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Executive Summary

This model package report documents the development of vadose zone (VZ) flow and transport models
for the River Corridor portion of the U.S. Department of Energy’s Hanford Site, Washington, in support
of remedial activities that are currently underway. The  ults of the flow and transport models are
intended for use in evaluating the potential long-term impact of residual VZ contamination on
groundwater and surface water quality from waste sites located in various geographic areas in the River
Corridor. The modeling results are used in calculating the soil screening levels (SSLs) and preliminary
remediation goals (PRGs) for various contaminants to support the clean-up decisions in an effort to
protect the groundwater and surface water resources. The goal is to determine and apply these threshold
concentrations to a geographic area within the River Corridor without focusing on any given waste site.
Because this methodology is designed to be applicable to all waste sites within a given geographic area,
the calculations are performed with a conservative set of assumptions. These conservatively determined
s (I sxov T an T T v i 0 dfyh waste th a higt
confidence where residual contamination poses acceptable risk, and differentiating them from those waste
sites where a more careful evaluation of long-term impacts may be needed.

The report discusses the current understanding of nature and extent of various contaminants of interest in
the various geographic areas in the River Corridor, with focus on hexavalent chromium. The term
“contaminants of interest” is used to indicate those contaminants considered to aid in the development of
this model because of prevalent groundwater contamination. This term is used cautiously because it is not
the function of this model package report to identify COPCs or COCs: that will be the function of the RI
reports for these OUs. Results from sampling in recent boreholes drilled near high-risk waste sites and
potentially contaminated areas are presented as well. The development of representative strat” aphic
col ns and corresponding one-dimensional numerical models for' ious geographic areas in the River
Corridor is described along with the technical basis for specific model parameters, contamination zone,
and boundary conditions. A description of modeling assumptions and modeling conservatisms is also
provided. The methodology used in predicting the peak concentrations in the groundwater from residual
contamination in the VZ and derivation of SSLs and PRGs for protection of groundwater and surface
water is described in detail. The overall objective of the modeling effort is to provide a basis for making
informed remedial action decisions.

Uncertainty and sensitivity analyses have been conducted to determine the model parameters that impact
the prediction of peak concentration. The results indicate that depending upon the vertical extent of
contamination, either the vadose zone hydrologic parameters or the hydraulic gradient in the aquifer is
important in determining the peak concentrations, if the sorption parameters are held constant.
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Modeling activities have been undertaken in the River Corridor to support the clean-up process through
evaluation of the long-term impact of waste site residual vadose zone (VZ) contamination on groundwater
and surface water quality. For purposes of modeling, the waste sites in the River Corridor were sorted into
geographic areas and models representative of the generalized geology and surface soil type of each area
were developed. In add to geographic proximity, the nature of waste disposed during waste site
operations (e.g., resultir ym a nuclear reactor operations) was considered in assigning geographic areas
for modeling purposes so that similar remedial action can be considered. The geographic areas .

generally large areas and may include groundwater Operable Unit (OU), source OUs, and facilities that
encompass the National Priority List (NPL) sites. For example, the 100-BC -« aphic area consists of the
100-BC-1 and 100-BC-2 Source OUs as well as the 100-BC-5 Groundwater OU. The discussion in this
report follows the geographic area nomenclature.

1.1 Moc ‘ir~ Need

A 1is  eded to determine the residual contaminant concentration in the vadose zone that would be
protective of groundwater and surface water as defined by the water quality standards (drinking water
standards and aquatic water quality standards) in support of risk assessment studies in the River Corridor.

The soil screening  els (SSLs) and preliminary remediation goals (PRGs) provide estimate of the
residual contaminant concentration under different set of modeling conditions, which when left behind
will not pose unacceptable risk. The goal is to define such threshold concentrations applicable to
geographic areas within the River Corridor without attempting to forecast future conditions under any
given waste site. This approach provides an efficient way of identifying waste sites, with a high degree of
confidence, where residual contamination poses potential risk, and thereby differentiating them from
those waste sites where more careful evaluation of long-term impacts are needed. The SSL and PRG
calculation is important because separately assessing each of the hundreds of waste sites within River
Corridor with detailed characterization and modeling is neither pragmatic nor necessary if the residual
contamination in the VZ underneath most of the sites is so small that it will not pose risk to groundwater
or surface water quality.

Because this methodology is designed to be applicable to all waste sites within a given geographic area,
the calculations are performed with a conservati  set of assumptic .. These conservative assumptions
include:

e Use of a bounding assumption as to the extent of vertical contamination in the vadose zone under
the waste site

e Selection of higher recharge rates

e Neglecting dilution and gradient reversals resulting from Columbia River stage fluctuations

e Selection of minimum vadose zone thickness in the soil columns

e Selection of sorption parameter values from the lower end of the empirical distribution functions

e Neglecting attenuation between groundwater under the waste site and the point of discharge in the
Columbia River

Furthermore, the calculations are performed in one dimension to maximize the vertical transport rate to
the water table, neglecting lateral spreading of contaminants that would serve to attenuate peak
groundwater concentration. Because of conservative choices of modeling inputs and boundary conditions,
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the resulting SSL a1 PRG concentrations a  deemed to be bounding estimates (i.e., lead to the lowest
thresh« | concentrations). The goal of s calculation is not to accurately predict the contaminant
concentrations over time, for which a site-specific model will be required, but rather to estimate a
bounding impact from residual contamination that may be left behind under a waste site on groundwater
and surface water.

An attempt has also been made tos nm: e e nature and extent of contamination in various

« aphic areas  the River Corridor (except for the 100-N and 300 Areas) with particular attention
given to chromium (Cr) contamination. Insights gained from Cr leachability tests are presented to support
the conceptual model development. The vertical extent of contamination observed in the recently
completed remedial investigation (RI) boreholes is also summarized to support the modeling assumptions.

1.2 Background

To manage cleanup activities at the Hanford Site, waste sites are grouped within OUs so that the
Comprehensive Environmental Response, Compensation, and Liability Act of 1982 (CERCLA) cleanup
process can be efficiently implemented. The OUs includes source OUs (i.e., surface and vadose zone
areas where waste was disposed) and groundwater OUs (areas in the saturated zone where contamination
exists) to] form separate ch: :terization in recognition of the differences between localized
contaminants in the soil column at the sources and tt more widespread co-mingled contamination in
groundwater. Most of the ( s are source OUs. There are five oundwater OUs in the 100 Area, namely,
100-BC-5, 100-KR-4, 100-NR-2, 100-HR-3, and 100-FR-3.

Assessment of potential impacts from soil contamination currently present in the vadose zone (VZ)
focuses on the magnitude and timing of solute fluxes to the underlying aquifer and potential migration
towards the Colun  a River. Migration of VZ contamination towards groundwater and surface water
resources is the principal exposure pathway for contaminants deeper than 4.6 meters (m) (15 feet [ft]), the
¢« 1th to which the contaminated soil from the waste sites is typically removed. The contaminant
migration from waste sites through the VZ to the underlying aquifer is controlled by driving forces for
water movement in porous media (such as gravity, recharge, and matric potential), interactions between
water and sediments, and interactions between the contaminants and the sediment. Because of past waste
disposal practices, the type of the contaminant and extent of contamination (spatially and vertically)
varies across different ographic areas, and thus calculations specific to each geographic area need to be
performed in support of risk assessment studies. The types of sediments and their thicknesses and
properties can also vary from one geographic area to another and can affect the rate and direction of
solute and water movement to the aquifer. The non-linear physics governing flow and solute transport in
the VZ under arid climate conditions can lead to long transport times (hundreds to thousands of years or
more) for some contaminants before the contaminant concentration in groundwater approaches or exceeds
water quality standards (WQSs). The concentration of contaminant in the groundwater is dependent on a
variety of features and processes, such as solute flux from the VZ, aquifer thickness and dilution from
mixing wi the groundwater, retardation and dispersion in the aquifer, and river water and groundwater
interaction.

) evaluate the impact of residual contamination in VZ on groundwater and surface water quality at the
waste site boundary, the modeling is conducted using the Graded Approach (GA). The GA allows for
evaluating the impact of residual contamination underneath the waste sites in a gradational or stepwise
fashion through rapid differentiation of relatively low-risk sites from higher-risk sites so that resources
(data-collection related and modeling related) can be focused on the potentially high-risk sites. By
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evaluating waste sites in ¢  adational fashion, the GA assesses sites using the entire range of

cc ervative mplifications to rigorous site specifics. Using soil concentrations obtained by employing
very conservative but relatively simple contaminant transport model, the GA first identifies waste sites
that are unlikely to constitute a risk to groundwater protection. The remaining waste sites, which pose a
greater risk to groundwater and surface water protection, are again evaluated in a stepwise manner that
matches the complexity and data needs of the assessment to the risk posed. The GA thus provides
efficient, conservative, and rigorous evaluation of sites by allocating evaluation and characterization
resources to those sites for which groundwater protection is a significant problem.

Figure 1-2 shows the logic flow chart for the GA (DOE/RL-2011-50, Regulatory Basis and
Implementation of a Graded Approach to Evaluation of Groundwater Protection). The decisions are
shown as diamonds and actions as rectangles. Boxes with row1 ~ d corners provide descriptive
information for the ' ious decis s and actions. The first action in the GA is to compare the exposure
point concentration (EPC) of an analyte at the site with a SSL to determine if it should be designated as a
cor ~ inant of potential conc  (COPC). If the EPC for a given analyte is  : than or equal to the SSL,
then that  alyte does not pose a significant risk to groundwater and passes the screen. However, if the
EPC exceeds its SSL, it fails the screen and is designated a COPC. The SSL calculation is important
because separately assessing each of the hundreds of waste sites within River Corridor with individual
models is neither pragmatic nor necessary if the residual contamination in the VZ underneath most of the
sites is so small that it will not pose risk to groundwater or surface water quality. The SSL for each
contaminant is defined as the larger of: 1) a background level, 2) a practical quantification limit, or 3) a
calculated SSL computed using the Subsurface Transport Over Multiple Phases (STOMP) code
(PNNL-12030, STOMP Subsurface Transport Over Multiple Phases Version 2.0 Theory Guide;

PNNL-! 216, STOMP Subsurface Transport Over Multiple Phases: Application Guide; PNNL-15782,
STOMP Subsurface Transport Over Multiple Phases Version 4.0 User's Guide) using a conservative set
of assumptions for the site vicinity (see Section 2.1 for more details).

Although the assumptions that underlie the SSL calculation are deliberately highly conservative and
typically are not representative of site conditions, the site of each contaminant that fails the screening
assumptions is further evaluated in Decision 2 based on additional information: :

e If the screening assumptions represent site conditions, or if available site data and information are not
sufficient to modify the assumptions used to develop the screening values, then the site is directly
carried into the Feasibility Study (FS) (Action 4).

If sufficient information is available to use a more site specific representative calculation, then the
COPC is evaluated using PRGs, which are the initial or proposed cleanup goals developed in the
CERCLA process to provide risk reduction targets or candidate cleanup levels (see Section 2.2)
(Decisions 3 and 4).

It is more likely that all of the COPCs that fail screening will be carried into the site assessment using the
PRG evaluation step  her than be directly carried into the FS because the highly conservative
assumptions underpinning the SSLs are not expected to be representative of conditions at many waste
sites. Furthermore, if a site shows concentration levels that are higher than the screening levels, additional
information is typically gathered at the site to assist in the risk evaluation. This information is what
enables the evaluation against the screening assumptions.

For the Hanford Site, PRGs will be calculated with tt  assumption that once the remedial actions are
completed, native xerophytic vegetation will be re-established as the land cover. PRGs for other remedial
alternatives, such as an evapotranspiration barrier, can be calculated as well.
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Transitionit  a site from any 'ven step of the GA to another can occur with the addition of new
‘ormation, sur  1s additional data, analyses, and modeling. A more thorough discussion of the GA is
given in DOE/RL-2011-50.

1.3 Document Organiz: on

The document is organized into three basic parts: (1) basis for development of the model; =" model

Ol ntation and modeling results; and (3) uncertainty and sensitivity analyses. Section 2 presents the
modeling objectives. Section 3 presents the geology of the River Corridor and the relevant Features,
Events, and Processes  EPs) that affect flow and transport in the 100 Area, along with.the modeling
assumptions and the nature and extent of contamination. Because contamination of hexavalent chromium
[Cr(VID)] is prevale >ut varies among the geographic areas in the 100 Area, a more detailed discussion of
Cr(VI) contamination is presented with disc  iion of desorption test results based on leachability
experiments. Section 4 describes the modeling implementation details, initial cc 1s, bo  lary
conditions, and parameter values. Modeling results are presented in Section 5 for both the SSL and PRG
calculations for each geographic area, while Section 6 discusses the sensitivity and uncertainty analyses.
Section 7 provides the deta 1 | to configuration management of the model inputs and outputs
i1 udir ‘he software used.
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DOE-STD  153-2002, A Graded Approach for Evaluating Radiation Does to Aquatic and Terrestrial
Biota).

The calculation of peak values of groundwater concentration with STOMP provides the first, forward
calculation step to deriving SSL and PRG values. STOMP is used in the forward calculation step to
compute peak groundwater concentrations that result from a unit initial source concentration (1.0 n  'kg
for nonradionuclide COPCs, or 1.0pCi/kg for radionuclide COPCs), uniformly applied over the assumed
contaminated thickness of the vadose zone. The resulting peak groundwater concentration is then used in
tl cond, back-ca lation step to determine SSL and PRG values. This second, back-calculation step
i1 'es scaling the peak groundwater concentration against the appropriate regulatory compliance
criteria to back-calculate the maximum initial soil concentration that would not result in an exceedance.
The maximum value obtained from this back-calculation step is assigned as the SSL or PRG value
(depending on the recharge scenario used). The unit concentration therefore is not to be confused as
constituting an actual observed waste site residual soil concentration. As a measure of maximum
allowable contaminant concentration in the soil, SSLs and PRGs are expressed as contaminant mass per
mass of soil for non-radionuclides (e.g., mg/kg) and as contaminant activity per mass of soil for
radionuclides (e.g., pCi’kg).

