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Editor

Jacques W. Delleur received his Doctor of Engineering Science degree at Columbia University in 1955,
his M.S.C.E. degree at Rensselaer Polytechnic Institute in Troy, New York, in 1950, and his Civil and
Mining Engineer degree at the Universidad Nacional de Colombia (National University of Colombia) in
1949. In 1955, he joined Purdue University where he currently is Professor Emeritus of Environmental
and Hydraulic Engineering and was Head of the Hydraulic and Systems Engineering Area in the School
of Civil Engineering. Dr. Delleur taught intermediate and advanced graduate courses in subsurface
hydrology, surface hydrology, statistical hydrology, and hydraulics. He founded the graduate program
in Hydrology and Hydraulics in the School of Civil Engineering at Purdue. He is author or co-author of
two books on hydrologic time series analysis. He is author or co-author of more than 60 papers in refereed
journals, 70 papers in conference proceedings, and 60 technical reports. These cover the areas of
subsurface hydrology, hydrologic modeling, stochastic hydrology, urban hydrology, and hydraulics. The
most recent research publications related to groundwater co-authored by J.W. Delleur are concerned with
the flow and transport of dissolved substances in groundwater and how they are affected by geologic
heterogeneity.

Dr. Delleur’s research has been supported by the U.S. Department of the Interior, the National Science
Foundation, the U.S. Department of Transportation and the U.S. Department of Agriculture. He has
served as an advisor to the U.S. Geological Survey, is a member of the international board of advisors of
the American Society of Civil Engineers (ASCE) Journal of Hydrologic Engineering and is a member of
the scientific council of the Revue des Sciences de I'Eau / Journal of Water Science. He served as a reviewer
for the National Science Foundation, and for the scientific journals Water Resources Research, Journal of
Hydrology, Journal of the American Water Resources Association, and the Journal of Hydraulics. He is a
fellow of the Indiana Academy of Sciences, received the 1961 Freeman Fellow Award of the ASCE, in
1983 received an NSF/CNRS US-France Senior Scientist Exchange Award, and in 1992 received the Charles
Harold Bechert Award of the Indiana Water Resources Association for significant contribution to the
water resources profession in Indiana. While on sabbatical leave, Dr. Delleur did research in hydrology
at the French National Hydraulics Laboratory (1968-69 and 1976-77), at the University of Grenoble,
France (1961-62 and 1983-84) and at the Vrije Universiteit Brussel (Free University of Brussels), Belgium
(1991). He has been a guest lecturer at the Ecole Polytechnique Fédérale de Lausanne (Federal Polytechnic
School of Lausanne), Switzerland, at the Free University of Brussels, Belgium, at Imperial College in
London, at the University of Tokushima, Japan, at the Indian Institute of Technology in Kanpur, India,
at the Mahommadia School of Engineering in Rabat, Morocco, at the Taiwan National University in
Taipei, Taiwan, and at the Universidad de los Andes (University of the Andes) in Bogota, Colombia.
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19-24 Handbook of Groundwater Engineering

marching algorithms. A correction can then be implemented in the next step depending on the deviation
of the interacting variables. Furthermore, this simulation-based approach offers the only way to addresg
the promising avenues of merging different treatment technologies into integrated treatment systems
that achieve enhanced productivity and efficiency (treatment time, cost, and clean up level).

Specific steps for an efficient implementation of the macroengineering approach are:

* Better coordinate soil data collection with simulation of interaction processes for prediction needs.

* Hierarchically organize space and time scales of field measurements of interaction phenomena
and corresponding media properties and attendant models

+ Place more emphasis on the scientific understanding (prediction) of physicochemical processes
rather than relying solely on data collection

* Use integrated simulation tools to better identify combinations of treatment processes as they
interact with the soil media
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20.1 Introduction

Effective management of groundwater requires the ability to predict subsurface flow and transport of

 solutes, and the response of fluid and solute flux to changes in natural or human-induced stresses. One
- popular type of tool that has been evolving since the mid-1960s is the deterministic, distributed-param-

eter, computer simulation model for analyzing flow and solute-transport in groundwater systems. The
development of the computer simulation model has somewhat paralleled the development and i increasing
availability of faster, larger memory, more capable, yet less expensive computer systems.

The purpose of this chapter is to review the state of the art in deterministic modeling of groundwater
flow and transport processes. This chapter, based largely on Konikow (1996), is aimed at practitioners
and is intended to describe the types of models that are available and how they may be applied to complex
field problems. It will discuss the philosophy and theoretical basis of deterministic modeling, the advan-

~ tages and limitations of models, the use and misuse of models, how to select a model, and how to calibrate

and evaluate a model. However, as this chapter is only a review, it cannot offer comprehensive and in-
depth coverage of this complex topic; instead, it guides the reader to references that provide more details.

