ __ _ _ _

299-W15-46 112 109.5 216-Z-9 CCUz M 4/8/2004 240 pg/kg U

299-W15-46 112. 1095 216-Z-9 CCUz ~ Maih 4/8/2004 260 pg/kg _____

299-W15-46 117.5 115 216-Z-9 CCUz/CCUc MlCaliche 4/19/2004 290 pg/kg J

299-W15-46 117.5 115 216-Z-9 CCUCC ~ /Caliche 4/1/2004 21 pg/kg U
299-W15-46 119.5 117 216-Z-9 CCUc Caliche 4/21/2004 2.1 pg/kg U

299-W15-46 119.5 117 216-Z-9 CCUc Galiche 4/21/2004 240 pig/kg _____

299-W15-46 119.5 117 216-Z-9 CCUc Caliche 4/21/2004 140 pg/kg__ __ _ _ ___ _ __ _

299-W15-46 119. 117. 216-Z-9 CCUc Gh 4/21/2004 2 pg/kg _____

299-W15-46 122 119.5 216-Z-9 CCUc msG 5/3/2004 2.1 pg/kg U

299-W15-46 122. 119. 216-Z-9 CCe nsG /3/2004 1.1 pg/kg__ _ __ _ __ _ _ _ _

299-W15-46 176.5 174 216-Z-9 Re sG 8/23/2004 2.1 pg/kg U
299-W1S-46 186.5 184 216-Z-9 Re sG 8/25/2004 2.1 pg/kg U
299-W1S-46 186.5 184 216-Z-9 Re s 8/25/2004 2.1 pg/kg__ _ __ _ __ _ _ _

299-W15-46 226. 224. 216-Z-9 Re 5S 9/9/2004 2.1 pg/kg
299-W15-46 229. 226. 216-Z-9 Re m.S 9/9/2004 1.9 pg/kg U
299-W15-46 230.5 228 216-Z-9 Re inG 9/15/2004 1.8 pg/kg U

299-W1-46 230. 228. 216-Z-9 Re inG 9/15/2004 1.8 pg/kg__ _ __ _ __ _ _ _

299-W15-46 232. 230. 216-Z-9 Re MSG 9/27/2004 2 pg/kg U
299-W1S-46 239.5 237 216-Z-9 Re sG 9/9/2004 2 pg/kg U

299-W1S-46 249.5 247 216-Z-9 Re sG 10/4/2004 2 ptg/kg__ _ __ _ __ __ _ _ _

299-W15-46 259.5 257 216-Z-9 Re sG 10/7/2004 2.2 pg/kg U
299-W15-46 259.5 257 216-Z-9 Re sG 10/73/2004 2.2 pg/kg U

299-W15-46 27. 277. 216-Z-9 Re sG 10/213/2004 730 pg/kg ____

299-W1S-46 297 294.5 216-Z-9 Re 5 10/21/2004 250 pg/kg ____

299-W15-46 297. 29. 216-Z-9 Re 5 10/21/2004 180 pg/kg ____

299-W15-46 299.5 297 216-Z-9 Re 5 10/21/2004 223 pg/kg _____I9-I54 340__ 33_1_-9 R.__1//04 1. gk
299-W15-46 319.5 317 216-Z-9 Re 5 10/28/2004 2.3 pg/kg U
299-W15-46 340. 338 216-Z-9 Re sG 11/20/2004 1.5 pg/kg U
299-W1S-46 369.5 367 216-Z-9 Re 5G 11/10/2004 8.8 pg/kg J

299-W15-46 379.5 377 216-Z-9 Re s 11/11/2004 24 pg/kg J

299-W15-46 419.5 417 216-Z-9 Rim MI 11/30/2004 2.3 pg/k
1299-W15-46 42 419.5 216-Z-9 Rim M 11/30/2004 2.3 ptg/kg U
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Table A.1. (contd)

Sample Sample3
Bottom lop Sediment Data

Well Name ft (ft Location Geologic Unit Classification Sample Date Result Units _Qualifier
299-W15-46 484.5 482 216-Z-9 Ra ginS 1/10/2005 2.5 jig/kg U

299-W15-46 521.5 520 216-Z-9 Ra msG 1/21/2005 2.3 jig/kg
299-W15-48 54.5 52.5 216-7-9 112 S 3/13/2006 0.26 jig/kg U
299-W15-48 69 67 216-Z-9 112 5 3/20/2006 2600 jig/kg
299-W15-48 69 67 216-Z-9 112 5 3/20/2006 52 jig/kg U
299-W15-48 69 67 216-Z-9 112 5 3/20/2006 270 jig/kg E
299-W15-48 72 70 216-Z-9 112 5 3/22/2006 35 jig/kg
299-WlS-48 72 70 216-Z-9 112 5 3/22/2006 520 jig/kg
299_15_4 75_ 73_ 216_Z- H2__ _____ 3/27200 750 I
299-W15-48 75 73 216-Z-9 112 S/M 3/27/2006 7500 jig/kg
299-W15-48 75 73 216-Z-9 112 S/M 3/27/2006 1500 jg/gg
299-W15-48 752 730 216-7-9 112 /M 3/27/2006 521 jig/kg U
299_15_4 102 100 216_Z- H4__ __ 4/_200 58I/

299-W15-48 102 100 216-Z-9 114 M 4/4/2006 0.1 jig/kg
299-W15-48 102 100 216-Z-9 114 Ms 4/4/2006 581 jig/kg U
299-W15-48 102 100 216-7-9 114 In 4/4/2006 52 jig/kg U
299-WI5-48 105 103 216-Z-9 114 ms 4/6/2006 0.7 jig/kg U3
299-W15-48 105 103 216-7-9 114 Ins 4/6/2006 52 jig/kg U
299-W15-48 105 103 216-7-9 114 inS 4/6/2006 571 jig/kg U
299-W15-48 120.5 103. 216-7-9 114 iSm 4/6/2006 598 jig/kg U

299-W15-48 1045 103. 216-7-9 114Z in 4/6/2006 20 jig/kg
299-W1S-48 120.5 118.5 216-7-9 114Z M 4/13/2006 10.8 jig/kg E
299-W15-48 124.5 122.5 216-7-9 CCUz M 4/18/2006 250 jig/kg U
299_15_4 130. 128.5 216_Z-9 _____ __ 4/4/00 630U