The SSL is defined as the largest of the following:
e A statistically defined upper bound on the range of background values (e.g., 90™ per  iile)

e A practical limit for measuring the contaminant’s concentration or activity (if radionuclide)

e A simulated minimum amount of material (conc n or activity) that will not cause groundwater
cleanup standards to be exceeded, even under conservative assumptions within an extended t
frame (e.g., 1,000 years)

The calculated SSL for any contaminant is simply the ratio of the applicable WQS to the simulated peak
groundwater concentration (or radioisotope activity) for a unit initial contaminant source concentration
(or radioisotope activity). It is calculated by the following equation in a back-calculation as:

SSL=aC;z Eqn. 2-1

where:

SSL = calculated soil screening level (contaminant mass or activity per unit mass of soil,
typically expressed as mg/kg for mass or pCi/kg for activity)

a = a constant selected to balance units

of} = the initial contaminant concentration associated with the rock matrix in the VZ
(contaminant mass or activity per unit mass of soil, typically expressed as mg/kg for mass
or pCi/kg for activity) applied in the STOMP forward calculation over the appropriate
depth range of the vadose zone (see Section 4.4.2).

wos = water quality standard (contaminant mass or activity per unit volume of water, typically
expressed as mg/L for mass or pCi/L for activity)

CPK = peak groundwater concentration caused by C; (contaminant mass or activity per unit

volume of water, typically expressed as mg/L for mass or pCi/L for activity) result
obtained from the STOMP forward calculation
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The surface WQSs were utilized to compute SSLs protective of surface water, whereas the groundwater
WQSs were used to compute SSLs protective of groundwater.

The simulations were run using the STOMP code (PNNL-12030) to yield a peak groundwater
concentration for each contaminant within the uppermost 5 m of the aquifer, representing the screened
interval of a water table monitoring well. Simulations for calculating the SSLs for the waste sites in the
100 Area for protection of surface water and groundwater were carried out separately for each geographic
area with highly conservative assumptions to maximize the peak concentration in the aquifer. A
conservative sets of hydraulic and transport properties related to saturated hydraulic conductivity,
saturated volumetric water con i, residual volumetric water content, dispersivity, van Genuchten « and
n parameters, and bulk density was assumed for SSL calculations. Distribution of contaminants in the soil
column (i.e., fully or| “ially contaminated), an important driving force for SSL calculations, was
assumed based on the distribution coefficients of * : contaminants. The details on this assumption are
« cri lin! tion 5 of this document. Other conservative assumptions used to calculate SSLs focused
on " -drivii fo $ fically, relatively large recharge through the \  inder  :ation scenario and
lower aquifer flux rate to min~ “ze dilution. However, it is crucial that assumptions are selected to
balance conservatism with site appropriate conditions. For example, selecting a lowest-observed
hydraulic gradient value that applies to only one of many sites is not warranted if this low value is well
outside the range of values observed for similar aquifer formations.

2.2 Preliminary Remediation Goals

PRGs are residual contaminant concentration in the soil that will be protective of groundwater and surface
water under specific site conditions. The PRGs represent the maximum quantity of contaminant
concentration or radioisotope activity in the rock matrix that can remain in the ¥~ without causing an
exceedance of applicable water quality standards (the federal and/or state drinking water standards and
aquatic water quality standards). The PRGs can be defined for protection o’ ‘oundwater or for protection
of surface water simply by the choice of the applicable standard used in the calculation. They are
developed to guide risk assessment decisions and evaluate selected remedies.

The value of a 100 Area PRG for a particular contaminant depends on a number of key factors. Waste site
characteristics, specifically, source mass distribution and distance to the water table, are key factors.
Another key factor is land cover condition and the associated recharge rate. The interactions between the
VZ geology and water movement and between VZ geology and contaminant chemistry are the two
remaining key factors. PRGs were calculated assuming that the entire VZ thickness is fully or partially
contaminated based on the distribution coefficients of the contaminants (See Section 5 for details) and
that ambient recharge rate is a function of natural land cover and varies over time (as opposed to  gation
based recharge for the SSL calculations). PRGs were calculated with the assumption that once the
remedial actions are completed, native land cover vegetation will be reestablished after 30 years. The
recharge rate associated with this land cover varies over time as the land cover transitions from bare soil
(highest recharge rate), to grasses and immature shrub steppe (reduced recharge rate), to mature shrub
steppe (lowest recharge rate).

Variability in hydraulic properties was incorporated into PRG development by selection of conservative
values. Hydraulic properties include saturated hydraulic conductivity, porosity, and unsaturated flow
parameters such as the Mualem-van Genuchten ¢, #, and residual water content parameters (Mualem
[1976], “A New Model for Predicting the Hydraulic Conductivity of Unsaturated Porous Media”; van
Genuchten [1980], “A Closed-Form Solution for Predicting the Conductivity of Unsaturated Soils”). PRG
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values can be relatively sensitive to the saturated hydraulic conductivity values for the aquifer, so values
from the lower en  f the range were chosen, yielding a more conservative PRG value. PRG development
captures the effects of geologic variability by simulating flow and transport through a set of representative
stratigraphic cc  nns for each geographic area. Peak groundwater concentrations are simule | for each

esentative column and PRGs are calculated for each column. The  nimum value is adopted as the
final PRG for each geographic area for each contaminant.

1€ RG calculation for each contaminant is performed using the same equation (Equation 2-1) as that
for the ! excep! at the inputs are different as mentioned above.

10
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3. Model Conceptualization

The VZ models for the River Corridor consider porous media flow and transport through the unsaturated
portion of the various § graphic areas. The stratigraphy and thickness of the vadose and saturated zone
plays an important role in determining the peak concentration of contaminants in the groundwater. This
section provides an overview of the conceptual model development based on the geology in the 100 Area
and the thickness of vadose and saturated zone. Modeling relevant Features, Events, and Processes (FEPs)
are also presented to help in developing the flow and transport models. The nature and extent of
contamination in the geographic areas is also presented to aid model development for SSL and PRG
calculations.

3.1 Geology of River Corridor

There are two distinct hydrostratigraphic units presentin ~ VZ and upper unconfined aqui  >f the 100
Area: the younger is known as the Hanford formation and the older as the E unit of the Ringold
Formation. Overlying the Hanford formation is a thin cover of more recent Holocene alluvium and eolian
deposits.

Composed of silt, sand, and gravel, the recent Holocene surficial sediments were deposited by a
combination of aeolian and alluvial processes. ..iese deposits are observed as a thin layer (2 m or less)
across the 100 Arr where the surface has not been disturbed or altered by construction, and are treated as
part of the anford formation for this study.

The anford formation is characterized by mostly unconsolidated coarse and fine-grained sediments
includir  large to very large cobble-boulder fragments, sand, silt, and  vel. Three facies of the Hanford
formation have been identified in the 100 Area: (1) gravel-dominated facies, (2) sand-dominated facies,
and (3) interbedded sand to silt-dominated facies (DOE/RL-2002-39, Standardized Stratigraphic
Nomenclature for Post-Ringold-Formation Sediments within the Central Pasco Basin). Within the 100
Area, the coarse-grained unconsolidated sand and gravel-dominated facies are most common, the result of
high-energy vial deposition processes caused by the cataclysmic Missoula Floods (SGW-44022,
Geologic Data Packc  in Supp.  of 100-BC-5 Modeling). For this reason, the Hanford formation in the
100 Area tends to be coarser and contain a larger  avel component than other areas of the Hanford Site.

Below the Hanford formation, the Ringold Formation contains two 1 "'s: one is fluvial gravel referred to
as the Ringold Unit E, and the other is lower-energy sand, silt, and a clay interval referred to as the
Ringold upper mud (RUM). The saturated hydraulic conductivity of the Ringold E is several orders of
magnitude lower tl  that of the Hanford formation, whereas the RUM, an aquitard that is the base of the
unconfined aquifer, has the lowest hydraulic conductivity of all hydrostratigraphic units in the 100 Area.

1¢ RUM directly underlies the Hanford formation where Ringold E was removed by the Missoula
Floods (SGW-40781, 100-HR-3 Remedial Process Optimization Modeling Data Package).

The Hanfor Ringold contact was formed by cataclysmic paleo-floc  that first reworked the Ringold
Formation surface by eroding into the older sediments and creating paleochannels constrained by uplifted
basalt (the bedrock in the region). Hanford formation sediments w: : subsequently deposited over this
reworked Ringold surface (SGW-41213, 100-KR-4 Remedial Process Optimization Modeling Data
Package). Given the large differences in saturated hydraulic conductivity values for the two formations,
the location of the Hanford-Ringold contact relative to the water table is important to predicting
contaminant migration in the unconfined aquifer. Where the Hanford-Ringold contact occurs below the
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3.2 Moc g Features, Events, Processes, and Assumptions

This section provides a summary of key FEPs that are considered in the development of the VZ flow and
transport models for the River Corridor. These FEPs are important in developing the conceptual models
as they affect the transport of contaminants through the VZ. Section 3.2.4.6 lists key modeling
assumptions.

3.21 Climate and Vegetation

The DOE’s Hanford Site lies within the semiarid shrub-steppe Pasco Basin of the Columbia Plateau in
south-central Washington State. The region’s climate is greatly influenced by the Pacific Ocean and the
Ca de Mountain Range to the west, and other mountain ranges to the north and east. The Pacific Ocean
moderates temperatures throughout the Pacific Northwest, and the Cascade Range generates a rain
shadow effect that limits rain and snowfall in the eastern half of Washington State. ...e Cascade Range
also serves as a source of cold air drainage, which has a considerable effect on the wind regime on the
Hanford Site. Mountain ranges to the north and east of the region shield the area from the severe winter
storms and frigid air masses that move southward across Canada. The following climate information
summary is extracted from information reported in PNNL-6415, Hanford Site National Environmental
Policy Act (NEPA) Characterization.

Climatological data for the Hanford Site are compiled at the Hanford Meteorology Station (HMS), which
is located on the Hanford Site’s Central Plateau, just outside the northeast corner of the 200 West Area
and about 4 kilometers (km) (3 miles [mi]) west of the 200 East Area. Meteorological measurements have
been made at the HMS since late 1944. Before the HMS was established, local meteorological
observations were made at the old Hanford town site (1912 through late 1943) and in Richland (1943 to
1944). A climatological summary for Hanford is provided in a report by PNNL-15160, Hanford Site
Climatological Summary 2004 with Historical Data. Data from the HMS capture the general climatic
conditions for the region and describe the specific climate of the Hanford Site’s Central Plateau. The size
of the Hanford Site and its topography give rise to substantial spatial variations in wind, precipitation,
temperature, and other meteorological characteristics. To characterize meteorological differences
accurately across the Hanford Site, the HMS operates a network of monitoring stations. These stations,
which currently number 30, are situated throughout the Hanford Site and in neighboring areas.

The prevailing surface winds on Hanford’s Central Plateau are from the northwest and occur most
frequently during the winter and summer. During the spring and fall, there is an increase in the frequency
of winds from the southwest and a corresponding decrease in winds from the northwest. Monthly and
annual joint-frequency distributions of wind direction versus wind speed for the HMS are reported in
PNNL-15160. Monthly average wind speeds 15.2 m (50 ft.) above the ground are lower during the winter
months, averaging 2.7 to 3.1 m/s (6 to 7 miles per hour [mph]) and faster during the spring and summer,
averaging 3.6 tc ) m/s (8 to 9 mph). The fastest wind speeds at the Hanford Site are usually associated
with flow from the southwest. However, the summertime drainage winds from the northwest frequently
exceed speeds of 13 m/s (30 mph). The maximum speed of the drainage winds (and their frequency of
occurrence) tends to decrease at locations toward the southeast. The HMS averages 156 days per year
with peak wind gusts greater than or equal to 11 m/s (25 mph) (ranging from a low of about 7 days in
December to a high of nearly 20 days in June and July). Of these, an average of 57 days occur with beak
gusts greater than or equal to 16 m/s (35 mph) (from a low of about 3 days in September and October to a
high of about 6 days during the months of April through July).

24
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Monthly averages and extremes of temperature, dew point, and humidity are presented in PNNL-15160.
ased on data collected from 1946 through 2004, the average monthly temperatures at the HMS range
from a low of -0.7°C (31°F) in January to a high of 24.7°C (76°F) in July. The highest winter monthly
average temperature was 6.9°C (44°F) in February 1958 and February 1991, and the lowest average
monthly temperature was -11.1°C (12°F) in January 1950. The highest monthly average temperature was
27.9°C (82°F) in July 1985, and the lowest summer monthly average temperature was 17.2°C (63°F) in
June 1953. Daily maximum temperatures at the HMS vary from an average of 2°C (35°F) in late
December and early January to 36°C (96°F) in late July. There are, on average, 52 days during the
summer months with maximum temperatures eater than or equal to 32°C (90°F) and 12 days with
maxima greater than or equal to 38°C (100°F). From mid-November through early March, the average
daily minimum temperature is below freezing; the daily minimum in late December and early January is -
6°C "~ °F). On average, the daily minimum temperature of less than or equal to -18°C (approximately
0°F) occurs only 3 days per year; however, only about one winter in two experiences such low
temper. ~ es. T a rte  veh 4 atthe HMSis55%.Itish” *  duri  he wi
months, averaging about 76%, and lowest during the summer, averaging about 36%. The  wal average
dew point temperature at the HMS is 1°C (34°F). In the winter, the dew point temperature averages about
-3°C (27°F), and in the summer, it averages about 6°C (43°F).

Average annual precipitation at the HMS is 17 centimeters (cm) (6.8 inches [in.]). During 1995, the
wettest year on record, 31.3 cm (12.3 in.) of precipitation was measured; during 1976, the driest year,
only 7.6 cm (3 in.) was measured. For the year chosen to represent the annually occurring highest water
table (2008) in this model, the measured precipitation was 14.0 cm (5.49 in.). The wettest season on
record was the winter of 1996-1997, with 14.1 cm (5.4 in.) of precipitation; the driest season was the
summer of 1973, when only 0.1 cm (0.03 in.) of precipitation was measured. Most precipitation occurs
during the late autumn and winter, with more than half of the annual amount occurring from November
through February. Days with greater than 1.3 cm (0.50 in.) precipitation occur on average less than one
time each year. Average snowfall ranges from 0.25 cm (0.1 in.) during October to a maximum of 13.2 cm
(5.2 in.) during December, and decreases to 1.3 cm (0.5 in.) during March. The record monthly snowfall
of 59.4 cm (23.4 in.) occurred during January 1950. The seasonal record snowfall of 142.5 cm (56.1 in.)
occurred during the winter of 1992-1993. Snowfall accounts for about 38% of all precipitation from
December through February. Note that recharge measurements include all precipitation, including
snowfall.