mm&m&mwmm 20-1
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20.2 Models

The word model has so many definitions and is so overused that it is sometimes difficult to discern
meaning (Konikow and Bredehoeft, 1992). A model is perhaps most simply defined as a representa
of a real system or process. A conceptual model is a hypothesis for how a system or process operates, T
hypothesis can be expressed quantitatively as a mathematical model. Mathematical models are abstractig
that represent processes as equations, physical properties as constants or coefficients in the equations,
and measures of state or potential in the system as variables. N
Most groundwater models in use today are deterministic mathematical models. Deterministic
are based on conservation of mass, momentum, and energy and describe cause and effect relations. The
underlying assumption is that given a high degree of understanding of the processes by which stresses
on a system produce subsequent responses in that system, the system’s response to any set of stresses em&
be predetermined, even if the magnitude of the new stresses falls outside the range of historically observed
stresses. ‘
Deterministic groundwater models generally require the solution of partial differential equations. Exact
solutions can often be obtained analytically, but analytical models require that the parameters and
boundaries be highly idealized. Some deterministic models treat the properties of porous media as lumped
parameters (essentially, as a black box), but this precludes the representation of heterogeneous hydraulic.
properties in the model. Heterogeneity, or variability in aquifer properties, is characteristic of all geologic
systems and is now recognized as playing a key role in influencing groundwater flow and solute transport.
Thus, it is often preferable to apply distributed-parameter models, which allow the representation of
more realistic distributions of system properties. Numerical methods yield approximate solutions to the
governing equation (or equations) through the discretization of space and time. Within the discretized
problem domain, the variable internal properties, boundaries, and stresses of the system are approxi-
mated. Deterministic, distributed-parameter, numerical models can relax the rigid idealized conditions
of analytical models or lumped-parameter models, and they can therefore be more realistic and flexible
for simulating field conditions (if applied properly).
The number and types of equations to be solved are determined by the concepts of the dominant
governing processes. The coefficients of the equations are the parameters that are measures of the
properties, boundaries, and stresses of the system; the dependent variables of the equations are the
measures of the state of the system and are mathematically determined by the solution of the equations,
When a numerical algorithm is implemented in a computer code to solve one or more partial differential
equations, the resulting computer code can be considered a generic model. When the grid dimensions,
boundary conditions, and other parameters (such as hydraulic conductivity and storativity), are specified
in an application of a generic model to represent a particular geographic area, the resulting computer
program is a site-specific model. The ability of generic models to solve the governing equations accurately
is typically demonstrated by example applications to simplified problems. This does not guarantee a
similar level of accuracy when the model is applied to a complex field problem.
If the user of a model is unaware of or ignores the details of the numerical method, including the
derivative approximations, the scale of discretization, and the matrix solution techniques, significant
errors can be introduced and remain undetected. For example, if the groundwater flow equation is solved
iteratively, but the convergence criterion is relatively too coarse, then the numerical solution may converge,
but to a poor solution. The inaccuracy of the solution may or may not be reflected in the mass-balance
error. The mass-balance error itself may not be readily observed by inexperienced model users. Unrec-
ognized errors in numerical groundwater models are becoming more possible as user-friendly graphic
interfaces make it easier for models to be used (and misused). These interfaces effectively place more
distance between the modeler and the numerical method that lies at the core of the model.

Case 7:23-cv-00897-RJ
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'20.3 Flow and Transport Processes

The process of groundwater flow is generally assumed to be governed by the relations expressed in Darcy’s
law (see Chapter 2) and the conservation of mass. However, Darcy’s law does have limits on its range of
applicability, and these limits must be evaluated in any application.

The purpose of a model that simulates solute transport in groundwater is to compute the concentration
of a dissolved chemical species in an aquifer at any specified time and place. The theoretical basis for the
equation describing solute transport has been well documented in the literature (e.g., Bear, 1979;
‘Domenico and Schwartz, 1990). Reilly et al. (1987) provide a conceptual framework for analyzing and
‘modeling physical solute-transport processes in groundwater. Changes in chemical concentration occur
within a dynamic groundwater system primarily due to four distinct processes: (1) advective transport,
in which dissolved chemicals are moving with the flowing groundwater; (2) hydrodynamic dispersion,
in which molecular and ionic diffusion and small-scale variations in the flow velocity through the porous
media cause the paths of dissolved molecules and ions to diverge or spread from the average direction
of groundwater flow; (3) fluid sources, where water of one composition is introduced into and mixed
with water of a different composition; and (4) reactions, in which some amount of a particular dissolved
chemical species may be added to or removed from the groundwater as a result of chemical, biological,
and physical reactions in the water or between the water and the solid aquifer materials or other separate
liquid phases.

The subsurface environment constitutes a complex, three-dimensional, heterogeneous hydrogeologic
setting. This variability strongly influences groundwater flow and transport, and such a reality can be
described accurately only through careful hydrogeologic practice in the field. However, regardless of how
much data are collected, uncertainty always remains about the properties and boundaries of the ground-
water system of interest. Stochastic approaches have resulted in many significant advances in character-
izing subsurface heterogeneity and dealing with uncertainty (see Gelhar, 1993).