299-W1S-48 124.5 122.5 216-7-9 CCUz M 4/18/2006 150 jig/kg E
299-W15-48 124.5 122.5 216-7-9 CCUz M 4/18/2006 470 jig/kg _____

299-W1S-48 130. 128.5 216-7-9 CCUz Maih 4/24/2006 6300 jig/kg

299-W1S-48 130. 128.5 216-Z-9 CCUz Maih 4/24/2006 150 jig/kg U
299-W15-48 130. 128.5 216-7-9 CCUz Maih 4/24/2006 2500 jig/kg U
299-W15-48 133 1315 216-7-9 CCe Calch 4/27/2006 010 jig/kg
299-W15-48 133 1315 216-7-9 CCe Calch 4/27/2006 130 jig/kg U
299-W15-48 133 1315 216-7-9 CCe Calch 4/27/2006 4100 jig/kg
299-W15-48 140 135 216-7-9 Re msG 5/3/2006 10 jig/kg U
299-W15-49 140 135 216-7-9l Re sG 52/3/2006 23 jig/kg U

299-W1S-48 143 35 216-7-9iel Re msG 52/3/200 3.2 jig/kg U
299-W1S-48 406 41 216-7-9l Re insG 52/3/200 190 ig/kg U
299-W1S-49 262 260 Far Field Re msG 12/25/2004 2.3 ig/kg U

299-W15-49 262 260 Far Field Re gsG 12/95/2004 2.3 jig/kg U
299-W15-762 35 33 Far Field RemG12/10/2004 2.2 jig/kg U
299-W1S-49 06 40 Far Field R nG12/1/2004 2. jig/kg U
299-W15-49 40 43 Far Field R nG12/15/2004 2. jig/kg U

299-W1S-74 44 43 Far Field Rim gsMfi 12/15/2004 2. jig/kg U

299-W15-764 28___ Far Field H1______ 1/5/2000 6 jig/kg U

1299-W1S-764 60 _____ Far Field 112 5 10/12/2001 5__ jig/kg U
299-W1S-764 123.5 1 121 Far Field CCUz M 10/17/2001 4 jig/kg J
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I Table A.1. (contd)

Sample Sample

Bottom Top Sediment Data
Well Name (f) (t Location Geologic Unit Classification Sample Date Result Umts Qulfe

199-W1S-764 125.5 125.5 Far Field CCUz M! 10/18/2001 6 pg/kg U

299-W15-765 ____ _____ Far Field 10/10/2001 5 pg/kg__ _ __ _ _ __ _ _ _ _

299-W15-765 ____ _____ Far Field ________ 10/10/2001 5 pg/kg U

299-W15-765 228 220 Far Field Re MSG 4/16/2002 1 pg/kg U

299-W1S-84 111.8 110 Far Field H4 sM 6/8/2001 6 Pg/kg U

299-W15-84 114.5 112.5 Far Field H4/CCUz sM 6/8/2001 5 pg/kg __ _ _ _ _ _ _ _ _ _ _ _ __ _

299-W1S-84 116.5 114.5 Far Field CCUz MI 6/11/2001 5 pg/kg U

299-W1S-84 119 117 Far Field CCUz M 6/11/2001 2 pg/kg J

299-W15-84 121 119.5 Far Field CCUz M 6/11/2001 9 pg/kg ____

299-W15-84 123.5 121.5 Far Field CCUc Caliche 6/11/2001 6 pg/kg U

299-W15-84 125.4 123.5 Far Field CCUc Caliche 6/11/2001 5 pLg/kg U

299-W15-84 127 125.5 Far Field CCUc Caliche 6/11/2001 5 pg/kg
299-W1S-84 129 127 Far Field Re MSG 6/11/2001 5 pg/kg U

299-W15-84 132.3 130 Far Field Re sG 6/12/2001 6 pg/kg U

299-W1S-84 134.3 132 Far Field Re sG 6/12/2001 5 pig/kg UI9-I58 143.5 141. Far__ Field Re_6/2201 5_gk

299-W1S-84 143 141 Far Field Re 5 6/12/2001 5 pg/kg U
299-W15-84 153 151 Far Field Re 5G 6/12/2001 6 pg/kg U

299-W15-84 173. 171 Far Field Re sG 6/13/2001 5 pg/kg U

299-W15-84 195 193.5 Far Field Re msG 6/15/2001 6 pg/kg U

299-W15-95 104.5 102.5 Far Field H4 (M)S 5/21/2001 5 pg/kg ____

299-W15-95 107 _____ Far Field CCUz mS 5/21/2001 6 pg/kg
299-W15-95 109.5 _____ Far Field CCUz SM 5/21/2001 6 pAg/kg U

299-W15-95 112 109.5 Far Field CCUz SM 5/22/2001 6 pig/kg U

299-W15-95 114.5 112 Far Field CCUc Caliche 5/22/2001 6 pg/kg U

299-W15-95 116 114.5 Far Field CCUz Caliche 5/22/2001 6 pg/kg U
299-W15-95 118 116 Far Field Re msG 5/22/2001 5 pg/kg U

299-W15-95 118.5 118 Far Field Re msG 5/22/2001 5 pg/kg U

299-W15-95 122 120 Far Field Re sG 5/22/2001 5 pg/kg__ _ __ _ _ _ _ _ _ _

299-W15-95 125 122.5 Far Field Re sG 5/23/2001 6 pg/kg U

299-W15-95 132.5 130 Far Field Re 5 5/25/2001 6 pg/kg U

299-W15-95 146.5 145 Far Field Re mS, 5/25/2001 6 pg/kg__ _ __ _ _ __ _ _

299-W15-95 157.5 155 Far Field Re msG 5/29/2001 5 pg/kg U

299-W15-95 187.5 185 Far Field Re 5 5/31/2001 5 pg/kg U

299-W18-174 53 53 216-Z-1A H2 5 3/19/1993 28 pg/kg__ _ __ _ _ __ _ _

299-W18-174 53 53 216-Z-1A H2 5 3/22/1993 31 pg/kg

299-W18-174 56 56 216-Z-1A H.2 S 3/22/1993 95 pg/kg

299-W18-174 56 56 216-Z-1A 112 5 3/22/1993 41 pg/kg

29U1-7 57.5_ 57.5 216_Z- I_ __ A_ H2_32/99_4

299-W18-174 57.5 57.5 216-Z-1A H2 5 3/24/1993 143 pg/kg
299-W18-174 57. 57. 216-Z-1A H2 5 3/24/1993 75 pg/kg