Vegetation communities in this region are subject to change depending on soil type, climate conditions,

physical disturbance, and plant succession. Figure 3-7 illustrates the distribution of vegetation types and

areas on the Hanford Site before the major fire that occurred in 2000 (Legend for Figure 3-7 is provided
Figure 3-8). The extent of the year 2000 fire is shown in Figure 3-9.

Shrublands occupy the largest area in terms of acreage and comprise seven of the nine major plant
communities on the Hanford Site (PNNL-13688, Vascular Plants of the Hanford Site). Of the shrubland
types, sagebrush-dominated communities are predominant, with other shrub communities varying with
changes in soil and elevation. About 287 square kilometers (km?) (111 square miles [mi*]) of shrub
habitat dominated by big sagebrush was destroyed in the 2000 fire; this area is in various stages of
recovery. Of the vegetation types found on the Hanford Site, those with a shrub component (i.e., big

s brush, threetip sagebrush [Artemisia tripartita], bitterbrush [Purshia tridentata], gray rabbitbrush
[£ricameria nauseous, previously Chrysothamnus nauseosus], green rabbitbrush [Chrysothamnus
viscidiflorus], black greasewood [Sarcobatus vermiculatus), winterfat [ Krascheninnikovia (Ceratoides)
lanata], snow buckwheat [Eriogonum niveum), and spiny hopsage [Grayia (Atriplex) spinosal) are

25












SGW-50776, Rev. 3

(Poa sandbergii [secunda]), needle-and-thread grass (Hesperostipa comate, previously Stipa comata),
Indian ricegrass (Achnatherum hymenoides, previously Oryzopsis hymenoides), bottlebrush squirreltail
(Elymus elymoides, previously Sitanion hysterix), and prairie junegrass (Koeleria cristata), as well as a
number of broad-leaf forbs. Heavily grazed or disturbed areas often have an understory dominated by
cheatgrass. Heterogeneity of species composition varies with soil, slope, and elevation. Vegetation types
with a significant cheatgrass component are generally of lower habitat quality than those with bunchgrass
understories.

Most grasses occur as understory in shrub-dominated plant communities. Because shrubs have been
removed by fire in many areas, there are large areas of grass-dominated communities on the Hanford Site.
Cheatgrass has replaced many native perennial grass species and is well established in many low-
elevation (less than 244 m [800 ft.]) and/or disturbed areas. Of the native grasses that occur on the
Hanford Site, uebunch wheatgrass occurs at higher elevations. Sandberg’s bluegrass is widely
distributed throughout the Columbia Basin and the intermountain west. Needle-and-thread grass, Indian

.grass, and thickspil atgrass (Elymus ma  wrus, previously Agropyron dasytachyum) occur in
sandy soils and dune habitats.

Within the past few hundred years, the Hanford Site upland landscape had few trees and the Columbia
River shoreline supported a few scattered cottonwood (Populus spp.) or willows (Salix spp.).
Homesteaders and Manhattan Project construction workers planted trees in association with agricultural
areas and housing camps. Shade and ornamental trees were planted in the 1950s around former military
installations and industrial areas on the Hanford Site. Currently, approximately 23 species of trees occur
on the Site. The most commonly occurring species are black locust (Robinia pseudo-acacia), Russian
olive (Eleagnus angustifolia), cottonwood (Populus trichocarpa), mulberry (Morus alba), sycamore
(Platanus occidentalis), and poplar (Populus spp.). These trees are not commonly found in waste disposal
locations.

3.22 Recharge and Evapotranspiration

Recharge is the flux of water transmitted across the water table from the VZ to the SZ. Direct
measurement of recharge at the water table is typically im] :tical due to the inaccessibility, especially at
Hanford where the water table is commonly located at depths below ground surface (bgs) of 80 m or
more. Natural recharge is that recharge that originates as meteoric water. Other aquifer-influencing
operations, such as artificial discharges (from anthropogenic discharges such as those associated with past
waste management operations at the Hanford Site) or perturbations to the aquifer system from remedial
action pump and treat systems, where present, would complicate efforts at making a direct measurement
of natural recharge for a deep water table. Instead, measurements and analyses in the unsaturated zone at
shallow depths are used to characterize deep drainage. Deep drainage is defined here as the water flux
leaving the depth below which the processes of evapotranspiration can return water from the unsaturated
soil to the atmosphere (PNNL-17841, Compendium of Data for the Hanford Site (Fiscal Years 2004 to
2008) Applicable to Estimation of Recharge Rates). This deep drainage, with sufficient time, will be
manifest as the natural recharge flux. The time required for this to happen will depend on the thickness
and hydraulic properties of the VZ and the deep drainage rate itself. Changes in the deep drainage rate,
such as would result from changes in surface vegetative conditions that increase or decrease the
evapotranspiration rate, can take many years to be reflected in the recharge rate for a thick VZ in arid
conditions such as at the Hanford Site and can be an important consideration in characterizing recharge as
well (PNNL-17841).
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again. Thus, the historic and projected land cover condition is the determining factor for selecting
rect rates to apply with time.

3.2.3 Columbia River - Aquifer Interactions

The groundwater flow in the aquifer and exchange with the Columbia River impacts contaminant
transport within the geographic areas in the River Corridor. Flow paths in the groundwater/river zone of
interaction vary with daily and seasonal fluctuations in river stage. River water infiltrates the banks during
high river stages, moves inland, then reverses flow as the river stage subsides, and moves back through
the hyy eic zone and discharges to the riverbed. Monitoring and modeling studies suggest that this
back-and-forth motion of groundwater and river is very cyclical in response to the diurnal river stage
cycle, which typically includes two high stages and two low stages in response to power peaking demands

on the Priest Rapids hydroelectric ~ | located upstream of the Hanford Site. Review of past m ling
studies = "‘ition new studies conducted for the Rem« al Process Optimization (RPO) and 100-Area
RI/FS s that there is a significant back-and-forth or sloshing action due to flow reversals within

the aquifer resulting from river stage changes. For examp  an individual Cr(VI) atom may experiences a
discontinuous path on its way to the river. It will experience numerous reversals in flow direction before it
eventually reaches the water column in the river.

The wreversal is very significant process with respect to the fate and transport of Cr(VI) (the most
prevalent contaminant in the 100 Area). This is because it allows for the partial replenishment or resetting
of the geochemical factors that promote reduction, adsorption, and precipitation of Cr(V1I) that are close to
being maxed out (nutrient limited, adsorption site limited) towards the distal end of the groundwater flow
path. Modeling studies (e.g., PNNL-13674, Zone of Interaction Between Hanford Site Groundwater and
Adjacent Columbia River) indicate that the movement of groundwater in response to river stage is
predominantly piston-type flow. This action likely replenishes the geochemical environment and allows
for continued reduction, adsorption, and precipitation in the ‘porheic zone and adjaceni oundwater.

Work by the Pacific Northwest National Laboratory (PNNL) at the Intt  ited Field Research Challenge
site at the Hanford 300 Area illustrates the water action in terms of river stage versus contaminant
concentration in the hyporheic zone. In this case, the contaminant of concern is uranium. The figure

be w (Figure 3-10) shows uranium concentration in hyporheic zone in black versus the river stage (gray
line). There is a pronounced inverse relationship in which as the river elevation rises, uranium
concentrations decline; this may be due to reversal of flow direction and/or dilution. Similar observations
have been made for years in the 100-Area of Cr(VI) concentrations in response to the spring runoff.

Studies of Cr(VI) reduction in river water (Swietlik, 2002, “Kinetic Study of Redox Processes of
Chromium in  itural River Water”) indicate Cr(VI) reduction rates with a half-life (t,,) on the order of 2—
19 hours, indicating that Cr(VI) will be fully  luced in a river within a day to a week’s time. Because of
the river-stage changes, river w.  of differing chemistry is brought into contact with the ne:  ield

groun vater system adjacent to the river. This “rinsing” action allows the geochemical properties of the
aquifer matrix to be refreshed, and allows for continued geochemical reduction, adsorption, and
precipitation of contaminated groundwater upon contact with the sediment when the river stage drops and
groundwater flows towards the river.
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methodol /¢ ects a sample within tens of minutes and does not meet the 4-day criteria to estimate the
Criterion Continuous Concentration (CCC). [The CCC is an estimate of the highest concentration of a
material in surface water to which an aquatic community can be exposed indefini y without resulting in
an unacceptable effect.]

Review of the :ochemistry of the aquifer matrix and groundwater at the 100-HR-3 and 100-KR-4 OUs
indicates the presence of conditions that favor moderate amounts of reduction, adsorption, and
precipitation of Cr(VI). PNNL-14202, Mineralogical and Bulk-Rock Geochemical Signatures of Ringold
and Hanford Formation Sediments, conducted mineralogical studies of the Ringold formation and the
Hanford formation. The results of these studies suggest that both formations contain s1 icient iron, mica,
and other critical components to be able to foster Cr(VI) reduction as well as adsorption of the anionic
Cr(VI) species to positively charged surfaces such as along the edges of mica sheets and related clay

:athering products. While these mechanisms act continuously in the aquifer, they are not likely to have
a statistically significant measurable impact on highly contaminated Cr(VI) plumes; however, as active
remediation such as pump-and-treat systems operate and Cr(VI) concentrations in the aquifer decline,
these mechanisms become significant at lower concentrations.

Very h™ "1 concentrations of Cr(VI) at the main hotspot in the 100-D South plume and relatively high
concentrations in the adjacent 100-D North plume continue to be problematic. The DR-5 pump-and-treat
system has removed relatively large amounts of Cr(VI) from just four . raction wells in this area;
however, impact on the overall footprint of the plumes from DR-5 operation is minimal. The In Situ
Redox Manipulation (ISRM) Barrier, which enhances the natural reductive ¢  acity of the aquifer

thror "1 the addition of sodium dithionite, was installed downgradient of the south plume in Year 2000.
The barrier has exhibited uneven performance, although it appears to work well at the upstream end
where the aquifer is thicker, and the concentrations in the aquifer are lower along the east margin of the
plume. Immediately downgradient of the hotspot, there is breakthrough of the plume. Most likely, the
barrier is reducing Cr(VI) at a fairly steady rate across the length of the barrier, or at least per unit
thickness of aquifer. At the location where the aquifer is thinner and the concentrations are higher, the
reduction capacity is likely being exceeded, resulting in the observed break through.

An important outcome of the Expert Panel study (SGW-39305, 2008) was the recommendation to assess
the 1:1 factor within the context of the U.S. Environmental Protection Agency (EPA) guidance on
attenuation!. As the EPA guidance notes, the primary mechanism for attenuation of Cr(VI) is the natural
reduction in the environment in the presence of iron and enhanced by bacteria. Additional attenuation can
occur via chemic: precipitation and adsorption to mineral grains. Biostimulation of bacterial growth via
addition of carbon substrates is a common method of accelerating this reduction. However, the ambient
bacterial population will still generate Cr(VI) reduction at some rate.

The Expert Panel on groundwater-surface water interaction correctly noted that much of the flow within
the aquifer adjacent to the hyporheic zone is likely to be laminar flow. Some mixing will occur under
these conditions; however, this is likely to be relatively minimal owing to local variations in hydraulic
conductivity. The main mechanism will be the transgression and regression of river water through the
hyporheic zone and into the adjacent aquifer. This movement must obey the usual rules of flow within a
potential field such as that found in groundwater; consequently, the resulting movement will be much like
piston flow with river water invading and receding from the formation. The significance of this action is

1 The interim groundwater cleanup target for Cr(VI) in the pump and treat system (22 pg/L) have been set with the expectation
that the groundwater discharging to the river will be subject to at least a 1:1 dilution, which will result in concentrations below
the ambient freshwater aquatic life chronic toxicity target value of 11 pg/L.
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e Spent fuel stor. : basin cooling water overflow
e Building ains where radioactive solutions were generated and disposed

With the exception of the pr  iry coolant loop decontamination rinse solution, which was generated
every 2 to 4 years (Groundwater Impact Assessment Report for the 1325-N Liquid Waste Disposal
Facility [WHC-EP-067¢ , all solutions were generated and discharged continuously. The coolant fluids
and basin fluids were the primary sources of LWDF discharge (see Figure 4- 1, adapted from WCH-
0675).

These fluids became contaminated by contact with ruptured fuel elements and subsequent dissolution of
readily dissolvable isotopes. The fluids were piped from the N Reactor or the fuel storage basin to the
1322-N Facility, then to the 13 10-N Storage Facility or the cribs, :nding on the contamination levels.
Fluids w™" inacceptably high contamination levels went to 1310-  d were transported by ™ tc

2( Areafordisp:

3.25 Modeling/ umptions

Various modeling assumptions are made to perform the PRG and SSL calculations. Some of the key
assumptions are:

e The vadose zone is considered homogeneous in nature, within the stratigraphic cross sections
de' oped for the simulations, without consideration to the presence of thin finer-grained material,
which can retard the downward migration of contaminants.

¢ Groundwater is assumed to have negligible mixing with the Columbia River. In calculating the values
for surface water protection, ti  point of compliance is assumed at the groundwater below the waste
site. No attenuation or decay of contaminants is assumed between the source area and the
groundwater or the river.

» The vadose zone is assumed to be fully or partially contaminated depending on the distribution
coet ient of the contaminant. For fully contaminated vadose zone scenarto, two nodes above the
water table were kept clean to avoid numerical issues due to boundary effects. This scenario is
referred as effective fully contaminated in this document. The SSL calculations use an irt  ition
recharge scenario but the PRG calculations use native vegetation recharge scenario based on
reestablishment of 1 -al infiltration.

e A linear equilibrium sorption isotherm is assumed to describe the sorption behavior of the
contaminants of interest. The linear adsorption mo(« , or K, approach, is a useful and practical
approach for modeling contaminant adsorption in transport performance assessments (PNNL-14576,
Applicability of the Linear Sorption Isotherm Model to Represent Contaminant Transport Processes
in Site-Wide Performance Assessments). Conditions exist for which this empirical approach is invalid,
e.g., situations involving reactive transport (e.g., uranium transport the 300 Area), or where the
concentrations of chemical parameters change rapidly within a small spatial zone (e.g., under a
leaking high-level waste tank). However, evaluation of the contaminants of interest for the 100 Area
and waste site conceptual site  )dels does not reveal such situations, and the K, approach is assumed
a valid approximation of sorption behavior for this model.