20.4 Governing Equations

The mathematical equations that describe groundwater flow (see Chapter 3) and transport processes (see
Chapters 14 and 15 and the summary in Chapter 2) may be developed from the fundamental principle
of conservation of mass of fluid or of solute. Given a representative elementary volume (REV) of porous
medium, a general equation for conservation of mass for the volume may be expressed as:

rate of mass inflow — rate of mass outflow + rate of mass production/consumption

(1)

= rate of mass accumulation

This statement of conservation of mass (or continuity equation) may be combined with a mathematical
expression of the relevant process to obtain a differential equation that describes flow or transport.

20.4.1 Groundwater Flow Equation

The rate of flow of water through a porous media is related to the properties of the water, the properties
of the porous media, and the gradient of the hydraulic head, as represented by Darcy’s law, which can

be written as:

dh

9,=-K

where g;is the specific discharge, LT-'; Kj;is the hydraulic conductivity of the porous medium (a second-
order tensor), LT-'; and h is the hydraulic head, L.
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A general form of the equation describing the transient flow of a compressible fluid in a nonhom‘
geneous anisotropic aquifer may be derived by combining Darcy’s law with the continuity equation, &
general groundwater flow equation may be written in Cartesian tensor notation as: 9

o, or) . on ..,
E(Kﬁax] Byar I (&}'

where Ss is the specific storage, L™ tis time, T; W* is the volumetric flux per unit volume (posmve ﬁ% {

outflow and negative for inflow), T-!; and x; are the Cartesian coordinates, L. The summation convent,
of Cartesian tensor analysis is implied in Equations (2) and (3). Equation (3) can generally be applie
if isothermal conditions prevail, the porous medium only deforms vertically, the volume of mdmd" 1)
grains remains constant during deformation, Darcy’s law applies (and gradients of hydraulic head ngg;
the only driving force), and fluid properties (density and viscosity) are homogeneous and constauf,,,
Aquifer properties can vary spatially, and fluid stresses (W¥) can vary in space and time.

If the aquifer is relatively thin compared to its lateral extent, it may be appropriate to assume that

groundwater flow is areally two-dimensional. This allows the three-dimensional flow equation to bg '

reduced to the case of two-dimensional areal flow, for which several additional simplifications are possihjg,,

The advantages of reducing the dimensionality of the equation include less stringent data requueme;m;; '
smaller computer memory requirements, and shorter computer execution times to achieve nummaa‘l'. ]

solutions.
An expression similar to Equation (3) may be derived for the two-dimensional areal flow of a homg,-.;
geneous fluid in a confined aquifer and written as:

ox.| "ox ot
where Tj; is the transmissivity, L*T-!; and T; = K;; b; b is the saturated thickness of the aquifer, L; Sis the:
storage coefﬁment (dimensionless); and W W‘b is the volume flux per unit area, LT,

When Equation (4) is applied to an unconfined (water-table) aquifer system, it must be assumed that
flow is horizontal and equipotential lines are vertical, that the horizontal hydraulic gradient equals the
slope of the water table, and that the storage coefficient is equal to the specific yield (S,) (Anderson and
Woessner, 1992). Note that in an unconfined system, the saturated thickness changes‘as the water-table
elevation (or head) changes. Thus, the transmissivity also can change over space and time (that is, T =
K;jb, where b(x,,f) = h — hy, and b is the elevation of the bottom of the aquifer).

The cross-product terms of the hydraulic conductivity tensor drop out when the coordinate axes are
aligned with the principal axes of the tensor; that is, Kj; = 0 when i # j. Therefore, the only hydraulic
conductivity terms with possible nonzero values are K, and K,,. Under this assumption, Equation (4)
may be simplified to:

d oh) 2 Jh dh :
_ (T )+ @[Tﬁ &yJ Sar+w (5)
for two-dimensional flow.

In some field situations, fluid properties such as density and viscosity may vary significantly in space
or time. This may occur where water temperature or dissolved-solids concentration changes significantly.
When the water properties are heterogeneous and (or) transient, the relations among water levels,
hydraulic heads, fluid pressures, and flow velocities are neither simple nor straightforward. In such cases,
the flow equation is written and solved in terms of fluid pressures, fluid densities, and the intrinsic
permeability of the porous media (see Konikow and Grove, 1977).

Case 7:23-cv-00897-RJ Docume
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20.4.2 Seepage Velocity

The migration and mixing of chemicals dissolved in groundwater will obviously be affected by the velocity
of the flowing groundwater. The specific discharge calculated from Equation (2) is sometimes called the
Darcy velocity. However, this nomenclature can be misleading because g; does not actually represent the
speed of water movement. Rather, g; represents a volumetric flux per unit cross-sectional area. Thus, to
calculate the actual seepage velocity of groundwater, one must account for the actual cross-sectional area
through which flow is occurring, as follows:

q; dh
I 1.
Yog £ Bx ©)

where V; is the seepage velocity (also commonly called average linear velocity or average interstitial
velocity), LT-!; and £ is the effective porosity of the porous medium.