299-W18-174 61 61 216-Z-LA H2 5 3/24/1993 836 pg/kg

299-W18-174 61 61 216-Z-1A H2 5 3/24/1993 126 pg/kg
299-W18-174 66.7 66.7 216-Z-1A H2 S 3/25/1993 150 pg/kg

299-W18-174 71.5 71.5 216-Z-1A H2 5 3/25/1993 349 g/k
299-W18-174 71.25 71.25 216-Z-1A 142 5 3/25/1993 52 pg/kg _____
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Table A.1. (contd)

Sample Sample

Bottom Top Sediment Data
Well Name ft (f Location Geologic Unit Classification_ Sample Date Result Units Qulfe
299-W18-174 74.5 74.5 216-Z-1A H2 S 3/25/1993 337 pg/kg
299_W8_17 74.5 74.5 _____-l H2__ I /519 5 g

299-W18-174 74. 74. 216-Z-1A H2 S 3/25/1993 151 pg/kg
299-W18-174 76. 76. 216-Z-1A H2 S 3/26/1993 67 pg/kg
299-W18-174 75.8 75.8 216-Z-1A H2 5 3/26/1993 67 pg/kg
299-W18-174 80.6 80.6 216-Z-1A H2 5 3/29/1993 51 pg/kg
299-W18-174 80.5 80.5 216-Z-1A H3 5G 3/29/1993 60 pg/kg ____

299-W18-174 86.6 86.6 216-Z-1A H3 sG 3/29/1993 60 pg/kg
299-W18-174 86.15 86.15 216-Z-1A H3 sG 3/29/1993 35 pg/kg

______-17 90.45 90.45 _____-1 H3__ ___ 3/919 1 g

299-W18-174 90.45 90.45 216-Z-1A H3 sG 3/29/1993 65 pg/kg
299-W18-174 90.45 90.45 216-Z-1A H3 sG 3/29/1993 18 pg/kg J
299-W18-174 93.95 93.95 216-Z-1A H3 sG 3/30/1993 15 pg/kg J

299-W18-174 9.95 9.95 216-Z-IA H3 sG 3/30/1993 13 pg/kg __ _ _ _ _ __ _ __ _

299-W18-174 95.5 95.5 216-Z-1A H3 sG 3/30/1993 19 pg/kg J
299-W18-174 95.5 95.5 216-Z-IA H3 sG 3/30/1993 13 pg/kg J
299-W18-174 101. 10. 216-Z-1A H3 sG 4/1/1993 2 gk U
299-W18-174 10. 10. 216-Z-1A H3 sG 4/1/1993 3 pg/kg J
299-W18-174 1015 1015 216-Z-1A H4 sG 4/2/1993 103 gg/k U
299-W18-174 1015 1015 216-Z-1A H4 sG 4/2/1993 34 pg/kg J

299-W18-174 111.5 111.5 216-Z-1A H4 5s 4/2/1993 103 pg/kg ____

299-W18-174 111.5 111.5 216-Z-1A H4 5s 4/2/1993 246 pg/kg J
299-W18-174 114.2 114.2 216-Z-1A H4 ism 4/5/1993 498 pg/kg ____

299-W18-174 114.2 114.2 216-Z-1A H4 ism 4/5/1993 246 pg/kg ____

299-W18-174 116.1 116.1 216-Z-1A H4 s 4/5/1993 230 pg/kg ____

299-W18-174 1185 1185 216-Z-1A H4 s 4/5/1993 34 pg/kg

299-W18-174 118.5 118.5 216-Z-1A H4U Mn 4/5/1993 68 pLg/kg
299-W18-174 118.5 118.5 216-Z-1A H4U MS 4/5/1993 357 pg/kg
299-W18-174 122.1 122.1 216-Z-1A CCUz M 4/6/1993 426 pg/kg ____

299-W18-174 122.1 122.1 216-Z-1A CCUz M 4/6/1993 1207 pg/kg
299W1817 124. 124. ____-l _____ __ 4//93 79Igk

299-W18-174 122.2 122.2 216-Z-1A CCUz M 4/6/1993 357 pg/kg
299-W18-174 122.2 122.2 216-Z-1A CCUz M 4/6/1993 47 pg/k g
299-W18-174 124.9 124.9 216-Z-1A CCUz M 4/6/1993 1247 pg/kg D

___W8-7 126. 126.8 ______I ___Z I //93 79 ig

299-W18-174 124.9 124.9 216-Z-1A CCUz M 4/6/1993 7964 pg/kg D
299-W18-174 124.9 124.9 216-Z-1A CCUz M 4/6/1993 380 pg/kg D
299-W18-174 124. 124. 216-Z-1A CCUz Maih 4/6/1993 37 pg/kg ____

299-W18-174 127.1 127.1 216-Z-1A CCUz Maih 4/7/1993 6561 pg/kg
299-W18-46 126.8 126.8 216-Z-1A HI~ M /7/199 749 pg/kg
299-W18-246 128. 128.9 216-Z-1A H3~ MG 4/7/199 4124 pg/kg D
299-W18-24 142.9 1218 216-Z-1A CCUz M 4/76/1993 3088 pg/kg D3
299-W18-246 131. 131 216-Z-1A CCUc Caich 4/8/1993 372 pgk ____

299-W18-746 130.4 130.4 216-Z-1A CCe Caih 4/8/19932 7 gk
299-W18-2476 56.8 5563 216-Z-18 Hi 5 3/27/1992 133 pg/kg

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _A.8_



U Table A.1. (contd)

Sample Sample

Bottom Top Sediment Data
Well Name (ft (ft Location Geologic Unit Classification Sample Date Result Units Qualifier
219-W18-241 111 110.5 216-Z-18 H2 S 3/18/1992 17 jig/kg3299-W18-247 135.4 134.9 216-Z-18 CCUz M 3/19/1992 717 jig/kg

299-W18-247 148.5 148 216-Z- 18 CCUc gsM 3/20/1992 47 jig/kg

299-W18-247 154.7 154.2 216-Z-18 CCUc 5 3/25/1992 0.3 jig/kg J

299-W18-248 20 19.5 216-Z-1A Hi1 gS 5/4/1992 3 jig/kg J

299-W18-248 40 39.5 216-Z-1A H I gs 5/6/1992 26 jig/kg
299-W18-248 60.1 59.6 216-Z-1A R2 ms 5/11/1992 126 jig/kg