The calculations apply a derived K, for Cr(VI) of 0.8 mL/g, which is taken from the lower end of the
empirical cumulative distribution function based on the results of the batch leach testing at the 100
Area (ECF-Hanford-11-0165, Evaluation of Hexavalent Chromium Leach Test Data Conducted on
Vadose Zone Sediment Samples from the 100 Area) and summarized below in Section 3.3.4. This is
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therefore a bounding value that is applied to represent the residual fraction of Cr(VI) only that
remains in the vadose zone after remediation; it does not apply to the more mobile fraction that has
generally already migrated to groundwater prior to remediation. For all other contaminants of interest,
K, values will be defined by other environmental calculation files, with justification, for application
in this model.

¢ The initial conditions for matric potential at the start of the flow and transport simulations represent a
wetter vadose zone than is expected for such gravel-dominated sediments in an arid climate, thus
allowing significantly higher water and solute flux values.

e The median hydraulic gradient value for each source area may be too small for waste sites near the
Columbia River and may be several times too large for waste sites that are far inland fri  the river.

¢ In the modeling, revegetation of the area (frr  oare soil condition) is assur tost after five years,
th bare soil present for the first five years. This assumption results in more water infiltrating to the
“y>se et may actually occur.

e A minimum saturated aquifer thickness of 5 m is assumed.

e The longitudinal dispersivity in the transport calculations is set to zero to maximize the peak
concentration in the groundwater.

Due to several of the above-mentioned conservative choices, the SSL and PRG concentrations are
deemed to be bounding estimates (i.e., lead to the lowest reasonable threshold concentrations).

3.3 Nature and Extent of Contamination

This section presents an overview of the nature and extent of contamination by geographic area to be
simulated with the model. This discussion is not comprehensive in the manner that will be presented in
the Rl reports to be prepared for these OUs, but does present sufficient informatic  that is necessary to
guide the development of this model. The term “contaminants of interest” is used to indicate those
contaminants considered to aid in the development of this model because of prevalent groundwater
contamination. This term is used cautiously because it is not the function of this model package report to
identify COPCs or COCs: that will be the function of the RI reports for these OUs.

3.3.1 Geographic Area-specific Distribution of Contaminants in Vadose Zot

The 100 Area RVFS process has identified and characterized residual contamination within the VZ. As a
potential source of contamination to groundwater and the environment, understanding the distribution of
contaminants in the subsurface is critical to developing numerical models to support risk assessment. The
scussion is broken up into two parts. First, the general distribution of contaminants at each geographic
area in the 100 Area is summarized. The summaries are sed on information used to develop the work
plans for each geographic area. Second, data collected as part of the RI/FS process are used to illustrate
« served contaminant levels in the soil column in contrast to soil bac! ‘ound levels, and where available
the calculated SSL and final PRG values. The SSL and PRG values are calculated using Equation 2-1 and
discussed in Section 5.2.

In discussing contaminants of interest specific to the areas below, note that lower mobility contaminants
(that is, K, values greater than about 1.0 mL/g) are the focus for model development because this model is
constructed to address residual vadose zone contaminant still present. Higher mobility contaminants have
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other less-mobile contaminants generally decrease with depth below the disposal structure. The available
data indicate that residual concentrations of stroi um-90 and tritium remain in the VZ
(DOE/RL-2008-46-ADDS).

3.3.2 RIFS Borehole Data

Several cont:  nants have been identified in the 100 Area Groundwater OUs. Table 3-15 lists the
contaminants of interest for the Groundwater OUs in the 100 Area. As part of developing the RI/FS, VZ
samples were collected from variety of locations within the *90  :a. The selection of the locations was
biasec wards high-risk waste sites in order to increase the | :lihood that existing contamination could
beloca | tthe of publishing this report, 33 soil rings with samples in the VZ were available.
Borings in this dataset were taken from the 100-D, 100-H, 100-K, 100-F, and 100-BC geographic areas.
Figure 3-17 through Figure 3-21 consist of scatter plots of observed contaminant concentrations versus
fraction of depth below ground surface to the observed water table. The figures also include indicators of
the backg =nd. «centrations (DOE/RL-92-24, Hanford Site Background, PNNL-18577, A Review of
Metal Concentrations Measured in Surface Soil Samples Collected on and Around the Hanford Site;
ECF-Hanford-11-0038, Soil Background Data for Interim Use at the Hanford Site) and regulatory levels
(ECF-  inford-11-0063, STOMP 1-D Vadose Zone Modeling for Determination of Preliminary
Remediation Goals for 100 Area D, H, and K Source Operable Units) for comparison purposes. Only
analyt  results for which detectable levels of contaminants were found were included in the figures. In
most cases where background values were available, more than half of the measurements for all
geographic areas were measured below this level, however, concentration of some contaminants exceed
the background levels. In the case of strontium-90, the majority of detectable measurements were above
background; however, the concentration levels of strontium-90 are orders of magnitude below SSLs and
PRGs (when calculated) in all ge«  aphic areas. The details of ST™ and PRG calculations are p  ented in
Section 5.2. The zone of contamination for most contaminants, including Cr(VI), extends through lower
half of the VZ thickness.
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groundwater concentrations are found in the 100-D Area, with concentrations greater than 1,500 pg/L in
2006. Concentrations considerably less than the drinking water standard are also of concern because the
Washington St : ambient WQS for chronic exposure is 11 pg/L for aquatic biota. Groundwater pump-
and-treat systems are active for chromate remediation in the 100-K, 100-D, and 100-H Areas. At the 100-
D Area, chromate contamination is also being treated by ISRM (PNNL-16346. Hanford Site
Groundwater Monitoring for Fiscal Year 2006). Groundwater chromate concentrations found in the 100-
D Area at levels greater than that in the cooling water and the contaminant distribution in the 100-D, 100-
K, and other areas implicate dichromate leaks or spills and/or liquid waste disposal facilities as likely
sources for some of the grom ~va  contamination (PNNL-16346; BHI-00917, Conceptual Site Models
for Groundwater Contamination at 100-BC-5, 100-KR-4, 100-HR-3, and 100-FR-3 Operable Units; BHI-
01309, The Chromium Groundwater Plume West of the 100-D/DR Reactors: Summary and Fiscal Year
1999 Update). Figure 3-23 illustrates the extent of Cr contamination in the 100 A s based on the recent
groundwater monitoring report.

3.3.3.2 Vadose Zone Hexavalent Chromium Distribution

Cr(V]) is the most significant contaminant at each of the 100 Area OU’s with the exception of 100-

Due to the low propensity of Cr(VI) to adsorb to soil in the VZ, the majority of the Cr(VI) has likely
passed through the VZ into the groundwater. Results from leachability tests (see next section) indicate
that this is the case. The highest soil contaminant concentrations are expected within and near the point of
release. Sufficiently high volumes of liquids discharged into a waste site can increase the vertical extent
of contamination in the VZ. Where little or no liquid effluents were discharged to a waste site, soil
contamination is expected to remain within and only sl ly below the point of release. The available
data indicate residual concentrations of Cr(VI) r nin the VZ where remed  actions have been
complete However, few data are available to quantify total VZ Cr(VI) quantities and distribution. Soil
samples collected and analyzed during interim remedial actions (Borehole B8786 at 116-DR-1&2)
indicate that residual contamination is located above the water table and the periodically re-wetted zone.
The profiles of the 116-F-4 crib and 116-F-14 ret  ion basin show that contaminant concentrations
generally decrease with depth, with the exception of total Cr. Higher concentrations are generally present
between 1.5 to 3 m (10 ft.) bgs and are associated with the bottom of the engineered structure. Total Cr
concentrations increase with depth at the 116-F-4 crib toward the bottom of the borehole.
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is the mass source rate (MT™), i.e., aggregate rate of sources and sinks. As the gradient of the mole
fraction of water in water is zero, the second term on the right-hand side is zero, leaving the well-known
Richards equation:

3 ky k .
5o ps) pT(VP +p z,)+ m" (Eqn. 4-2)

Solving Equation 4-2 requires stipulation of appropriate boundary conditions, initial conditions, and
parameter values. Net infiltration was represented as a specified flux boundary condition along the top
boundary of the numerical model domain. Lateral groundwater flow was simulated using specified
pressure boundaries on the upgradient and downgradient edges of the aquifer portion of the numerical
domain. Initial conditions were specified for pressure throughout the model domain. Parameter values
were taken from approved Hanford Site databases and reports.

Solute trans; tina  iably saturated liquid i verned by water movement, diffusion, dis| sion,
sorption, ay, |chemical reactions. STOMP employs the advection-dispersion equation (termed the
solute mass conservation equation in P NL-12030) as the governing equation for transport of solute mass
in the aqueous phasé:

%f. = —(VC-V)+ m¢—R°C+ . (tnp s D¢ + ny s D,)VC] (Eqn. 4-3)

where C is solute concentration (ML™), ¥ is the seepage velocity vector (LT, m® is the solute source
rate (MT™), R® is the solute decay rate (T™'), D" is the solute diffusion coefficient for variably saturated
media (L*T™"), Dy, is the hydraulic dispersion coefficient (L*T™"), and all other variables are defined as
above. Sorption, which is the interchange of solute molecules between the dissolved phase and the
adsorbed phase onto the geologic material, can be linear or nonlinear, equilibrium or non-equilibrium.
STOMP calculates equilibrium distribution of the solute molecules between the dissolved and sorbed
phases with a general equation of the following form: ‘

CT nD S Cl + (1 - nT)CS (Eqn 4-4)

Here C7 is the total concentration of the contaminant in a given pore volume, C; is the dissolved phase
concentration (solute concentration), C; is the sorbed phase concentration, and n7 is total porosity (L’L™).
i~ DMP can handle nonlinear equilibrium sorption isotherms such as the Freundlich and Langmuir
isotherms, but the linear equilibrium sorption isc * rm is the only sorption behavior considered in this
report. It is defined as:
&

K
da g

(Eqn. 4-5)

where K, is the distribution coefficient (L*M™). Solving the advection-dispersion governing equation and
the linear sorption equations above requires stipulation of appropriate boundary conditions, initial
conditions, and parameter values. The seepage velocity V in uation 4-3 is taken from a solution of the
Richards equation (Equation 4-2), so the flow system at each time step must be solved prior to solving for
concentration in the same time step. Boundary conditions for concentration were typically specified as
zero flux or zero concentration. For example, the net infiltration water or aquifer water entering the
domain were each assumed to have a zero contaminant concentration. Initial conditions were specified for
contaminant soil concentration, C; in Equations 4-4 and 4-5, by the user. Values for the dispersivity,
diffusion coefficient, and K, parameters were taken from approved Hanford Site databases and reports.
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4.1.2 Constitutive Relations

Solving the Richards Equation (Section 0) requires adequately defined soil-moisture retention and relative
permeability functions. The VZ and aquifer sediments were assumed to follow the van Genuchten (1980)

yisture retention constitutive relation and the Mualem (1976) relative permeability constitutive relation.
The moisture retention constitutive relation defines the relationship between volumetric water content and
matric potential, & ), and is also known as the pore-pressure—saturation curve or the characteristic curve.
According to van Genuchten (1980), the relationship is:  ined as:

o) =6, (6, 6,)(1+[ap|")™™ (Eqn. 4-6)

for which a is proportional to the inverse of the air-entry matric potential (L), 6, is saturated volumetric
water content (L’L>), 6, is the residual volumetric water content (L°L™), and » and m are dimensionless
fitting pa  neters with m = (n-1)/n. In terms of STOMP’s state variables and parameters, volumetric

water content is the product of water saturation and diffusive porosity, €= s np, and matric potential y is
: ratio of gas-aqueous capillary pressure to the product of liquid density and the gravitational
acceleration constant.

The Mualem—van Genuchten relative permeability in terms of matric potential, K(y), is defined as:

K@) = K + (1 + [ap|™) ™™ {1 = [(1 = |ap|™)~*T™)? (Eqn. 4-7)

where K is the saturated hydraulic conductivity (LT ™) and £is Mualem’s dimensionless fitting
parameter. Solving the characteristic equation for matric potential and substituting the result into the
above equation yields the relative permeability in terms of volumetric water content:

8 )’
_ 66, ) _ ( a_a g
K(6) =K, (es—er {1 [1 o) (Eqn. 4-8)
The n parameter is an index of the pore size variability, which is commonly taken as the inverse of the
pore size standard deviation, for the Mualem-van Genuchten parameterization, whereas [ represents the

tortuosity and the partial correlation in pore radius between two adjacent pores at a given saturation
(Mualem, 1976).

4.2 Sc¢ ware Used

STOMP (PNNL-11216; PNNL 2030; PNNL-15782) was selected to simulate the transport of
contaminants in the vadose zone of the 100 Area because it fulfills the following specifications:

e The STOMP simulator operational modes needed for implementation of this model is available free
for government use under a limited government-use agreement.

e The STOMP simulator solves the necessary governing equations (see Section 4.1 above).
e [t is capable of directly simulating the principal FEPs that are relevant (see Section 3.2 above).
° 1e STOMP simulator is well documented (PNNL-11216; PNNL-12030; PNNL-15782).

e The STOMP simulator development is compliant with DOE O 414.1c¢ requirements
(PNNL-SA-54022, STOMP Softw.  Test Plan Rev. 1.0; PNNL-SA-54023, STOMP Software
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423 Statement of Valid Software Application

U >fthe STOMP software for implementing the model described in this report is consistent with its
intended use for CHPRC, as identified in CHPRC-00222. A fact sheet that provides a brief overview of
work that as validated the STOMP simulator software and the breadth of applications to which this
simulator has been applied is presented in Appendix C.