20.4.3 Solute Transport Equation

An equation describing the transport and dispersion of a dissolved chemical in flowing groundwater may
be derived from the principle of conservation of mass by considering all fluxes into and out of a
representative elementary volume (REV), as described by Bear (1979, p. 29). A generalized form of the
solute-transport equation is presented by Grove (1976), in which terms are incorporated to represent
chemical reactions and solute concentration both in the pore fluid and on the solid surface, as

ot ox ox,

eC d PIAT *
3( ) _[ED ax) ——(ecV;)-C'W*+CHEM (7)

where CHEM equals one or more of the following:

-p,— for linear equilibrium controlled sorption or ion-exchange reactions,

5
Z& for s chemical rate-controlled reactions, and (or)
=1

l(£C+ P ) for decay,

and where Dj;is the coefficient of hydrodynamic dispersion (a second-order tensor), I*T"!, C’ is the
concentration of the solute in the source or sink fluid, C is the concentration of the species adsorbed
on the solid (mass of solute/mass of solid), p, is the bulk density of the sediment, ML™3, Ry is the rate
of production of the solute in reaction k, ML>T-!, and A is the decay constant (equal to In2/half life),
T-! (Grove, 1976).

The first term on the right side of Equation (7) represents the change in concentration due to
hydrodynamic dispersion. This expression is analogous to Fick’s law describing diffusive flux. This Fickian
model assumes that the driving force is the concentration gradient and that the dispersive flux occurs in
a direction from higher toward lower concentrations. However, this assumption is not always consistent
with field observations and is the subject of much ongoing research and field study (see, for example,
Gelhar et al., 1992). The coefficient of hydrodynamic dispersion is defined as the sum of mechanical
dispersion and molecular diffusion (Bear, 1979). The mechanical dispersion is a function both of the
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intrinsic properties of the porous medium (such as heterogeneities in hydraulic conductivity and poros-
ity) and of the fluid flow. Molecular diffusion in a porous medium will differ from that in free water
because of the effects of tortuous paths of fluid connectivity in porous media. These relations are
commonly expressed as:

D, =ay,, |"",‘"+D ijmn=123 (g)

where o, is the dispersivity of the porous medium (a fourth-order tensor), L; V,, and V, are the
components of the flow velocity of the fluid in the m and n directions, respectively, L D,, is the
effective coefficient of molecular diffusion, L2T-'; and IV is the magnitude of the velocity vector, LT+,

defined as |Vl = V: + Vrz +V: (Bear, 1979; Domenico and Schwartz, 1990). The dispersivity of an

isotropic porous medium can be defined by two constants. These are the longitudinal dispersivity of the
medium, ¢, and the transverse dispersivity of the medium, oy. These are related to the loug;tudmd
and transverse dispersion coefficients by D; = 04|V and Dy = c7i V1. Most documented applications of
transport models to groundwater problems have been based on this conventional formulation, even for
cases in which the hydraulic conductivity is assumed to be anisotropic (despite the conceptual i inconsis-
tency). However, some models (for example, Voss, 1984) incorporate an additional level of complenty
by allowing ¢; and (or) o to vary with direction.

Although conventional theory holds that @, is generally an intrinsic property of the aquifer, it is found
in practice to be dependent on and proportional to the scale of the measurement. Most reported values
of ¢ fall in a range from 0.01 to 1.0 times the scale of the measurement, although the ratio of o to
scale of measurement tends to decrease at larger scales (see Anderson, 1984; Gelhar et al., 1992). Field-
scale dispersion (commonly called macrodispersion) results from large-scale spatial variations in hydrau-
lic properties. Consequently, the use of relatively large values of dispersivity together with uniform
hydraulic properties (Kj; and ) is inappropriate for describing transport in geological systems (Smith
and Schwartz, 1980). Part of the scale dependence of dispersivity may be explained as an artifact of the
models used, in that a scaling up of dispersivity will occur whenever an (n-1)-dimensional model is

calibrated or used to describe an n-dimensional system (Domenico and Robbins, 1984). Furthermore,

if a model applied to a system having variable hydraulic conductivity uses mean values and thereby does
not explicitly represent the variability, the model calibration will likely yield values for the dlspersui!?
coefficients that are larger than would be measured locally in the field area. Similarly, representing a
transient flow field by a mean steady-state flow field, as is commonly done, inherently ignores some of

the variability in velocity and must be compensated for by using increased values of dispersivity (primarily
transverse dispersivity) (Goode and Konikow, 1990). Overall, the more accurately a model can represent

or simulate the true velocity distribution in space and time, the less of a problem will be the uncertalntf
concerning representation of dispersion processes.