299-W18-248 65 65 216-7-lA H2 (m)S 5/12/1992 360 jig/kg
______-24 70_ 70_ __ ___Z-I H2_5/2192 17_

299-W18-248 70 70 216-Z-lA H2 5 5/12/1992 147 jig/kg
299-W18-248 79. 75. 216-Z-lA H2 5 5/12/1992 115 jig/kg

299-W18-248 79.9 79. 216-Z-1A H-) W 5/12/1992 137 jg/kg

299-W18-248 815 81 216-Z-lIA H2 WgS 5/15/1992 95 jig/kg ____

299-W18-248 85 85 216-Z-1A H2 (sG) 5/18/1992 99 jig/kg

299-W18-248 90 90 216-7-lA H3 msG 5/19/1992 74 jig/kg

299-W18-248 100 950 216-7-lA H3 msG 5/19/1992 44 jig/kg
299W1824 102. 102_ ______I H4_ __521192 6_[g

299-W18-248 100 100 216-Z-1A H4 ms 5/20/1992 16 jig/kg

299-W18-248 10. 110 216-7-lA H4 gS 5/21/1992 16 jig/kg

299-W18-248 105 105 216-7-lA H4 5 5/21/1992 50 jg/kg

299-W18-248 110 110 216-7-lA H4 5 5/21/1992 16 jig/kg
299-W18-248 121.5 121 216-7-lA H4 5 5/21/1992 50 jig/kg ____

299-W18-248 120 120 216-Z-1A H4 5 5/21/1992 63 jig/kg
299-W18-248 121. 121, 216-7-lA H4~ M 5/22/1992 32 jig/kg3299-W18-248 125 120 216-Z4IA H4U M 5/22/1992 24 jtg

299-W18-248 130 130 216-7-lA CCUz M 5/26/1992 249 jig/kg

299-W18-248 1305 135 216-Z-1IA CCUz Mg- 5/26/1992 1093 jig/kg

299-W18-248 140 140 216-Z-1A CCUc (g)mS 5/26/1992 644 jig/kg

299-W18-249 22.9 22.4 216-Z-18 H I sG 7/7/1992 ____

299-W18-249 26 26 216-Z-18 Hi 1sG 7/7/1992 3 jig/kg

299-W18-249 30 30 216-Z- 18 Hi I5 7/7/1992 4 jig/kg

299-W18-249 31.3 30.8 216-Z- 18 Hi I5 7/8/1992 ______ __ __ _ _ _ _

299-W18-249 33.5 33 216-Z-18 H I S 7/8/1992 3 jig/kg ____

299-W18-249 35.5 35 216-Z- 18 H I G 7/8/1992 6 jig/kg
______-24 37.5 37 26Z_8__ //19 gk

299-W18-249 37.5 37. 216-Z-18 Hi1 G 7/8/1992 6 jig/kg
299-W18-249 39. 38. 216-Z-18 Hi ImG 7/90/1992 7 jig/kg
299-W18-249 50 50 216-Z- 18 HI msG 7/10/1992 95 jig/kg

299-W18-249 50 50 216-Z-18 HI msG 7/10/1992 15 jig/kg

299-W18-249 59 55 216-Z-18 Hi (M)S 7/13/1992 12 jig/kg
299-W18-249 59 59 216-Z-18 H2 (m)S 7/13/1992 122 jig/kg

299-W18-249 5. 5. 216-Z-18 R2 (m)S 7/13/1992 39 jig/kg
______-24 70_ 70_ 216Z_1 H2__ ___S 7/3/92_4_

299-W18-249 65 65 216-Z-18 H2 (mS 7/13/1992 316 jig/kg
299-W18-249 70 80 216-Z-18 R2 in)s 7/13/1992 784 jig/kg

299-W18-249 814 80.9 1216-Z-18 H2 ins 7/14/1992 139 jig/kg ____
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Table A.1. (contd)I

Sample Sample

Bottom lop Sediment Data
Well Name 01)j~ Location Geologic Unit Classification Sample Date Result Units Qualifier
299-W18-249 85 85 216-Z-18 H2 ins 7/14/1992 133 pg/kg

299-W18-249 90 90 216-Z-18 H2 (m)S 7/14/1992 566 pg/kg ____

299-W18-249 95 95 216-7-18 H2 ins 7/14/1992 188 pg/kg ____

299-W18-249 99 99 216-Z-18 H2 (M)S 7/16/1992 168 pg/kg ____

299-W18-249 100.5 100 216-Z-18 H2 (M)S 7/16/1992 53 pg/kg ____

299-W18-249 100.5 100 216-7-18 H2 (M)S 7/16/1992 U___
299-W18-249 100.5 100 216-7-18 H2 (m)S 7/16/1992 4 pig/kg ____

299-W18-249 107 107 216-7- 18 H3 sG 7/16/1992 14 pg/kg ____

299-W18-249 110 j 110 216-Z-18 H3 sG 7/16/1992 44 pg/kg ____

299-W18-249 115 115 216-Z- 18 H3 G 7/16/1992 34 pg/kg ____

299-W18-249 120 120 216-Z- 18 H3 G 7/17/1992 28 pg/kg ____

299-W18-249 125 125 216-Z- 18 H3 G 7/17/1992 9 pg/kg ____

299-W18-249 128.3 127.8 216-Z- 18 H4 ms 7/21/1992 58 pg/kg ____

299-W18-249 133 133 216-Z- 18 CCUz M 7/21/1992 1618 pg/kg ____

299-W18-249 135 135 216-Z-18 CCUz M 7/21/1992 134 pg/kg ____

299-W18-249 140 140 216-Z-18 CCUz M 7/21/1992 481 pg/kg ____

299-W18-249 145 145 216-Z- 18 CCUc ms 7/21/1992 1957 pg/kg ____

299-W18-249 146.7 146.2 216-Z-18 CCUc ins 7/21/1992 1755 pg/kg
299W1825 4.5_ 4.5__ Far_ Fiel ____53193 6 pgk

299-W18-252 4.5 4.5 Far Field HoI 5 5/3/1993 6 pg/kg J
299-W18-252 9.5 9.5 Far Field Hi sG 5/3/1993 2 gk
299-W18-252 15 15 Far Field HI sG 5/3/1993 ___ U