4.3 Spatii and Temporal Discreti: n

STOMP, or any numerical modeling code, solves the governii  zquations (see Section 4.1) at user-
specified cations and times. For STOMP, the conceptual model’s physical domain is discretized into
grid blocks within which the governing equatic s are solved on the centroids at times determined by the
code’s time-stepping algorithm and, in part, by the u ~ The governing equations are solved using

al volume finite-difference method. STOMP’s inactive not  feature, most commonly applied in

dimensional models to represent non-uniform surfaces or relatively impermeable regions, was not
used. STOMP’s optional dynamic domain feature was not utilized because this 1-D model is not
computationally demanding, so no advantage would be gained by using this feature.

As described in Section 3, the conceptual model represents a column of sediments that comprise a VZ and
an underlying aquifer. Recharge-driven flow moves downward through the VZ, where it encounters
contamination that is eventually transported to the aquifer, across which a pressure gradient drives
horizontal flow. The conceptual model is represented numerically as a vertical, one-dimensional column
of ever '-spaced grid blocks with boundary conditions defined on the grid block faces (see Section 0) and
initial conditions defined at the centroids (see Section 4.4.2). The number of grid blocks in this vertical
column is varied to match the length of each representative stratigraphic column, and the hydraulic and
transport properties assigned to each grid block is changed to match the lithologic composition of each
stratigraphic column (see Section Error! Reference source not found.). STOMP is inherently a three-
imensional code, but through the specification of a single vertical column of grid blocks and the
specification of no-flow (zero flux) boundary conditions on the vertical faces (north, south, east, and
west), the model is reduced to functioning as a one-dimensional representation.

Given the differences in the representative stratigraphic columns, each grid block was assigned a constant
thickness and length. Grid block thickness was set to 0.25 m to represent the changes in lithology and to
avoid large grid-block Courant numbers (see Section 4.3.2). A length of 10 m for the 100-D/H, 100-K,
100-BC, 100-F, 100-IU-2/6, and 100-N geographic areas was selected to avoid large grid-block Courant
numbers in the aquifer grid blocks during transport simulations (see Section 4.3.2). The results were
scaled down to pro  ce results appropriate for a column of a unit length (1 m).

The simulated time span was divided into two intervals, one that represents the period prior to the year
2010 (pre-2010 period), during which only flow was simulated, and one that represents the period after
the year 2010 (post-2010 period), during which both flow and solute transport were simulated (see
Section 0).

4.3.1 Representative Stratigraphic Columns

A total of 28 different representative stratigraphic columns were simulated for the five different
geographic areas: 100-D/H, 100-K, 100-BC, 100-F, and 100-1U-2/6 (Figure 4-1 and Figure 4-2). Some of
the representative stratigraphic columns for 100-BC, 100-F and 100-IU-2/6 may be revised based on
reevaluation of extent and thickness of Ringold E unit. The thickness of the representative columns
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ranged between 8 and 40 m (Table 3-2 through Table 3-7), with a corresponding range of 32 to 160 grid
blocks. Model domain dimensions and discretization were held constant for the pre-2010 and post-2010
simulations.

The thickness of the VZ, excluding the 4.5 m of clean fill at the top, ranges between 3.5 and 35.5 m
across all geographic areas. Aquifer thickness was set equal to the observed thickness for each
representative column unless that thickness was less than 5 m, in which case the minimum thickness was
set to a minimum thickness of 5 m. This was necessitated by the model requirement that groundwater
concentrations were representative of a water table monitoring well that was constructed with a 6-m (20-
ft) screen in such a way that a 5-m-long span was below the water table. However, it was observed that
using Smdeep "~ tead of deeper SZ did not change the peak concentration at the water table. On the
other hand, run time for the simulation reduced significantly because the number of active nod: in the
model is less than the mod  with the deeper SZ. So, a 5-m thick SZ was used for all the representative
columns.

Depending on source-area-specific geology, the VZ comprises either Hanford formation alone or a
combination of Hanford and Ringold E units (Table 3-2 through Table 3-7 and Figure 4-1, Figure 4-2,
and Figure 4-3). At the start of each post-2010 simulation, the VZ spans a cover of clean fill with constant
thickness as well as contaminated and uncontaminated sediments of varying thickness. The SZ can
comprise of, only Hanford f ation, a combination of Hanford formation and Ringold E unit, or only
Ringold E unit (Table 3-2 through Table 3-7 and Figure 4-1, Figure 4-2, and Figure 4-3). If present, the
contact between the Ringold E unit and the RUM forms the bottom of the unconfined aquiferSimulation
Periods

Two sequential STOMP simulations were used to determine peak groundwater concentrations. The first
stage model, called the pre-2010 model, simulated flow through the representative columns for a 2,010-
year period (an arbitrary long period chosen to allow establishment of pressures in equilibrium with the
present day conditions). Results from the pre-2010 simulations provided initial aqueous pressure
conditions for the 1,000-year-long second stage simulation, the post-2010 model, which is solved for both
flow and solute transport. The post-2010 solute transport simulations track the fate of contaminants with
different distribution coefficients (K;) and decay constants through the VZ and into the aquifer. These
results were used to identify the peak groundwater concentrations.

As described below, recharge rates varied with time during the pre-2010 simulations to represent changes
in land cover with the start of operations at the Hanford Site in the year 1944. Aqueous pressure and
saturation values were reviewed at least every ten years after the start of operations to ensure that the
values had reached equilibrium prior to the end of the simulation period.

4.3.2 Grid and Time-Step Constraints

The choice of grid block dimensions and time step intervals can affect solution convergence and mass
balance errors. Deleterious effects can be minimized by choosing grid-block and time step sizes that yield
acceptable Peclet and Courant numbers for the model. Defined as the product of the seepage velocity and
the ratio of the time step and the grid block dimension, dimensionless Courant numbers provide a stability
constraint and should ideally are less than 1.0 to minimize convergence and mass balance problems (for
ex. le, see page 231 in Celia and Gray, 1992, Numerical Methods for Differential Equations). Courant
numbers for the aquifer grid blocks, in which flow is horizontal under fully saturated conditions, were all
less than 1.00. Courant numbers for the VZ grid blocks, in which flow is vertical under variably saturated
conditions, were all less 1.0 for all recharge scenarios. No grid size constraints were placed based on
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simulation. Calendar year 2010 is chosen as the time when the first, historic simulation ends and the
second, predictive simulation begins. Recharge rates were conservatively simulated in STOMP as a
specified flux boundary condition applied to the top boundary of the model (Figure 4-5) for each recharge
scenario and each soil type. Rates were assumed to change over time in step function-fashion for each
recharge scenario.

Two recharge scenarios based on differing land use or land cover were evaluated: (1) native vegetation
recharge scenario and (2) irrigation recharge scenario. These scenarios represent different future land-use
activities that vary o0 time. The recharge rates for the historic (pre-2010) period are the same for both
recharge scenarios, but differ with respect to the rec! e rates applied in the predictive (post-2010)
period representing different potential future land uses.

The recharge rates for the native vegetation recharge scenario are specified by period in Table -1 for the
three surface soil types, used to represent variability, and the disturbed soil type. T. first| iodis
arbitrarily long time (from calendar year 0 through 1944) used to attain a steady- flow condition
throughout the model domain at the long-term recha  rate for mature shrub-steppe vegetation
conditions. For sites where applicable, a historic irrigation period is specified (for disturbed soil
conditions only) from 1880 to 1944 to address the impacts of pre-Hanford agricultural activities, which
apply primarily to 100-D and 100-H Areas. The Hanford operations period (1944 to 2010) applies
recharge rates applicable to bare soil. For the predictive (post-2010) simulation, vegetation progresses
from bare soil, through a cheatgrass phase (for disturbed soil conditions only), to a maturing shrub-steppe
vegetation cover through a 30-year transition period (DOE/RL-2011-50) to mature shrub-steppe
vegetation cover.
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e There were no pumping test data for the Hanford formation in the 100-K geographic area, so the
horizontal K; was set to be ten times the geometric mean vertical K, for samples from the 100-K
geographic area on the basis of an assumed horizontal to vertical anisotropy ratio of 10:1 (Table
4-6).

e The horizontal K, value for the Hanford unit in the aquifer at 100-F (Table 4-7) was taken from
the 100 Area groundwater flow and transport model calibrated value at the time these parameters
were developed, which was about 48.3 m/day at the time these values were collected?. The
vertical K; value for Hanford unit in the aquifer is assumed to be ten times smaller than horizontal
K, at 100-F (assumed horizontal to vertical anisotropy ratio of 10:1), which is 4.83 m/day.

e For the Hanford formation at 100-IU-2 and 100-IU-6, saturated hydraulic conductivity data were
not available, so the horizontal and vertical K, values for the Hanford formation in the aquifer
(Table 4-7) are assumed to be represented by the corresponding values at 100-H (Table 4-5).

e At 100-F, 100-TU-2 and 100-IU-6, saturated hydraulic conductivity data were not available,
T refore, the corresponding values at 100-D (Table 4-5) are assumed to represent the horizontal
and vertical K; values for Ringold E unit in the aquifer at the 100-F, 100-IU-2, and 100-IU-6 OUs
(Table 4-7). There are no measurements of K for the Hanford formation in the saturated zone in
100-BC. To estimate a value, the ratio of horizontal K for Hanford formation between the SZ and
VZ at 100-H was calculated (ratio of 53.8), and this ratio was used to estimate the K, for Hanford
in the SZ at 100-BC. The horizontal X for Hanford formation in the VZ at 100-BC is 1.02E-03
cm/s, and the corresponding horizontal K for Hanford formation in the SZ is about 47.4 m/day
(5.49E-02 cm/s) at 100-BC based on the above ratio . .ble 4-8).

e There are no measurements of K; for the Ringold Formation in the saturated zone in 100-BC. To
estimate a value, the calibrated value from the 100 Area Groundwater Model (SGW-40679) was
used, which is about 6.2 m/day (7.18E-03 cm/s).

100-NR-1 OU-specific values for several Mualem-van Genuchten hydraulic parameters were obtained for
the Hanford formation from DOE/RL-96-11, 1301-N and 1325-N Liquid Waste Disposal Facilities
Limited Field Investigation Report and four additional raw data points obtained from HEIS. The RETC
software (EPA/600/2-91/065, The RETC Code for Quantifying the Hydraulic Functions of Unsaturated
Soils) was used to analyze the raw data to obtain the unsaturated hydraulic properties. These property
values are all gravel corrected. The gravel correction was done using Equation 4 in WHC-EP-0883,
Variability and Scaling of Hydraulic Properties for 200 Area soils, Hanford Site. There were other eight
samples from the 100-N Area reported in DOE/RL-96-11. All the available vadose zone parameter values
are listed in Table 4-9. The 100-N Area sediments are dominated by the gravel fraction (> 2-mm size),
with gravel clasts accounting for 4 to 82% of the total sample mass (Table 4-9). Moisture retention data
were measured on the non-gravel sediment fraction (< 2mm size) and corrected for gravel fraction. The
gravel correction was done using Equation 1 (WHC-EP-0883, Variability and Scaling of Hydraulic
Properties for 200 Area soils, Hanford Site, Equation 4):

Op.sy = FrO(5sy = (1 — F)0 5y Equation 1

2 Note that the current version of the 100 Area Groundwater Model has a calibrated value of 100 m/day for this parameter (SGW-46279 Rev. 2).
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where 6, ) is the volumetric moisture content of the bulk soil which includes gravel, 8¢ s, is the
volumetric moisture content of the fines (the fraction tested in the laboratory), Fs is the volumetric
fraction of the bulk soil sample passing through the No. 10 sieve (< 2mm), and F; is the volumetric gravel
fraction (the complement of Fy). This is well-established procedure for soils with substantial aggregate
such as : Hanford Site.

Horizontal saturated hydraulic conductivity n  surements from aquifer slug tests fi the se areas
presented therein were reviewed and geometric means were calculated for aquifer test measurements only
(Table 4-10). These mean K values ranged from 2.6 to 9.4 m/day (Table 4-10). The geometricn 1
horizontal K, values shown in Table 4-10 for the Ringold E in 100-N Area were compared against the
range of preliminary calibration values currently in use for the 100 Area groundwater flow and transport
model and found to be reasonably consistent. Vertical anisotropy value commonly assumed is 0.1 for
Hanford Site sedin its (¢ V-40781; £ ~"V-41213; and SGW-46279).

The Mualem-van Genuchten hydraulic properties for the Hanford formation were estimated for 100-N
Area by averaging the individual parameter values for all samples (Table 4-11). An exception is the
saturated volumetric water content, given symbol &, in the van Genuchten (1980) moisture retention
relation and equivalent to the diffusive porosity n, in STOMP. The &, values in Table 4-9 were
determined by applying a gravel correction factor to the values determined in the laboratory on the <
2mm fraction. The absence of the gravels may have resulted in underestimation of the void volume
available for flow because of the difficultly in reconciling high K| values with very low porosity values.
Therefore, the Hanford site-wide estimate of 0.280 and Ringold site-wide estimates of 0.293 were
adopted for the total porosity in these units.

Mualem-van Genuchten parameters for the Hanford formation in the 100-N Area were determined from
the six samples taken from the Hanford formation in boreholes 199-N-108A and 199-N-109A. The
arithmetic mean from all the available data was calculated for all the hydraulic parameters except for K.
However, in the case of the K| value, the geometric mean was calculated for sample identification codes
BOGL72, BOGL74, BOGL98, BOGLBO0 and BOC™ ™ 2. The horizontal aquifer saturated conductivity
K, » was estimated as ten times the vertical saturated hydraulic conductivity (K;, = 10 x K ).

Mualem-van Genuchten parameters for the Ringold Formation in 100-N were determined from the six
samples taken from boreholes 199-N-108A and 199-N-109A. The arithmetic mean  n all the available
data was calculated for all the hydraulic parameters except for K, r K, the geometric mean was
calculated from all the available samples and was used as model input. The horizontal aquifer K, was also
taken to be 10 x K| ,.
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For transport simulations, STOMP requires ~* : particle density (p,) values of the backfill, Hanford
formation, and Ringold units. The particle density of each unit can be calculated using the bulk nsity
(pp) and dividing it by 1-  tal Porosity term. Bulk density is necessary for retardation scaling factor
calculations. Estimates of bulk density for Hanford formation and Ringold E unit were obtained from
PNNL-14702, which gave 1.91 g/cm’ for the Hanford formation and 1.90 g/cm’ for the Ringold E unit.
The bulk density estimate of 1.94 g/cm’ for backfill was obtained from PNNL-18564. Dispersion was
conservatively assumed negl »>le, so dispersivity values were all set to zero. Barring numerical
dispersion introduced by the solution method, setting dispersivity values to zero yields higher peak
concentrations than setting non-zero values and therefore yields conservative PRG values.