The mathematical solute-transport model requires at least two partial differential equations. One is
the equation of flow, from which groundwater flow velocities are obtained, and the second is the solute-
transport equation, whose solution gives the chemical concentration in groundwater. If the properties

of the water are affected significantly by changes in solute concentration, as in a saltwater intrusion

problem, then the flow and transport equations should be solved simultaneously (or at least iteratively).
If the properties of the water remain constant, then the flow and transport equations can be dewnpieé
and solved sequentially, which is simpler numerically. o
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20.5 Numerical Methods To Solve Equations

The partial differential equations describing groundwater flow and transport can be solved mathemati-
cally using either analytical solutions or numerical solutions. The advantages of an analytical solution,
when it is possible to apply one, are that it usually provides an exact solution to the governing equation
and is often relatively simple and efficient to use. Many analytical solutions have been developed for the
flow equation; however, most applications are limited to well hydraulics problems involving radial
symmetry. The familiar Theis type curve represents the solution of one such analytical model. Analytical
solutions are also available to solve the solute-transport equation (e.g., Bear, 1979; Javandel et al., 1984;
Wexler, 1992). In general, obtaining the exact analytical solution to the partial differential equation
requires that the properties and boundaries of the flow system be highly and perhaps unrealistically
idealized. For simulating most field problems, the mathematical benefits of obtaining an exact analytical
solution are probably outweighed by the errors introduced by the simplifying assumptions about the
complex field environment that are required to apply the analytical approach.

Alternatively, for problems where the simplified analytical models no longer describe the physics of
the situation, the partial differential equations can be approximated numerically. In so doing, the con-
tinuous variables are replaced with discrete variables that are defined at grid blocks or nodes. Thus, the
continuous differential equation, which defines hydraulic head or solute concentration everywhere in
the system, is replaced by a finite number of algebraic equations that defines the hydraulic head or
concentration at specific points. This system of algebraic equations generally is solved using matrix
techniques. This approach constitutes a numerical model.

Two major classes of numerical methods have come to be well accepted for solving the groundwater
flow equation. These are the finite-difference methods and the finite-element methods. Each of these
two major classes of numerical methods includes a variety of subclasses and implementation alternatives.
Comprehensive treatments of the application of these numerical methods to groundwater problems are
presented by Remson et al. (1971) and Wang and Anderson (1982). Both of these numerical approaches
require that the area of interest be subdivided by a grid into a number of smaller subareas (cells or
elements) that are associated with nodal points (either at the centers or peripheries of the subareas).

In addition to finite-difference and finite-element methods, boundary integral equation methods and
analytical element methods can also be applied to solve the flow equation (for example, see Haitjema,
1995). Their main advantage is that, for homogeneous regions, they can provide precise solutions without
discretization. Thus, if a system’s heterogeneity can be adequately represented by using only a few very
large elements, the methods can be very efficient in terms of computer time. If heterogeneities are such
that a large number of elements are required to describe them adequately, then finite-difference or finite-
element methods may be preferable. To date, finite-difference and finite-element methods have been
more widely used than other numerical methods in simulating groundwater flow problems.

Finite-difference methods approximate the first derivatives in the partial differential equations as
difference quotients (the differences between values of the independent variable at adjacent nodes with
respect to the distance between the nodes, and at two successive time levels with respect to the duration
of the time-step increment). Finite-element methods use assumed functions of the dependent variable
and parameters to evaluate equivalent integral formulations of the partial differential equations. Huya-
korn and Pinder (1983) present a comprehensive analysis of the application of finite-element methods
to groundwater problems. In both numerical approaches, the discretization of the space and time dimen-
sions allows the continuous boundary-value problem for the solution of the partial differential equation
to be reduced to the simultaneous solution of a set of algebraic equations. These equations can then be
solved using either iterative or direct matrix methods.

Each approach has advantages and disadvantages, but there are very few groundwater problems for
which either is clearly superior. In general, the finite-difference methods are simpler conceptually and
mathematically, and are easier to program. They are typically keyed to a relatively simple, rectangular
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grid, which also eases data entry. Finite-element methods generally require the use of more sophisticated
mathematics but, for some problems, may be more accurate numerically than standard finite-difference
methods. A major advantage of the finite-element methods is the flexibility of the finite-element grid,
which allows a close spatial approximation of irregular boundaries of the aquifer and (or) of parameter
zones within the aquifer when they are considered. However, the construction and specification of an
input data set are much more difficult for an irregular finite-element grid than for a regular rectangular
finite-difference grid. Thus, the use of a model preprocessor, which includes a mesh generator and a
scheme to number the nodes and elements of the mesh and to specify the spatial coordinates of each
node, is recommended. Figure 20.1 illustrates a hypothetical aquifer system, which has impermeable
boundaries and a well field (Figure 20.1A), which has been discretized using finite-difference (Figure
20.1B) and finite-element (Figure 20.1C) grids. Figures 20.1B and 20.1C illustrate conceptually how their
respective grids can be adjusted to use a finer mesh spacing in selected areas of interest. The rectangular
finite-difference grid approximates the aquifer boundaries in a stepwise manner, resulting in some nodes
or cells outside the aquifer, whereas sides of the triangular elements of the finite-element grid can closely
follow the outer boundary using a minimal number of nodes.