299-W18-252 20 20 Far Field HI 5s 5/3/1993 ___ U
299-W18-252 25. 25. Far Field Hi gS 5/4/1993 ____U

299-W18-252 30. 30. Far Field HI gS 5/4/1993 7 pg/kg U
299-W18-252 395 395 Far Field HI gS 5/5/1993 57 pg/kg J

299-W18-252 39.5 39.5 Far Field HI 5G 5/5/1993 57 p/g ____

299-W18-252 544. 44. Far Field Hi sG 5/6/1993 18 pg/kg J
299-W18-252 49.5 49.5 Far Field Hi sG 5/10/1993 ____U

299-W18-252 65.5 65.5 Far Field H2 5 5/10/1993 16 pg/kg___ ___ _ __ _ __ ___ _I

299-W18-252 59.5 59.5 Far Field H2 5 5/11/1993 U7ggk
299-W18-252 65.5 65.5 Far Field H2 5 5/11/1993 48 pg/kg ____

_____825 80.2 80.2 Far__ Field H2_ __ 5/219I8

299-W18-252 70.5 70.5 Far Field H2 5 5/12/1993 77 pg/kg
299-W18-252 875 7 Far Field H2 5 5/12/1993 625 pg/kg ____

299-W18-252 80. 80. Far Field H2 5 5/12/1993 841 pg/kg

299-W18-252 85.5 85.5 Far Field H2 5 5/13/1993 25 pg/kg J
299-W18-252 89.7 89.7 Far Field H3 5G 5/13/1993 15 pg/kg
299-W18-252 965 965 Far Field H3 G 5/13/1993 10 gk
299-W18-252 991.5 991.5 Far Field H3 5G 5/14/1993 22 pg/kg
299-W18-252 1065 1065 Far Field H3U sG 5/14/1993 59 p g/kg___ _ __ _ __ __ _I

299-W18-252 121.25 121.25 Far Field H3U sG 5/18/1993 64 pg/kg J

299-W18-252 126.5 126.5 Far Field CCUz is 5/19/1993_ 519 pg/kg

,299-W18-252 142.1 142.1 Far Field Re sG 5/25/1993 53 pg/kg ____

1299-W18-252 1145.5 1145.5 ,Far Field Re sG 15/25/1993 140 pg/kg ____
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I Table A.1. (contd)

Sample Sample

Bottom lop Sediment Data
Well Name (ft) (ft Location Geologic Unit Classification Samle Date Result Units Qualifier
299-W18-212 149.7 149. Far Field Re S 5/26/1993 56 pg/kg3299-W18-252 154.5 154.5 Far Field Re S 5/26/1993 281 pg/kg
299-W18-252 159.5 159.5 Far Field Re sG 5/26/1993 205 ptg/kg

299-W18-252 164.5 164.5 Far Field Re gs 5/27/1993 177 pg/kg
299-W18-252 164.5 164.5 Far Field Re gS 5/27/1993 377 pg/kg

299-W18-252 172 172 Far Field Re G 5/28/1993 10 pg/kg __ __ _ _ _ _

299-W18-252 175.5 175.5 Far Field Re sG 6/1/1993 116 pg/kg
299-W18-252 191.7 191.7 Far Field Re sG 6/1/1993 8 pg/kg J

299-W18-252 182 182 Far Field Re G 6/1/1993 ___________ __ _ _ _ _

299-W18-252 185.1 185.1 Far Field Re 5 6/1/1993 159 pg/kg
299-W18-252 195.8 195.8 Far Field Re sG 6/3/1993 ____ ___ U3299-W18-252 199.5 199.5 Far Field Re sG 6/3/1993 130 pg/kg
299-W18-252 206.1 206.1 Far Field Re sG 6/7/1993 24 pg/kg J

299-W18-252 211.1 211.1 Far Field Re sG 6/7/1993 U
299-W18-252 214.7 214.7 Far Field Re sG 6/8/1993 _______ U
299-W18-252 220.2 220.2 Far Field Re sG 6/8/1993 U___ _____ _ _ _ _

299-W18-252 225.6 225.6 Far Field Re sG 6/9/1993 ____U

299-W18-27 142 140 Far Field H2/CCUz S/M 4/5/1991 5 pg/kg U

299-WV18-27 142 140 Far Field H2/CCUz S/M 4/5/1991 5 pg/kg__ _ __ __ __

299-W18-27 81 _____ Far Field H1 msG 4/10/1991 6 pg/kg U
299-W18-27 81 _____ Far Field HI msG 4/10/1991 6 pg/kg U

299-W18-27 102 100 Far Field 1-1/1-2 sG 4/12/1991 5 pg/kg __ __ _ _ _ _

299-W18-27 102 100 Far Field H1/H2 sG 4/12/1991 5 pg/kg U
299-W18-27 121 119 Far Field H2 5 4/12/1991 5 pg/kg U
299-W18-27 121 119 Far Field H2 5 4/12/1991 5 pg/kg UI9-I82 161 159_ Failes41/99 gk
299-W18-27 161 159 Far Field Re gs 4/18/1991 5 pg/kg U
299-W18-27 161 159 Far Field Re sG 4/18/1991 5 pg/kg U
299-W18-27 185 183 Far Field Re sG 4/25/1991 5 pg/kg U

299-W18-27 21 198 Far Field Re s 4/25/1991 6 pg/kg __ _ _ _ _

299-W18-27 201 198 Far Field Re gs 4/30/1991 5 pg/kg U
299-W18-28 201 19 Far Field Rea Ws 4/30/1991 6 pg/kg U

299-W18-28 27 _____ Far Field Hla Wgs 4/9/1991 5 pg/kg __ __ _ _ _ _

299-W18-28 27 _____ Far Field Hla (gS 4/9/1991 5 pg/kg U
299-W18-28 47 _ ___ Far Field Hla 5 4/10/1991 5 pg/kg U
299-W18-28 47 6 Far Field H1a G 4/10/1991 5 pg/kg__ _ __ __ _ _ _

299-W18-28 69 67 Far Field HI G 4/11/1991 5 gg/kg U
299-W18-28 69 67 Far Field Hi G-) 4/11/1991 5 gg/kg U
299-W18-28 89 87 Far Field H2 (m)S 4/15/1991 6 pg/kg U

299-W18-28 894 872 Far Field H2 (mS 4/15/1991 6 pg/kg__ _ __ __

299-W18-28 114 112 Far Field H2 5 4/16/1991 5 pg/kg U
299-W18-28 114 112 Far Field H2 5s 4/16/1991 6 pg/kg U