452 Contaminan' ansport Parameters and Ranges

Partition coefficient, K, values for sorption were identified in ECF-Hanford-12-0023, Groundwater and
Surface Water Cleanup Levels and Distribution Coefficients for Nonradiological and I  “olo. ~ 1l
Analytes in the 100 Areas ¢~ 300 Area. ¢ lin Section 5,  1ulations were run to produce peak
groundwater concentrations for a subset of the range of distribution coefficients required for all
contaminants of interest. Typically, the subset comprised 26 distribution coefficients (Table 4-12)
between 0 and 16 mL/g. Dividing the K, range from 0 to 16 mL/g into 26 distribution coefficients and
performing calculations provides enough resolution for interpolation in peak concentration when the K,
for a given contaminant falls between the two values for which simulations were performed. For those
contaminants with K, values greater than 16 mL/g, the peak concentration was calculated by usi  the
scaling methods described in Section 5.

For 100-D, 100-H and 100-N areas, the distribution coefficient for each contaminant was directly
simulated. Therefore, no interpolation was needed for obtaining peak groundwater concentration in those
areas.

46 Imp nentation Using STOMP

Calculations using STOMP are performed in two modeling steps. The first step, called the pre-2010
model, is used to sim  te flow through the representative col 1up  Year 2010. A long-term
transient-state simulation is performed so that near steady state hydrologic conditions are reached in the
model domain based on the prescribed boundary conditions. The result of this model is used to set up the
initial conditions for the second modeling step where both flow and transport are simulated for a period of

000 years (starting from year 2010). A detailed description of the STOMP input files3 for both models
is presented in Appendix B for a representative column chosen from 100-D geographic area.

3 The parameter values are presented for the purpose of illustration of the model set-up only and do not necessarily
imply that the final calculations were run with this parameter set.
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5. Model Results and Application

The peak groundwater concentrations obtained by employing STOMP were used to identify those
constituents that pose a ; icant risk from a fate and transport perspective. The objective was to
determine concentration of contaminants in the VZ that will not cause an exceedance of groundwater and
surface water regulatory standards for the ranges of conditions observed within the 100 Area. Two sets of
residual contaminant concentrations for the VZ were developed: SSL and PRGs, each with its own
specific pt _ sse.

The SSL for each analyte is defined as the larger of a background level, a practical quantification limit, or
a calculated SSL that was computed using STOMP and a highly conservative set of assumptions on
contaminant distribution and recharge rates. SSL are used to separate analytes from COPCs and
determine which COPCs warrant further evaluation or investigation (EPA/540/R-96/018;
EPA/540/R-95/128; DOE-STD-1153 ~1""" ] : defined as the allowable concentrations or
activities of constituents in the VZ that are protective of groundwater and surface water quality. PRGs a
calculated for COPCs that failed the screening process. For the lower K, contaminants (K, <2 mL/g), a
uniform concentration of 1.0 mg/kg was applied in the entire vadose zone below the clean backfill up to
0.5 m (two grid blocks) above the water table fortl low K, contaminants; this is termed the effective
100:0 initial source distribution. Initial concentration in the 0.5 m zone above the water table was not
applied due to the physical presence of capillary fringe and water table movement in the periodically
rewetted zone that would result from river stage fluctuations. I'" ing the inif" ™ mass at the water table
can also result in unrepresentative large peak releases in the simulation start because of the extreme
concentration gradients created by the application of this initial condition. According to SGW-51818, for
the higher K, contaminants (K, > 2 mL/g) if the soil column is shown to be not contaminated throughout
the vertical profile, : most conservative assumption (i.e., contamination throughout the full thickness of
the vadose zone) can be considerably relaxed with respect to soil cleanup decisions at waste sites in the
100 Areas. Based on this conclusion, for the high K, contaminants the upper 70% of the vadose zone
below the cl 1 backfill was assumed to be contaminated while the lower 30% is treated as
uncontaminated; this is termed the 70:30 initial source distribution. The 70:30 initial source distribution
assumption is still conservative for the high K, contaminants with respect to peak concentration based on
observed lim d vertical extent (SGW-51818)

5.1 Peak Concentration Calculation and Scaling

Peak concentrations for use in calculating SSLs or PRGs were obtained by running multiple simulations
using & DMP for the set of K values listed in Table 4-12 for the irrigation recharge scenario in the case
of SSLs, and for the native vegetation recharge scenario in the case of PRGs. Peak concentrations are
estimated, based on the K; value of each contaminant from linear interpolation of the results of the
STOMP simulations, as follows:

1. For contaminants in the range K, < 1.0, the ‘FORECAST”’ function in Excel® that uses a best
fit (least squares) linear regression is used to estimate peak concentration.

2. For contaminants in the range 1.0 < K,; < 2.0, a fitted linear regression equation created by
performing a linear regression of STOMP simulated peak concentrations against K, values in
the range 0.5 < K; < 2.0. This range is estimated separately from higher K, values because a
different initial solute condition (100:0 initial distribution) is used for K, < 2.0 than for higher
values. An example is shown in Figure 5-1 using 100-D representative stratigraphic column 1
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with irrigation recharge for Ephrata sandy loam soil. For the contaminants with higher X,
values, the inverse of peak concentrations (//CPK) varies nonlinearly with K;values.

3. For the contaminants in the range 2.0 < K,; < 8.0, the ‘FORECAST’ function in Excel® that
uses a best fit (least squares) linear regression is used to perfi  a linear regression of
STOMP simu” * d peak concentrations against K, values over the same range. This range is
estimated separately from lower K; values because a 70:30 distribution is used (in contrast to
the 100:0 initial solute distribution applied for lower K, values).

4. For contaminants in the range K, > 8.0, a fitted linear regression equation created by
performing a linear regression of STOMP simulated peak concentrations against X, values in
this range is used. The peak concentrations beyond the simulated K, values were estimated
using regression equation mentioned. An example is shown in Figure 5-2 using 100-D
colt 11 with irrigation recharge scenario rates for Ephrata sandy loam or stony loam
surface soil.

The numerical threshold for breakthrough within 1000 years was set to 1.0x10” pg/L for non-
radionuclide contaminants and 1.0x10™ pCi/L for radionuclide contaminants. If breakthrough above this
threshold was not simulated in more than one of the representative stratigraphic columns, then the results
were assigned the code “NR” to designate a non-representative result. For SSLs, this condition was
observed for contaminants with K; values greater than 22 ml./g; therefore the SSLs for all contaminants
with K greater than 22 mL/g were coded “NR.” For PRGs, this condition was observed for contaminants
with K, values greater than 1 mL/g; therefore the PRGs for all contaminants with K, greater than 1 mL/g
were coded “NR.”

If simulated peak concentrations are very small, application of Equation 2-1 can lead to physically
unrealistic soil concentrations (e.g., 10 kg of aluminum per kg of soil) for the SSLs or PRGs. Although
not strictly necessary, the maximum PRG value was capped at an estimate of the total contaminant mass
that could occupy the void volume within a kg of soil.
The bulk density (ps) of the soil in the 100 Area is 1930 kg/m’. For 1 kg of soil, the total volume (¥7) of
the soil is:

1ka

—=5.18x10"* m’

19ysu kg/m3

The contaminant is assumed to occupy all of the pore space. Thus, the maximum mass of contaminant in
the soil is:

nXVTpr

where 7 is the total porosity and p, is the particle density of the contaminant. In the 100 Area, the total
porosity of Hanford formation or Ringold E unit is 0.28, and the particle density of the contaminant is
assumed to equal the particle density of the soil, 2680 kg/m’®. The maximum mass of contaminant in 1 kg
soil is given by:

0.28%5.18x10™ m*x2680 kg/m’ = 0.389 kg = 3.89x10° mg

Thus the maximum PRG for non-radionuclides is 389,000 mg per kg of soil. Any non-radionuclide PRG
with a larger value was replaced by 389,000 mg per kg of soil.

104









SGW-5...J,Rev.3

s ario rates for Ephrata sandy loam soil was aj land fective 100:0 distribution was applied for the
initial contaminant source distribution. The breakthrough curves for different distribution coefficients are
shown in Figure 5-3. Observation of the breakthrough curves in Figure 5-3 reveals that for the distribution
coefficients <2 mL/g the peak concentration occurs within 1000 years and for the distribution coefficients
>2 mL/g the peak concentration occurs after 1000 years. Observe that in the cases of K;= 0.9 and K,; =
1.0, the peaks occur before 1000  irs in Figure 5-3; these peaks in the first one thousand years are higher
than later peaks that occur after 1000 years. In contrast, for the higher K, cases, the peaks in the first
thousand years are less than the peaks that occur after 1000 years. As a result, the contaminants were
grouped into two groups, one with low distribution coefficients <2 mL/g and another one with the high
distribution coefficients > 2 mL/g for both SSL and PRG calculation.

For the low K, contaminants effective 100:0 source distribution was used and for the high K,
contaminants 70:30 source distribution was used. The final SSL and PRG value for each recharge
scenario is chosen by selecting the minimum value (lowest PRG calculated) from all of the representative
columns for that geographic area. If the minimum value calculated is below the estimated quantitation
limit (EQL) for soil then EQL was substituted for SSL. or PRG value (as a lower threshold). The soil EQL
values represent the lowest concentration that can be reliably measured within specified limits of
precision and accuracy during routine laboratory operating conditions. EQLs are normally arbitrarily set
rather than explicitly determined; for this calculation EQLSs are those specified in Appendix A of
DOE/RL-2009-41, Sampling and Analysis Plan for the 100-K Decision Unit Remedial
Investigation/Feasibility Study, and in Appendix A of DC ~~ ~ 2009-40, Sampling and Analysis Plan for
the 100-DR-1, 100L 2, 100-HR-1, and 100-HR-3 Operable Units Remedial Investigation/Feasibility
Study.

In the absence of sufficient data to determine the subsurface extent of any contaminant, the contaminated
interval was assumed to be full thickness of the vadose zone below the waste site in calculating soil SSLs
and PRGs. This is a conservative assumption for many of the 100 Area waste sites, especially for those
waste sites where large volumes of liquid wastes were discharged to the vadose zone.

Table 5-2 summarizes the representative 1-D columns evaluated in the calculations along with their
composition in terms of geologic units and soil type for each geographic area. The 1-D column chosen for
SSL and PRG calculations are listed. Note that the representative columns for 100-F and 100-IU
geographic areas are based on preliminary information and may be revised.

Examples of the groundwater SSL and PRG values for three contaminants for the representative Column
1 in 100-D geographic area are shown in Table 5-3. As expected, SSLs for the irrigation recharge
scenario are smaller than the PRGs for the native vegetation recharge scenario. As the magnitude of K,
increases, the magnitude of the PRG also increases, all other conditions held constant.

Examination of results reveals that SSL values for the Rupert sand soil type are smaller than those for the
Ephrata loam or Burbank loam soils. This behavior is a direct result of the relatively high recharge rates
for the Rupert sand under the irrigation recharge scenario compared to the rates for the Ephrata loam and
Burbank loam soils. Because recharge rates under the irrigation recharge scenario are all high, the peak
groundwater concentration occurs in proportion to the irrigation rates. In contrast, the PRG values for the
Burbank loam are the lowest. This is because the peak groundwater concentration for mobile
contaminants with K; < 1, such as those shown in Table 5-3, occurs quickly, within the first five years of
the simulation when the recharge rates are highest under the native vegetation recharge scenario. Table
4-1 shows that the recharge rate for this period represents a bare soil condition for five years, with
subsequent periods subject to lower recharge as vegetation develops. The combination of a 100:0 initial
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Scenario (Column1 of 100-D OU)

condition that places contamination very near the water table and the highest recharge rate occurring in
the first five years results in peak groundwater concentrations becoming a function of the recharge in this
five-year period. From Table 4-1, the recharge rate under bare soil conditions is higher for Burbank loam
(52 mm/yr) than for Rupert sand (44 mm/yr). Hence, the lowest PRG results from the Burbank loam
recharge rate in these cases.
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6. Model Sensitivity and Uncertainty

This section presents the modeling conservatism and the results of the sensitivity and uncertainty analyses
conducted to gain understanding of the important parameters that can affect SSL and PRG calculations.

6.1 Modeling Conservatisms

Application of the PRG and SSL values calculated herein requires an understanding of which
assumptions and modeling choices were conservative and which were not. Conservative assumptions and
modeling choices include:

The assumption of effective 100:0 source distribution (fully contaminated vadose zone) is likely
to be a significant overestimate of the actual source distribution beneath many 100 Area waste
sites, even for waste sites where high volume, low concentration discharges occurred during
operations.

.PRG and SSL values are selected by taking the minimum SSL or PRG value calculated for all of
the representative stratigraphic columns simulated for the particular area.

Recharge was represented in the numerical model by uniform flux rates specified over particular
periods so that vadose zone flow is always downward. In contrast, recharge in an arid vadose
zone occurs only as often as the combination of precipitation and antecedent moisture conditions
allow, i.e., sporadically or infrequently. Thus, there can be long periods when shallow vadose-
zone pore water movement is controlled more by evaporation and transpiration near the surface
than gravity, resulting in some upward movement or reduced downward seepage velocity.

The smallest native vegetation recharge scenario rates are larger than the minimum of the range
of rates determined for the Hanford shrub steppe.

The one-dimensional simulations force all contamination through the vadose zone down to the
aquifer, whereas infiltrating water and solutes tend to migrate laterally and vertically as the
wetting front redistributes following an infiltration event.

Dilution upon mixing of groundwater with Columbia River water is assumed negligible. That is
to say, the calculation of SSL and PRG values takes no credit for surface water dilution.

Dispersion is assumed negligible, which leads to larger peak concentrations than if dispersion had
been included.