@ WELL FIELD
—— AQUIFER BOUNDARY

FIGURE 20.1 Hypothetical application to (A) an irregularly bounded aquifer of (B) finite-difference and (C) finite-
element grids. (From Konikow, L. F. 1996. Numerical models of groundwater flow and transport, in Manual on
Mathematical Models in Isotope Hydrogeology. International Atomic Energy Agency, Vienna.)

The solute-transport equation is more difficult to solve numerically than the groundwater flow equa-
tion, largely because the mathematical properties of the transport equation vary depending upon which
terms in the equation are dominant in a particular situation. When solute transport is dominated by
advective transport, as is common in many field problems, then Equation (7) approximates a hyperbolic
type of equation (similar to equations describing the propagation of a wave or of a shock front). But if
a system is dominated by dispersive fluxes, such as might occur where fluid velocities are relatively low
and aquifer dispersivities are relatively high, then Equation (7) becomes more parabolic in nature (similar
to the transient groundwater flow equation).

The numerical methods that work best for parabolic partial differential equations are not best for
solving hyperbolic equations, and vice versa. Thus, no one numerical method or simulation model will
be ideal for the entire spectrum of groundwater transport problems likely to be encountered in the field.
Further compounding this difficulty is the fact that in the field, the seepage velocity of groundwater is
highly variable, even if aquifer properties are relatively homogeneous because of the effects of complex
boundary conditions. Thus, in low permeability zones or near stagnation points, the velocity may be
close to zero and the transport processes will be dominated by dispersion processes; in high permeability
zones or near stress points (such as pumping wells), the velocity may be several meters per day and the
transport processes will be advection dominated. In other words, for the same system, the governing
equation may be more hyperbolic in one area (or at one time) and more parabolic in another area (or
at another time). Therefore, regardless of which numerical method is chosen as the basis for a simulation
model, it will not be ideal or optimal over the entire domain of the problem, and significant numerical
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errors may be introduced somewhere in the solution. The transport modeling effort must recognize this
inherent difficulty and strive to minimize and control the numerical errors.

Additional complications arise when the solutes of interest are reactive. The reaction terms included
in Equation (7) are mathematically simple ones. They do not necessarily represent the true complexities
of many reactions. Also, particularly difficult numerical problems arise when reaction terms are highly
nonlinear, or if the concentration of the solute of interest is strongly dependent on the concentration of
other chemical constituents. In reality, isotherms may not be linear and may not be equilibrium con-
trolled. For field problems in which reactions significantly affect solute concentrations, simulation accu-
racy is less limited by mathematical constraints than by data constraints. That is, the types and rates of
reactions for the specific solutes and minerals in the particular groundwater system of interest are rarely
known and require an extensive amount of data to assess accurately.

Finite-difference and finite-element methods also can be applied to solve the transport equation,
particularly when dispersive transport is large compared to advective transport. However, numerical
errors, such as numerical dispersion and oscillations, may be significant for some problems. The numer-
ical errors can generally be reduced by using a finer discretization (either shorter time steps or finer
spatial grid). An example of a documented three-dimensional, transient, finite-difference model that
simultaneously solves the fluid pressure, energy-transport, and solute-transport equations for nonho-
mogeneous miscible fluids is HST3D (Kipp, 1987). An example of a two-dimensional finite-element
transport model is SUTRA, documented by Voss (1984).

Although finite-difference and finite-element models are commonly applied to transport problems,
other types of numerical methods have also been applied to transport problems, including the method
of characteristics, random walk, Eulerian-Lagrangian methods, and adaptive grid methods. All of these
methods have the ability to track sharp fronts accurately with a minimum of numerical dispersion.
Documented models based on variants of these approaches include Konikow and Bredehoeft (1978),
Sanford and Konikow (1985), Prickett et al. (1981), and Zheng (1990).

No single one of the standard numerical methods is ideal for a wide range of transport problems and
conditions. Thus, there is currently still much research on developing better mixed or adaptive methods
that aim to minimize numerical errors and combine the best features of alternative standard numerical
approaches.

20.5.1 Basics of Finite-Difference Methods

The partial differential equations describing the flow and transport processes in groundwater include
terms representing derivatives of continuous variables in space and time. Finite-difference methods are
based on the approximation of these derivatives (or slopes of curves) by discrete linear changes over
discrete intervals of space or time. If the intervals are sufficiently small, then all of the linear increments
will represent a good approximation of the true curvilinear surface or hydrograph.

If we consider the observation wells in a confined aquifer, as illustrated in Figure 20.2A, Bennett (1976)
shows that a reasonable approximation for the derivative of head, oh/dx, at a point (d) midway between
wells 1 and 0 is:

EARAL
=) @

Note that the observation wells are spaced an equal distance apart. Similarly, a reasonable approximation
for the second derivative, 92h/dx?, at point 0 (the location of the center well) can be given as:

o) _[Oh)  p—h, h—h
Ih 3[3"1 (""J«z B dxFith -2 (10)
ox? s Ax Ax (Ax)z
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FIGURE 20.2 Schematic cross section through confined aquifer to illustrate numerical approximation to derivatives
of head, (A) dh/dx and (B) dh/dy. (Adapted from Bennett, G. D. 1976. Introduction to Ground-Water Hydraulics: A
Programmed Text for Self-Instruction. Techniques of Water-Res. Invests. of the U.S. Geol. Survey, Book 3, Ch. B2.)