299-W18-28 135 133 Far Field H2 nmS 4/17/1991 6 pg/kg __ __ _ _ _ _ _

299-W18-28 135 133 Far Field H2u ms 4/127/1 991 6 pg/kg U
299-W18-28 155 153 Far Field CCUc sG 4/23/1991 5 pg/kg U

299-W18-28 174 173 Far Field Re gS 4/26/1991 6 pg/kg U
299-W18-28 174 173 Far Field Re gs 4/26/1991 5 pg/kg U
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Table A.1. (contd)

Sample Sample

Bottom Top Sediment Data
Well Name (ft (ft) Location Geologic Unit Classification Sample Date Result Units Qualifier
299-W18-28 195 193 Far Field Re sG 4/30/1 991 5 jig/kg U
299-W18-28 195 193 Far Field Re sG 4/30/1991 6 jig/kg __ _ __ __ _ _

299-W18-28 130 _____ Far Field H2 mS 5/6/1991 6 jig/kg
299-W18-28 130 _____ Far Field H2 ms 5/6/1991 5 jig/kg U
299-W18-29 80 _ __ Far Field H3 sG 4/5/1991 5 jig/kg U
299-W18-29 80 _____ Far Field H3 sG 4/5/1991 5 jig/kg UI
299-W18-29 100 _____ Far Field H3 sG 4/9/1991 5 jig/kg U
299-W18-29 100 _____ Far Field H3 sG 4/9/1991 5 jig/kg U
299_18_2 120 Far_ Field_ H4_ __ 4/0/99 6Igk

299-W18-29 120 _____ Far Field H4 5 4/10/1991 6 jig/kg U
299-W18-29 1208 ____ Far Field H4U 5 4/10/1991 62 jg/kg U
299-W18-29 128 _____ Far Field CCUz M 4/11/1991 22 jig/kg

299-W18-29 128 129__ Far Field CCUz sM 4/11/1991 23 jig/kg
299-W18-29 131 129 Far Field CCUz sM 4/11/1991 4 jIg/kg J
299-W18-29 131 129 Far Field CCUz sM 4/11/1991 4 jig/kg J
299-W18-29 133 131 Far Field CCUz sM 4/12/1991 6 jig/kg U

______-2 135_ 133 FaIil CZs /219 gk
299-W18-29 133 131 Far Field CCUz sM 4/12/1991 6 jig/kg I
299-W18-29 152 133 Far Field Re~ (ms 4/2/1991 5 jig/kg J
299-W18-29 152 133 Far Field Re~ (ms 4/23/1991 4 jig/kg J

299-W18-40 15 10 Far Field Re ms 4/2/19901 6 jig/kg

299-W18-40 230 218 Far Field Re nisG 9/19/2001 8 jig/kg
299-W18-40 230 218 Far Field Re msG 4/16/2002 0.9 jig/kg U
299-W18-96 84.5 84 216-Z- 18 H2 5 2/10/1993 89 jig/kg
299-W18-96 86.5 86.5 216-Z- 18 H2 5 2/11/1993 93 jig/kg

299-W18-96 86.5 86.5 216-Z- 18 H2 5 2/11/1993 79 jig/kg
299-W18-96 90 90 216-Z-18 H2 5 2/12/1993 440 jig/kg
299-W18-96 90 90 216-Z-18 H2 5 2/12/1993 332 jig/kg

_____8-9 92.3 92.35 216Z_1 H221/93 9 gk

299-W18-96 92.35 92.35 216-Z- 18 H2 5 2/12/1993 99 jig/kg
299-W18-96 9.5 9.5 216-Z- 18 H2 (M5 2/12/1993 564 jig/kg
299-W18-96 95 95 216-Z-18 H2 (m)S 2/12/1993 124 ig/kg

299-W18-96 98 98 216-Z-18 H2 (M)S 2/12/1993 111 jig/kg
299-W18-96 980. 980. 216-Z-18 H2 (9m)S 2/12/1993 193 ig/kg
299-W18-96 100.5 100.5 216-Z-18 H2 (gm)S 2/12/1993 122 jig/kg

299-W18-96 100. 10. 216-Z-18 H2 (g)s 2/12/1993 127 jig/kg
299-W18-96 1041 1041 216-Z-18 H3 sG 2/12/1993 140 jig/kg
299-W18-96 110.15 110.15 216-Z-18 H3 sG 2/16/1993 10 jig/kg J
299-W18-96 11.1 11.1 216-Z-18 H3 sG 2/16/1993 42 jig/kg J

___WI-9 119 119_ 216Z_1 H3I /719 gk
299-W18-96 116 116 216-Z-18 H3 sG 2/16/1993 12 jig/kg J
299-W18-96 119 119 216-Z- 18 H3 sG 2/17/1993 6 jig/kg J
299-W18-96 120. 120. 216-Z- 18 H3 sG 2/17/1993 52 jig/kg J

______-9 123.5 123.5 216Z_1 H3_ __ G_ _ 2/7/99 41_ I
299-W18-96 120. 120. 216-Z-18 H3 sG 2/17/1993 71 jig/kg
299-W18-96 123.5 123.5 216-Z- 18 H3 G 2/17/1993 52 jig/kg

299-W18-96 125.5 1125.5 ,216-Z-18 H3 G 2/18/1993 8 jig/kg Ji
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I Table A.1. (contd)

Sample Sample

Bottom lop Sediment Data
Well Name Oft (ft Location Geologic Unit Classification Sample Date Result Units Qualifier

299-W18-96 125.5 125.5 216-Z-18 H3 G 2/18/1993 5 jig/kg J3299-W18-96 129 129 216-Z-18 H4 mG 2/22/1993 43 pg/kg
299-W18-96 129 129 216-7-18 H4 mG 2/22/1993 65 jig/kg

299-W18-96 129 129 216-Z-18 H4 mG 2/22/1993 39 jig/kg

299-W18-96 129 129 216-7-18 H4 mG 2/22/1993 28 jig/kg
___WI-9 130.5 130.5 216Z_1 H4__/2/93 16_g

299-W18-96 130.5 130.5 216-Z-18 H4 mg 2/22/1993 16 jig/kg

299-W18-96 130.5 130.5 216-7-18 H4 mg 2/22/1993 5 jig/kg J

299-W18-96 130.5 130.5 216-Z-18 H4 mG 2/22/1993 14 pg/kg J
299-18_9 134. 134.5 216Z_1 H4_ __22/93 l g