Volatile organic compounds are assumed to have negligible volatilization so that the resulting
peak concentrations are larger than if volatilization had been included.

Geometric means of measured aquifer horizontal hydraulic conductivity values are lower, and
thus more conservative, than arithmetic means because the values typically span several orders of
magnitude.

Initial contaminant mass within the domain is conservatively calculated by assuming that all the
sediments, gravels and finer-grained materials (<2 mm size fraction) are active in transporting
water and solutes. Majority of the residual contamination is found to be associated with the fine-
grained (<2 mm size) portion of the sediments in the vadose zone. However, considerable
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uncertainty exists due to the spatial variation in fraction of fine-grained material within the
vadose zone. For modeling, the residual contaminant concentration determined in the laboratory
on the fine-grained sediments is applied to the bulk volume thereby increasing the initial mass
estimate. Under the recharge scenarios considered for the simulations, pore-waters do not have
significant interaction with the gravel clasts because pore-waters are mostly restricted to the finer-
grained materials due to capillary forces under relatively dry conditions. Thus, the resulting PRG
and SSL values are highly conservative because the initial dissolved contaminant concentrations
are over predicted.

e Contaminant source mass within the domain is calculated using the bulk density value for gravels
and finer-grained materials, whereas laboratory measurements of soil concentrations typically
exclude the gravel fraction and measure the concentration of the fii  -grained materials only. The
bulk density for Hanford formation and Ringold E sediments with gravels is 1.93 g/cm’, whereas
the bulk dens _ of the <2 mm fraction is lower. Because initial mass loading (applied on a bulk
volume basis) is calculated by multiplying the sorbed concentration with the bulk density using a
larger bulk density is conservative, as it will lead to larger peak concentration.

e The simulations do not explicitly represent the alternation of thin intervals of finer-grained
material with thicker intervals of coarser-grained materials commonly observed in the 100 Area,
even though such alternations create local capillary impedances to downward transport through
the juxtaposition of intervals with large pores below intervals with small pores. The alternations
can lead to spreading of the plume thereby reducing the peak concentration.

Assumptions that may or may not be conservative include:

e ... median hydraulic gradient value for each source area may be too small for waste sites near
the Columbia River (at certain times of the day) and may be several times too large for waste sites
that are far inland from the river. Because volumetric flux through the SZ is a function of
hydraulic gradient and affects the dilution factor the peak concentrations will be impacted based
on value chosen.

e The assumption of a 5-meter-thick aquifer may or may not be conservative for those 100 Area
locations with aquifer thicknesses less than five meters.

The calculations are performed with numerous conservative assumptions. Due to conservative choice of
modeling inputs and boundary conditions, the SSL and PRG concentrations are deemed to be bounding
estimates (i.e., lead to the lowest threshold concentrations).

In the c: ulation methodology, the saturated zone is assumed initially uncontaminated, which may not
always be true since plumes can migrate from upgradient locations over time. However, due to several in-
built modeling conservatisms mentioned above, the SSL and PRG calculations are deemed to remain
bounding when compared to the results derived from a more sophisticated site-specific predictive model
that incorporates all the features and processes relevant at the scale of the model, including any
contaminant migration from upgradient locations. Stated differently, groundwater is not expected to
remain contaminated above cleanup levels (or discharge to the Columbia River above ambient water
quality standards) any longer because former waste sites are closed with the SSL or PRGs calculated
using this methodology.
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6.2 Sensitivity Analyses

Sensitivity analyses provide information on how PRGs and SSL might be affected by changes in input
parameters. The stratigraphic columns used for performing the sensitivity analyses, when not specified,
are restricted to 100-BC and 300 geographic areas in order to reduce the number of calculations. The
calculations are further restricted to certain selected stratigraphic columns. Column 2 was selected for
100-BC area and Column 5 was selected for the 300 Area. Results are presented for the native vegetation
recharge scenario for Burbank sandy loam when not specified in the sensitivity analysis.

6.21 Evaluation of Ky Influence on Contaminant Breakthrough

In order to evaluate the influence of K, on contaminant breakthrough behavior, the 100-D co! 1 1 was
run with irrigation recharge case for E| © - ‘ylc  with effective 100:0 source distribution. Figure
6-1 shows the breakthrough curves for different K, values ranging from 0.8 to 9.0 mL/g. Observation of
the break throt - resfr  F re 6-1rev s that all the peak concentrations occur within 1000 year
simulation time. As the irrigation recharge is so high, it flushes the contaminants very fast through the
vadose zone even with higher K;values. The irrigation recharge scenario does not represent actual site
conditions; it is used as a limiting conservative (boi  ding) condition for calculating screening values
only.

115




SGW-50776, Rev. 3

8 T
i |
- |
i |
—_ i l
™ L
E ok ﬂ |
E=)) B
= |
S s|
= N Kd-0.9(mVg)
E - Kd-1.0(mVg)
| 8 - Kd-2.0(mVg)
c 4 Kd-4.0(mVg)
~ . Kd-8.0 [+ 1]
By
] 3=
3 =
o L
m —
i) B
2 2
re) B
7)) »
=
i p=—
. NN 1 FETEY T I EREm feem vl feen
> & P Gl i g %@" é§§.\@@ \\Q@ 0@" ,(?QQ \59@ (’9@

Calendar Year

Figure 6-1. Breakthrough Curves for Different Distribution Coefficients with Irrigation Recharge Rate

6.2.2 Sensitivity to Long Term Recharges

Sensitivity to long-term recharge is presented by ignoring the step change in recharge due to
establishment of mature shrub steppe vegetation. Because of the frequent occurrence (a once-a-decade
cycle) of natural fires on the Hanford reservation, it is possible that mature shrub steppe may not get
established. To evaluate the impact of this on the base case, a sensitivity analysis is conducted where the
two-step change in recharge imposed in the base case is changed to a one-step change, essentially
assuming that immature shrub steppe is the dominant land cover condition. Figure 6-2 shows the change
in recharge for Burbank sandy loam. The change in PRG for Cr(V]) is presented in Table 6-1 and
graphically presented in Figure 6-3. As the peak concentration occurs before the Year 2045 there is no or
negligible change in PRG values in the two recharge scenarios.
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Figure 6-6. Comparison of Non-sorbing Solute Concentration using Patankar and TVD Solution
Methodologies for Column 2 of 100-BC Geographic Area with Burbank Sandy Loam recharge and effective
100:0 Contaminant Distribution

6.3 Uncertainty Analyses

The vadose zone models described in this modeling report were developed in order to calculate cleanup
levels necessary for the protection of groundwater and surface water. To do this the models predict
concentration levels in groundwater and surface water resulting from soil contamination in the vadose
zone. As all models are approximations of the real world, it is a given that uncertainty exists within these
predictions. Methods have been developed for estimating the contribution to total uncertainty in a
prediction from each model parameter. One qualified support software that includes algorithms for
estimating the r  tive contribution to uncertainty is PEST (Doherty, 2010). PEST is graded as support
software and was used under the guidance of the software management plan CHPRC-00258, MODFLOW
and Related Software Codes Software Management Plan. Based on the model inputs and outputs
generated and read by PEST, parameters values that best fit observed data can be estimated in an
automated fashion. Beyond parameter estimation, the most recent versions also include algorithms for
working with predictive uncertainty with model pr¢  ctions. These algorithms can combine uncertainty
introduced by the variab ty in observed data and uncertainty introduce by the numerical model itself.
This section of 1 report summarizes an application of linear predictive uncertainty analysis (Moore and
Doherty, 2005), implemented using PEST, to two of the alternative conceptual models (ACM) described
in this document, specifically, the 100-BC column 2 and 100-F column 3. These columns were picked
randomly from __ble 5-2. First, a discussion of the definition of contribution to prediction uncertainty,
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and how it is calculated, is presented. Then, the setup of the model files and parameter values and
statistics used in uncertainty analysis are discussed. Finally, relative contribution to prediction uncertainty
is presented in the results section.

6.3.1 Contribution to Prediction Uncertainty

All numerical models are approximations of the real world. Predictions made using these models are not
exact. Predictive uncertainty of numerical simulation results can be developed by investigating the effect
of changing model input parameters on the model predictions. One method for quantifying the uncertainty
of predictions comes from frequentist statistical techniques for calculation of the mean and variance of
distribution. Figure 6-7(a) shows a normal distribution curve fitted to a set of field parameters. The
normal distribw 1 is used to approximate the field observed data over the range of values expected to
exist for the given phenomena using a continuous function. The same method can be used to describe a
prediction from numeric model shown in Figure 6-7(b). The most likely simulated result and the
variance describe the mear «d  1ge of values that may be simulated given the variation in the input
parameters. In frequentist statistics, the mean and variance are estimated from a discrete number of field
observed measu ments. The distribution of the pre ction uncertainty is estimated from the results of a
discrete number of numerical simulations based on the perturbation of model inputs and fitting a mean
and variance distribution to the range of simulated results. Moore and Doherty (2005) illustrated that this
type of conceptual framework can be used to combine statistical measures for field data with the
uncertainty introduced through the numerical modeling to develop an estimate of predictive uncertainty
including both types of data. In this manner, the uncertainty from the field data and uncertainty introduced
by the model calculations can be combined into a final prediction and variance that describe the certainty
of a prediction.

PEST includes algorithms to estimate relative contribution of model input parameters to the uncertainty in
a prediction produced from a numerical model. This is accomplished by perturbing model inputs in a
systematic fashion and recording sensitivity of the value of the prediction to changes in model inputs. In
this case, PEST will be run using the linear predictive error estimator documented in the PEST manual
(Doherty. 110). Other methods for estimating uncertainty in the prediction exist. However, given the
domain of the models (1-D), the linear predictive error estimator was deemed adequate for this analysis.
For the linear predictive error analysis, PEST required two STOMP simulations for every model input
parameter inves ated as part of the analysis. In each of these simulations one parameter is perturbed
from its original (initial) value, once above and once below the initial value, hence the need for two
simulations per parameter. Based on the sensitivity of the prediction to the change in the parameter value
a covariance matrix of model parameters and the prediction can be created. At this point, the uncertainty
in the model prediction based on parameter inputs can be estimated by PEST.
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Figure 6-7. lllustration of how Statistical Distributions for Model Input Parameters and Simulated Predictions
can be approached with  milar Methods

...8 PEST documentation notes that the algorithms for this type of analysis depend on model linearity.
However, they may be applied to non-linear models (i.e., vadose zone models) for ranking parameters and
their ability “to reduce the potential wrongness of a key model prediction” (Doherty, 2010). In line with
this observation, the results presented in this analysis are relative contribution of each parameter on the
total un tainty in the prediction rather than presenting the absolute value of uncertainty.

6.3.2 Model Files and Parameters

Two separate analyses are conducted using stylized conceptual model so that the epistemic uncertainty
(uncertainty du¢  lack of knowledge) in model input parameters can be evaluated. For this purpose, two
different soil columns with different vertical extent of contaminated zones (100:0 and 50:50) and recharge
conditions are selected to evaluate the relative effect of different model input parameters on the resulting
soil concentrations used in calculating SSLs and PRGs. The first analysis is based on selecting Column 2
from 100-BC geographic a [Figure 6-8(a)] using »>hrata loam soil cover under irrigation recharge
scenario and assuming 100:0 extent of contamination. The second analysis is based on choosing Column
3 from 100-F geographic area [Figure 6-8(b)] using Burbank sandy loam soil cover under base recharge
scenario and assuming 50:50 extent of contamination in the vadose zone.
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selected problems from the STOMP Application Guide (PNNL-11216). PEST is graded as support
software for MC FLOW and related codes, and was used consistent with requirements of the software
management plan (CHPRC-00258).

6.3.3 Ret s Summary

Figure 6-9 and | ure 6-10 show charts of the relative uncertainty with respect to predicted groundwater
contaminant concentration for each of the parameters listed in Table 6-2. The relative minimized error
variance is calc  ted by dividing the minimized error variance for a given parameter by the sum of all
values for minimized error variance for all parameters. The error variance in output for a parameter
perturbation is ¢ :ulated with respect to the results obtained from initial parameter value (base case).

\

|

|

|

i

; Figure 6-9 illustrates results for Column 2 from 100-BC geographic area and Figure 6-10 shows results
from Column 3 from 100-F geographic area. Uncertainty contributions vary significantly from one

iother. Hydraulic  adient is the st contributor to uncertainty in 100-BC simulation while van
Genuchten parame s play the lar rc inthe 100-F ¢ 1lation. The van Genuchten parameters al

‘ contribute significantly to predictive uncertainty in the 100-BC simulation. The difference can be

| explained in the differences in model setup. The 100-F simulation contaminant concentration only covers

‘ top half of the vadose zone and the recharge is from the native vegetation recharge scenario. In contrast,

the 100-BC contaminant distribution covers the entire vadose zone and has a much larger recharge due to

irrigation. The uncertainty estimate illustrates the decreased travel time in the vadose zone to produce the

peak groundwater concentration. Because the contaminant in 100-F simulation must travel through the

‘ vadose zone for a larger distance above the water table and in much drier conditions, the parameters

affecting fate a1 transport through this portion of the model contribute most to the difference in
calculated peak concentrations. In the 100-BC simulation, where contamination exists right above the
water table, the uncertainty analysis indicates that travel through the vadose zone is not as important to
final predicted concentrations as the amount of clean ground water entering the groundwater system
through saturate groundwater flow.

|

|
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initial condition in the model. As described in the methodology section of this report, | mg/kg of soil
contamination is used as the input to the model. However, STOMP does not support soil concentration as
an input in the version (STOMP-W) of STOMP used in the analysis. The input parameter used is titled
“Solute Volumetric Concentration” (which is the total mass in a grid-block per unit bulk volume of the
grid-block). In order to ensure that 1 mg/kg of contamination is entered into the model, the following
equation was used to adjust the value of 1 mg/kg of soil contamination to the Solute Volumetric
Concentration.

Cvzcs*'yb Eq 6-1

Where, C, is the solute volume concentration (mg/m"), C; is the soil concentration (1 mg/kg), and y, is the
bulk density in (kg/m’). Gravel correction directly changes the concentration used in the STOMP input
based on the changes in bulk density.