If we also consider wells 3 and 4 shown in Figure 20.2B, located on a line parallel to the y-axis, we can
similarly approximate d2h/dy? at point 0 (the same point 0 as in Figure 20.2A) as (Bennett, 1976):

Bzh) hy +h, —2h,
T | 2 (11
[&y 0 (Ay)

If the spacing of the wells in Figure 20.2B is uniform (that is, Ax = Ay = a), then we can develop the
following approximation:

*h  3*h _h+hy+h +h —4h
o a*

(12)

These approximations can also be obtained through the use of Taylor series expansions. A certain error
is involved in approximating the derivatives by finite-differences, but this error will generally decrease as
a (or Ax and Ay) is given smaller and smaller values. This error is called a “truncation error” because
the replacement of a derivative by a difference quotient is equivalent to using a truncated Taylor series,
so that the exact solution of a difference equation differs from the solution of the corresponding differ-
ential equation (Peaceman, 1977). Also, it may not be possible to achieve an “exact” solution of the
difference equation because of limits of precision in storing numbers in a digital computer. In solving a
large set of difference equations, many arithmetic operations are performed, and round-off errors may
sometimes accumulate.

Next consider the construction of a rectangular finite-difference grid. Two possible modes of grid
construction are illustrated in two dimensions in Figures 20.3A and 3B. In Figure 20.3A, the calculation
points (or nodes) are located at the centers of the blocks (or cells) formed by the grid lines. This type
of grid is commonly called a block-centered grid. In the second type (Figure 20.3B), the nodes are
considered to be located at the intersections of the grid lines. This type has been variously called a point-
centered, node-centered, mesh-centered, or lattice-centered grid. Although there is no overall inherent
advantage of one type over the other, there will be some operational differences between the two
approaches in the treatment of boundaries and in areas of influence around nodes. Most, but not all,
finite-difference groundwater models are based on the use of block-centered grids. Double indexing is
normally used to identify functions and variables within the two-dimensional region. For example, h;;
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FIGURE 20.3 Examples of finite-difference grids: (A) two-dimensional block-centered grid, (B) two-dimensional
node-centered grid, and (C) three-dimensional block-centered grid. (A and B from Konikow, L. E. 1996. Numerical
models of groundwater flow and transport, in Manual on Mathematical Models in Isotope Hydrogeology. International
Atomic Energy Agency, Vienna. C from Konikow, L. F, Goode, D. J., and Hornberger, G. Z. 1996. A three-dimensional
method-of-characteristics solute-transport model (MOC3D). U.S. Geol. Survey Water-Res. Inv. Rept. 96-4267).

is the head at node i,j, where i and j are the row and column locations in the finite-difference grid. This
procedure is easily extended to three dimensions, as illustrated in Figure 20.3C. Here the vertical dimen-
sion (or z-direction) is indexed by the subscript k and h;;; would represent the head at node i,j k.

We must also consider the discretization of time, which may be viewed as another dimension, and
hence represented by another index. If we consider a representative segment of a hydrograph (see Figure
20.4), in which head is plotted against time for a transient flow system, n is the index or subscript used
to denote the time at which a given head value is observed. The slope of the hydrograph at any point is
the derivative of head with respect to time, and it can be approximated as dh/dt = Ah/At. In terms of
the heads calculated at specific time increments (or time nodes), the slope of the hydrograph at time n
can be approximated by:

o ey (13)
ot ) u At

or
) _hh, (14)
%) . At :

We are calculating the derivative at t = nAt in Equation (13) by taking a “forward d.lﬁerence” from
time 7 to time n+1, and by taking a “backward difference” in Equation (14). In terms of solving the
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FIGURE 20.4 Part of a hydrograph showing that the derivative (or slope, dh/dt) at time node t, may be approximated
by Ah/At. (From Konikow, L. E. 1996. Numerical models of groundwater flow and transport, in Manual on Mathe-
matical Models in Isotope Hydrogeology. International Atomic Energy Agency, Vienna.)
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FIGURE 20.5 Grid stencil showing discretization of time at node (i,j) in two-dimensional finite-difference grid: (A)
explicit (forward-difference) formulation and (B) implicit (backward-difference) formulation. (From Konikow, L. E
1996. Numerical models of groundwater flow and transport, in Manual on Mathematical Models in Isotope Hydroge-
ology. International Atomic Energy Agency, Vienna.)

groundwater flow equation for a node (1) of a finite-difference grid, we have to consider heads at five
nodes and at two time levels, as illustrated in Figure 20.5. In Figure 20.5A, we have expressed the spatial
derivatives of head at time level n, where all values are known, and the time derivative as a forward
difference to the unknown head at time step n+1. Then for every node of the grid we will have a separate
difference equation, each of which contains only one unknown variable. Thus, these equations can be
solved explicitly. Explicit finite-difference equations are thus simple and straightforward to solve, but
they may have associated stability criteria. That is, if time increments are too large, small numerical errors
or perturbations may propagate into larger errors at later stages of the computations.