299-W18-96 130.5 130.5 216-Z-18 H4 sm 2/22/1993 14 pg/kg i
299-W18-96 134.5 134.5 216-Z-18 H4 sM 2/22/1993 711 pg/kg

299-W18-96 134.5 134.5 216-Z-18 H4 sM 2/22/1993 7 pg/kg J

299-W18-96 136.5 136.5 216-7-18 H4U sM 2/23/1993 786 pg/kg
299-W18-96 136.5 136.5 216-Z-18 H4U sM 2/23/1993 794 ig/kg

299-W18-96 143.85 143.85 216-Z-18 CCUz M 2/24/1993 334 pg/kg

299-W18-96 143.85 143.85 216-Z-18 CCUz M 2/24/1993 494 pg/kg

299-W18-96 143.84 143.84 216-Z-18 CCUz M 2/25/1993 8614 pg/kg ____

299-W18-96 143.45 143.45 216-Z-18 CCUz M 2/25/1993 626 pg/kg

299-W18-96 143.45 143.45 216-Z-18 CCUz M 2/25/1993 714 pg/kg

299-W18-96 144.45 144.45 216-Z-18 CCUz Maih 2/25/1993 28 pg/kg
299-W18-96 144.45 144.45 216-Z-18 CCUz Maih 2/25/1993 24 pg/kg J

299-W18-96B 146.5 146.5 2167-1 CCelc 4ai/25/1993 33 ptg/kg

299-W18-96B 146.5 146.5 2167-1 CCelc 4aih/25/1993 33 pg/kg
299-W19-34B 170. 168 Far Field 6_____ /14/1994 11 pg/kg Ui

299-W19-34B 417.5 416 Far Field 6_____ /14/1994 11 pg/kg U

299-W19-34B 188. 186 Far Field 4/18/1994 11 pg/kg U

299-W19-34B 441.5 420.5 Far Field 8_____ /26/1994 16 ptg/kg U
299-W19-34B 5313 532 Far Field 6/14/1994 12 pg/kg UJ

299-W19-35 170.5 168 Far Field 3_____ /30/1994 12 pg/kg U

299-W19-34B 442 440 Far Field 3/_____8/1994 12 pg/kg __ _ _ _ __ _ _ _

299-W19-3B 423. 436 Far Field /5/1994 12 pg/kg U

299-W19-34 438.5 480. Far Field 3_______ /11/1994 13 pg/kg U

299-W19-34B 531. 25 Far Field 3/1______ 8/1994 11 pg/kg__ _ __ _ __ _ _ _ _ _ _ _

299-W19-3 1605 18 Far Field ________ 37/19940 12 pg/kg U

299-W19-3 181 17 Far Field 7_____ /8/21 11 pg/kg U

299-W19-3 238. 260 Far Field 3/16/21 10 pg/kg__ _ __ _ __ __ _ _ _

299-W19-44 23 23 23 Far Field 8/____ _ 31/21 10 pg/kg U

299-W19-4 50 Far Field 8_______ /2/2001 6 pg/kg U

299-W19-44 262 260 Far Field 4_______ /17/2002 1 .5 g/kg U

299-W19-44 3 Far Field ________ 8/30/2001 6 p/g U

299-W19-45 50Far Field________ 8/021 5 pgk U
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Table A.1. (contd)

Sample Sample

Bottom Top Sediment Data
Well Name (ft (fi Location Geologic Unit Classification Sample Date Result Units Qualifier
299-W19-45 234 228 Far Field _______________ 4/16/2002 1 pg/kg U
299-W19-46 267 260 Far Field _______________ 11/20/2002 6 pg/kg U

299-W19-46 30 0 Far Field _______________ 12/2/2002 5 pg/kg U
299-W19-48 290 1 285 Far Field ______ ________ 11/24/2004 2 pg/kg U
299-W19-48 340 Far Field _______________ 12/9/2004 2.4 pg/kg U

299-W19-48 340 Far Field ______12/9/2004 2.3 pg/kg U
299-W19-48 407 402 Far Field ______ ________ 12/13/2004 2.4 pg/kg U
299-W19-48 429 424 Far Field ______ ________ 12/15/2004 2.5 pg/kg U

299-W19-94 32 30 Far Field _____________ 11/15/1993 25 pg/kg U_ _ _ _ _ _ _ _ _ _ _ _ _
299-W19-94 6 4 Far Field _____________ 12/3/1993 11 pg/kg U
299-W19-94 17.5 15.5 Far Field _____________ 12/6/1993 11 pg/kg U
299-W19-94 36 33.5 Far Field _ ______ 12/8/1993 25 pg/kg __ _ _ _ __ _ _

299-W19-94 40 38 Far Field ________ 12/13/1993 13000 pg/kg
299-W19-94 59.5 57.5 Far Field ________ 12/14/1993 5100 pg/kg U
299-W19-94 50 48 Far Field ________ 12/14/1993 4900 pg/kg U3
299-W19-94 70 68 Far Field ________ 12/15/1993 10 pg/kg U
299-W19-94 91.5 89.5 Far Field ________ 12/16/1993 1300 pg/kg U
299-W19-94 116 114 Far Field ______1/3/1994 12 pg/kg U
299419_9 130_ 128_ Far Fiel 1//94 11Igk

299-W19-94 130 128 Far Field ______1/4/1994 10 pg/kg299-W19-94 150 148 Far Field ______1/6/1994 10 pg/kg U
299-W19-94 1675 148. Far Field ______1/6/1994 10 pg/kg U

299-W19-94 167.5 165.5 Far Field ______1/7/1994 11 pg/kg299-W19-94 167. 165. Far Field ______1/73/1994 11 pg/kg U
299-W19-94 189 187 Far Field ______1/13/1994 11 pg/kg U
299-W19-95 1995 1975 Far Field 9____ /1/1994 13 pg/kg U
299-W19-95 16.5 14. Far Field ______9/3/1993 11 pg/kg __ _ _ ___ _ _

299-W19-95 32.5 30 Far Field ______9/7/1993 11 pg/kg U
299-W19-95 47.5 45 Far Field ________ 9/8/1993 11 pg/kg U