The bulk density and soil concentration were altered in a series of simulations to illustrate the level of
conservatism 1 d in the modeling. The bulk density values were taken based on the gravel percenta;
listed in Table 4-4. The change in bulk density resulted in a proportional change in the Solute Volumetric
Concentration. This in turn resulted in a proportional change to the resulting simulated peak
concentration. For example, the gravel correction of 43 percent produces a peak concentration 43 percent
smaller than the original result. Not utilizing the gravel correction factor in establishing the initial
condition provides a more conservative result for clean-up levels with respect to simulated peak
concentration.
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7. Model Configuration N nagement

The models documented in this model package report are collectively identified as the River Corridor
Vadose Zone (RCVZ) Models.

All inputs and outputs for the development of the soil SSL and PRG models are committed to the
Environmental Model Management Archive (EMMA) to maintain and preserve configuration-managed
models. Basis information (that information collected to form the basis for model input parameterization)
is also stored in the EMMA for traceability purposes.

The STOMP software is used to © )lement the models collectively described in this report. These models
are configuration managed as discussed in Section 4.2. Safety Software (CHPRC Build 2 of STOMP) is
checked out in accordance with procedures specified in CHPRC-00176. Source or executable files are
obtained from the CHPRC software owner, who maintains the configuration-managed copies in MKS
Integrity ™. Installation tests identified in CHPRC-00211 are performed and successful installation
confirmed, and software installation and checkout forms are required and must be approved for
installations used to perform model runs. Approved users are registered in the HISI for Safety Software.

Use of the STOMP software for implementing the model described in this report is consistent with its
intended use for CHPRC, as identified in CHPRC-00222.

7.1 Model Version History

This is the first edition of the RCVZ Models. Future revisions to this report will include a history to date
of versions issued for the RCVZ Models collectively described by this model package report.

™ MKS Integrity is a trademark of MKS, Incorporated.
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Appendix A

Method for Determining Representative Stratigraphic Columns for Various
Geographic Areas
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Appendix B

Description of STOMP Input File
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STOMP INPUT FILE

A STOMP input file is composed of cards, some of which are required and others which are
optional or unused depending on the operational mode. In the STOMP-W mode following card
are necessary for simulating flow and transport.

Simi  ion Control Card
Solution Control Card
Grid Card
Rock/Soil Zonation wd
Mechanical Properties Card
Hydraulic Properties Card
Saturation Function Card
Aqueous Relative Permeability Card
Init” ~ Conditions Card
. Boundary Conditions Card
. Solute luid Interactions Card
. Solute/Porous Media Interactions Card
.St ace Flux Card
. Output Control Card

R0k =

— —
B N

Descriptions of these cards can be found in STOMP user guide (PNNL-15782) and input file formats can
be found in Appendix A of the user guide. For an example of input files” one column  >lumn 1) from
100-D area is chosen. Figure B-1 shows the column with different zone thickness. Note that only the top
five meters of the saturated zone will be represented in the model (less than the saturated thickness shown
in Figure B-1). Two sequential STOMP simulations were used. The first stage, called the pre-2( ) model,
simulated flow  ough the representative columns for a 2,010-year period. Results from the pre-2010
simulations provided initial aqueous pressure conditions for the 3,000-year-long second stage simulation
in a file called “restart”. This restart file was used for the post-2010 model, which is solved for both flow
and solute tr:  port. Both of the input files are explained below.

7 The parameter values in the input file are presented for the purpose of illustration of the model set-up only and do
not necessarily imply that the final calculations were run with this parame  set.
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Figure B-1: Stratigraphic columns for 100-D (Column 3).

B-2

45m

} 20.5m

t 65m






















































































































SGW-50776, Rev. 3

Appendix C

CHPRC Fact Sheet STOMP: Validation and ~tent of Application
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The STOMP (Subsurface Transport Over Multiple Phases) simulator software was developed at Pacific
Northwest National Laboratory in the early 1990s and has been subject to extensive use and improvement
since that time. The fundamental purpose of the STOMP simulator software is to produce numerical
predictions of thermal and hydrogeologic flow and transport phenomena in variably saturated subsurface
environments, which are contaminated with volatile or non-volatile organic compounds. Auxiliary
applications include numerical |  dictions of solute transport processes including reactive  1sport. This
fact sheet provides a brief overview of work that has validated the STOMP simulator software and the
breadth of applications to which this simulator has been applied.

C-1



Document

STOMP Subsurface Transport
Over Multiple Phases:
Application Guide

PNNL-11216, Nichols et al.
1997, Pacific Northwest
National Laboratory, Richland,
Washington

SGW-50776,1 .3

Validation/Bench:  k/Verification Performed

e Saturated Flow - validation against analytical solution of Theis (1935)
e Saturated Flow - validation against analytical solution of the leaky aquifer problem

Saturated Flow - benchmark against numerical solution of Morris and Reddel}
(1991) for flow to two wells in a non-homogenous domain
Saturatr Transport - validation against analytical solution of van Genuchten and
Alves (1982) for one-dimensional transport in a uniform steady flow field
Saturated Transport - validation against analytical solution of Cleary and Ungs
(1978) for the “patch source” problem for transport in a steady uniform two-
dimensional flow field

-Water Int  “on: validation against the analytical solution of Henry’s Problem
tor steady-state diffused seat water wedging within a confined aquifer balanced
against a fresh-wate:  :ld as revisited by Ségol (1994)
Density-Driven Flow: verification against Elder’s Problem for transient thermal
convection in porous media (Voss and Souza 1987).
Flow and Transport in Unsaturated Porous Media: verification against results for
infiltration of water into a uniform laboratory scale soil column filled with very dry
soils as reported by Haverkamp et al. (1977)
Flow and Transport in Unsaturated Porous Media: verification and benchmark

inst experimental and numerical simulation results reported by Touma and
vauclin (1986) for two-phase (air and water), one-dimensional infiltratior va
soil column
Energy and Phase Mass Conservation: validation against hand calculations to
demonstrate conservation of energy and phase mass in multiple phases for single-
node system undergoing the following phase changes: evaporation, condensation,

d thawing; and for flow from hot, two-phase conditions

Heat Pipe Flow and Transport: validation against the heat pipe problem posed and
solved analytically by Udell and Fitch (1985)
Heat Pipe Flow and Transport: verification against the experimental results
reported by Jame and Norum (1980) for a freezing/thawing heat pipe problem
Non-Aqueous Phase Liquid Flow and Transport: benchmark against the simulations
conducted with the MOFAT code reported by Kaluarachchi and Parker (1989) for
infiltration and redistribution of oil in a hypothetical, two-dimensional aquifer
Non-Aqueous Phase Liquid Flow'and Transport: verification against experimentally
determined fluid saturations during the infiltration and redistribution of a LNAPL
and a DNAPL in a partly saturated one-dimensional column reported in Qostrom et
al (1995).
Non-Aqueous Phase Liquid Flow and Transport: verification against experimentally
determined Trichloroethlene (TCE) gaseous concentrations reported in Lenhard et
al. (1985)
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Simulation of Unsaturated
Flow and Nonreactive Solute
Transport in a Heterogeneous
Soil at the Field Scale

NUREG/CR-5998 & PNL-8496,
1993, Pacific Nor  west
Laboratory, Richland,
Washington

Application of similar media
scaling and conditional
simulation forn leling water
flow and tritium transport at
thq “ruces Trench Site

Rockhold et al. (1996), Water
Resources Research 32(3):595-
609

Numerical modeling of
hysteretic multiphase flow: 1.
Model description and
verification and 2. A validation
exercise

White et. al (1993) in EOS
Transactions, 74(16), AGU

Numerical analysis of a three-
pha ystem with a
fluctuating water ble

White and Lenhard (1993) in
Proceedings of Thirteenth
Annual AGU Hydrology Days

Measurement and predictions
of density-driven vapor flow of
trichloroethylene sandy
porous media

Qostrom et al. (1994) in EQS,
75(16), American Geophysical
Union

¢ N-5070 Rev.3

Verification of unsaturated flow and non tive solute transportin a he eous
soil at the field scale using the Las Cruces trench site in New Mexico.

Verification conducted to test the hysteretic permeability-saturation-pressure (k-S-P)
relations that were embodied in the numerical simulator STOMP. The data used in the
validation exercise were measu  during a multiphase one-dimensional flow
experiment where the elevation of the water table was fluctuated to produce wetting
and drying fluid saturation paths. Water and NAPL contents were measured
nondestructively at specified flow-cell locations via radiation attenuation. These
measurements were compared to simulations of the experiment using STOMP. Close
agreement was obtained between the experimental data and the numerical results,
except for the highest and lowest measurement elevations. For the highest position, a
slight modification to the relative permeability function provided better agreement
with the experimental NAPL data. For the lowest position, the discrepancy between
experimental data and numerical simulations is attributed to an absence of a
nonwetting-fluid entry-pressure concept in the k-S-P model.

Verification against multiphase flow experiment measurements involving subjecting
an initially water-drained, three-phase (air-oil-water) to a fluctuating water table to
quantify the entrapment of air an NAPL by phases of greater wettability under
dynamic conditions.

Verification against experimental measurements of spatial and temporal evolution of
gaseous-phase trichloroethylene (TCE) in a variably saturated 1-m-hight by 2-m-long
flow cell.
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An experimental and
numerical study of LNAPL and
DNAPL movement in the
subsurface

Oostrom et al. (1994), EOS

Models to determ.  first order
rate coefficients from single-well
push-pull tests.

Schroth and Istok (2006), Ground
Water 44(2): 275-283

Intercomparison of [ -
Simulation Codes fo. c
Disposal of CO2

Pruess et al. (2002),] VL-
51813, Lawrence Berkeley
National Labc  Hry, Berkeley,
California
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Verification against experimental measurements of the multiphase transport of
LNAPL and DNAPL in a one-m-long glass column.

Validation against analytical solution for a push-pull test (injection and extraction
from a single well) used for in situ determination of a variety of aquifer pr  rties.
The results of a STOMP based numerical model were in good agreement with the
results of the analytical solution.

Benchmark withotl nur i simul >0 § FOUGH2 family of
codes, ML UG, SIMUSCOPP, GEM, FLOTRAN, ECLIPSE 30  NUFT.
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Document(s)

Preliminary Total-System Analysis
of a Potential H  -Level Nuclear
Waste Repository at Yucca Mountain

PNNL-8444, Esli ‘retal. (1993),

Pacific Northwest National
Laboratory, Rich 1d, Washington

Simulation o, o-phase Carbon-14
1 rt at Yucca Mot n,
Nevaaa

White et al. (1992) in Proceedings of
Solving Ground Water Problems with
Models

Numerical Analysis of the In-Well
Vapor-Stripping System
Demonstration at Edwards Air Force
Ba

PNNL-11348, White and Gilmore
(1996), Pacific Northwest National
Laboratory, Richland, Washington

Performance Assessment of the In-
Well Vapor-Stripping System

PNNL-11414, Gilmore et al. (1996),
Pacific Northwest National
Laboratory, Richland, Washington
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Location / Application

Yucca Mountain, Nevada

Simulation of long-term gas phase transport of carbon-14 in potential high-level
waste repository in unsaturated volcanic tuff

Edwards Air Force Base near Mohave, California

In support of interim cleanup activities, simulation of in-well vapor stripping
remediation technology  igned to remove dissolved volatile organic
compounds from groundwater. The in-well vapor-stripping system comprises
an engineered and a hydrologic component that operate in unison to form an in
situ recirculation pattern. The engineered system is driven with compressed air,
utilizing an air-lift pumping scheme that volatilizes dissolved organic
compounds. The volatile vapors are removed from the gas stream above the
ground surface and pumped water is infiltrated into the hydrologic system
below the gr«  d surface.
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Validation of CO2 Injection
simulations with Monitoring Well
Data

Bacon et al. (2009), Energy Procedia

Geological sequestration of carbon
dioxide in the Cambrian Mount
Simon Sandstone: Regional storage
capacity, site characterization, and
large-scale injection feasibility,
Michigan Basin

Barnes et al. (2009), Environmental
Geosciences: 16(3), 163-183

Quantification of Microbial Methane
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Modeling of Bromide in a Single-well
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Thermal Analysis of GCLs at a
Municipal Solid Waste Landfill
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landfills
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Midwest Regional Carbon Sequestration Partnership geologic field test
site, Otsego County, Michigan

STOMP used to assess potential carbon dioxide (COz) injection rates into saline
formations at several sites for the MRCSP. An injection test of approximately
10,000 metric tons into the Bass Islands Dolomite with CO2 injection rates from
250-500 tons per day, was performed in the test well at the MRCSP geologic
field test site. Reservoir simulations were performed to estimate injection
parameters, such as bottom hole pressures and pressure response over time in
the storage formation, and compared to measurements taken during the test.

Drained but partially regenerated raised peat bog in Eigenthal above the
city of Lucerne, Switzerland

STOMP used to simulate a gas push-pull test to quantify methanotrophic activity
in situ in the vadose zone above a petroleum-contaminated aquifer.

U.S. Geological Sur ' OSPER site “A”, Osage County, Oklahoma

STOMP used to simulate a subsurface salt plume.

National Chromium, Inc. chremium metal plating facility located in
northeastern Connecticut

Mechanisms controlling the transport of bromide in a single-well injection-
withdrawal experiment determined through modeling using the STOMP
simulator.

An undisclosed solid waste landfill, Michigan

STOMP used to simulate in one dimension heat transfer near the center of the
landfill.

Queensland, Australia

Trial use of STOMP to calculate daily water balance to identify suitable plant
species and optimize thickness of soil cover for use in phytocapping.
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Numerical Analysis to Investigate
the Effects of the Design and
Installation of Equilibrium Tension
Plate Lysimeters on Leachate
Volume

Mertensa et al. (2005) 188-499

Degassing of 3H/3He, CFCs and SFs by
denitrification: Measurements and
two-phase transport simulat 5

\! 't al. (2008), Journal of
Contaminan'  rdrol 103(3-
4 8

SGW-50776, Rev. 3

Lake Taupo catchment, New Zealand

Applied STOMP to a two-dimensional model for a range of subsurface
conditions to examine the effect of the lower boundary condition on solute
transport in lysimeters.

The Netherlands

Used STOMP as a two-phase flow and transport model to study reliability of
3H/3He, CFCs a er age tracers under agricultura lw
denitrification
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