299-W19-95 62.25 02 Far Field ________ 9/93/1993 11 pg/kg
299-W19-95 707.3 74.8 Far Field ________ 9/10/1993 10 pg/kg U

299-W19-95 942.5 90 Far Field ________ 9/13/1993 11 pg/kg U
299W__9 122.5 120__ Far Fil_91/99_1_gk

299-W19-95 107.5 105 Far Field ________ 9/15/1993 10 pg/kg U
299-W19-95 107. 105 Far Field ________ 9/15/1993 10 pg/kg U
299-W19-95 142.5 140 Far Field ________ 9/16/1993 10 pg/kg U

299-W19-95 122.5 120 Far Field _____________ 9/16/1993 11 pg/kg299-W19-9 167. 16 Far Field 11______ /6/1993 12 pg/kg U
299-W19-95 182 181 Far Field 11_____________ /20/1993 10 pg/kg U
299-W19-96 171. 169 Far Field 11____ ______ /2/1993 10 pg/kg U3
299-W19-9 17. 1695 Far Field 11____ _______ /20/1993 21 pg/kg U

299-W19-96 17. 15 Far Field _____________ 11/10/1993 51 pg/kg U

299-W19-96 32 24.5 Far Field _____ _11-/15/1993 20 pg/kg U

299-W19-96 42.5 40.5 Far Field 12/9/1993 13000 pg/kg U
299-W19-96 52 50 Far Field ______________ 12/13/1993 10 pg/kg U
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1 Table A.1. (contd)

Sample Sample

Bottom Top Sediment Data
Well Name (fL (fL Location Geologic Unit Classification Sample Date Result Units Qalfe
199-W19-91 62 60 Far Field _ _______ 12/15/1993 10 jig/kg U3299-W19-96 82 80 Far Field _ _______ 12/16/1993 10 jig/kg U

299-W19-96 101.5 99.5 Far Field ________ 12/20/1993 11 jig/kg U

299-W19-96 122 120 Far Field _ _______ 1/3/1994 12 jig/kg U
299-W19-96 142 140 Far Field ________ 1/3/1994 11 jig/kg U

299-W19-96 142 140 Far Field _ ______ 1/3/1994 11 jig/kg U
299-W19-96 170 168 Far Field ________ 1/5/1994 10 jig/kg U
299-W19-96 168 166 Far Field _ _______ 1/5/1994 12 jig/kg U

299-W19-96 168 166 Far Field _ ____ ________ 1/5/1994 12 jig/kg U
299-W19-96 161 159 Far Field ________ 1/5/1994 11 jig/kg U
299-W19-96 177 175 Far Field 1/11/1994 10 jig/kg U

299-W19-97 6 4 Far Field ________ 9/7/1993 11 jig/kg U
299-W19-97 22.5 20 Far Field ________ 9/8/1993 11 jig/kg U

299-W19-97 32 30 Far Field _ _______ 9/8/1993 10 jig/kg U
299-W19-97 12.5 10 Far Field ________ 9/8/1993 11 jig/kg U

299-W19-97 52.5 50 Far Field ________ 9/10/1993 12 jig/kg U
299-W19-97 72.5 70 Far Field 9/13/1993 11 jig/kg U

299-W19-97 103.3 101 Far Field _ _____ ________ 9/15/1993 11 jig/kg U

299-W19-97 103.3 101 Far Field ________ 9/15/1993 11 jig/kg__ _ __ _ _ _ _ _ _ _ _ _ _ _

299-W19-97 132.5 130 Far Field _ ____ ________ 9/16/1993 11 jig/kg U
299-W19-97 148.5 146 Far Field _ ____ ________ 9/17/1993 11 jig/kg U

299-W19-97 148.5 146 Far Field _ ____ ________ 9/17/1993 11 jig/kg U
299-W19-97 158.5 156 Far Field ______9/17/1993 12 jig/kg U
299-W19-97 170 167.5 Far Field _ _____9/20/1993 12 jig/kg U

299-W19-97 177 175.7 Far Field ________ 9/21/1993 11 jig/kg U

299-W19-98 5.4 4.4 Far Field ________ 1/13/1994 11 jig/kg U
299-W19-98 13.5 11 Far Field ______3/2/1994 10 jig/kg U
299-W19-98 17.25 15 Far Field 3/3/1994 11 jig/kg U

299-W19-98 26.5 24 Far Field _ _______ 3/4/1994 10 jig/kg U
299-W19-98 49 47 Far Field _ _____3/8/1994 10 jig/kg U

299-W19-98 62.2 60 Far Field ______3/9/1994 11 jig/kg U
29I199 82.1_ 80_ Far _ Field 3/0/99_1__/k

299-W19-98 802.1 800 Far Field 3/10/1994 10 jig/kg U
299-W19-98 102 100 Far Field _ _____3/14/1994 11 jig/kg U

299-W19-98 1753 130 Far Field 3/15/1994 11 jig/kg U
299 _19_9 185. 183.5 Far _ Field 3/17/199 11__ ___ k __ _

299-W19-98 175.3 172 Far Field ______3/17/1994 11 jig/kg
299-W19-98 185.5 183.5 Far Field 3/17/1994 11 jig/kg U

299-W19-98 193 191.1 Far Field _ ____ ________ 3/22/1994 10 jig/kg U
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Table A.2. Compilation of Modeled (Murray et al. 2006) and Measured (EIS) Concentrations of3
Carbon Tetrachloride in Groundwater Beneath the Disposal Areas (ND =No data)

Depth Below Modeled CT Modeled CT Modeled CT Measured CT
Water Table at 216-Z-9 at 216-Z-1A at 216-Z-18 at 216-Z-9

(in) (ppb) (ppb) (ppb) (ppb)

0 663 93 54 ND
2.5 800 127 78 330

5 389 120 80 1600
7.5 110 89 95 0
10 96 100 82 115

12.5 92 92 95 720
15 116 95 97 3800

17.5 98 97 83 ND

20 920 120 96 2200
22.5 720 139 86 270

25 460 145 78 ND3
27.5 330 116 44 ND

30 186 66 26 110
32.5 110 23 17 nd3
35 95 25 16 29

37.5 99 29 17 nd

40 190 47 29 250
42.5 534 68 36 ND
45 690 76 26 1025

47.5 460 46 17 470
50 147 26 13 ND

52.5 61 16 9 8.7

55 46 11 6 ND
57.5 75 8 4 ND
60 93 4 1 1903
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