In Figure 20.5B, we have expressed the time derivative as a backward difference from the heads at time
level n, which are thereby the unknown heads, whereas the heads at the previous time level, n-1, are
known (either from specified initial conditions for the first time step or from subsequent solutions at
later time steps). The spatial derivatives of head are written at time level n, where all values are unknown,
so for every node of the grid we will have one difference equation that contains five unknowns, which
cannot be solved directly. However, for the entire grid, which contains N nodes, we would have a system
of N equations containing a total of N unknowns. Such a system of simultaneous equations, together
with specified boundary conditions, can be solved implicitly. Although implicit solutions are more
complicated, they also have the advantage of generally being unconditionally stable. This implies that a
solution will be obtained, although not necessarily that the estimate of the derivative that is calculated
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will be accurate, if the time steps are large relative to the rate of change of head. Most available groundwater
flow models solve an implicit finite-difference approximation to the flow equation.

We may next consider a two-dimensional groundwater flow equation for a heterogeneous, anisotropic
aquifer (Equation [5]), in which the coordinate system is aligned with the major axes of the transmissivity
tensor. This may be approximated by the following finite-difference equation for representative node (i,j)
as:

T, hi—l,j,n - hi.}'.n +T ¢ . i+Ljn h:‘.j.n +T, hi.jwl,n i :‘i,j,n
i-}] (4) it 1] ( Ax)2 lii-¥] (4) -
15

+T hijin=Bijm o bijn=Bijinn _ % —EL(H - )
A (ay) ar ) axty o Ul

where g;; is the volumetric rate of withdrawal (negative in sign) or recharge (positive) at the i,j node,
L3T-". This formulation inherently assumes that any stresses, such as represented by g, are applied over
the entire surface area of cell i,j rather than at a point (or at node i,j). This implies that if a pumping
well is represented at node i,j, then the head will be calculated as if it were being withdrawn from a well
that had a horizontal surface area for the borehole equal to AxAy rather than its actual value. In Equation
(15), the transmissivity terms represent the harmonic means of the transmissivity of the two adjacent
cells. The harmonic mean can be shown to be appropriate and consistent with the assumption that
transmissivity is constant and uniform within each cell but may be different between cells. Other types
of means for interblock transmissivity may be more appropriate for other assumptions about the trans-
missivity distribution, such as smoothly varying transmissivity (Goode and Appel, 1992).

20.5.2 Basics of Finite-Element Methods

The finite-element method (FEM) is a numerical analysis technique for obtaining approximate solutions
to a wide variety of problems in physics and engineering. The method was originally applied to structural
mechanics but is now used in all fields of continuum mechanics. Huebner (1975) describes four different
approaches to formulate the finite-element method for a problem, which are: the direct approach, the
variational approach, the weighted residual approach, and the energy balance approach. In groundwater
problems, the approach frequently used is either the weighted residual or variational approach.

The finite-element method (FEM) uses a concept of “piecewise approximation.” The domain of the
problem, that is the extent of the aquifer to be simulated, is divided into a set of elements or pieces. In
theory, the elements can be of different shapes and sizes. Most FEM computer programs use one shape
element, most commonly either triangular or quadrilateral elements. In the groundwater model MODFE
(Torak, 1993; Cooley, 1992) triangular elements are used, whereas in the groundwater model SUTRA
(Voss, 1984) quadrilateral elements are used. Point values of the dependent variable (for example, head,
pressure, or concentration) are calculated at nodes, which are the corners or vertices of the elements,
and a simple equation is used to describe the value of the dependent variable within the element. This
simple equation is called a basis function and each node that is part of an element has an associated
basis function. The simplest basis functions that are usually used are linear functions. The solution to
the differential equation for flow (Equation [3]) or transport (Equation [7]) is approximated by a set
of elements in which the dependent variable only varies linearly within the element, but the entire set
of elements approximates the complex distribution of head or concentration. Figure 20.6 shows the
approximate modeled hydraulic head distribution (Figure 20.6C) comprised of a set of triangular
elements (Figure 20.6A) having a linear approximation of head variation within each element (Figure
20.6B).
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FIGURE 20.6 Diagram showing (A) aquifer region partially subdivided by finite elements and typical element e, (B)
finite-element representation of hydraulic head h, and (C) finite-element mesh configuration for approximating
true hydraulic head. (From Torak, L. J. 1993, A modular finite-element model (MODEFE) for areal and axisymmetric
ground-water-flow problems, Part 1: Model description and user’s manual. Techniques of Water-Res. Invests. of the
U.S. Geol. Survey, Book 6, Ch. A3.)
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In the method of weighted residuals, the piecewise continuous surface is obtained by minimizing the
difference between the approximate surface and the continuous surface. The method of weighted residuals
is summarized by Huyakorn and Pinder (1983, p. 39) as follows. Any differential equation L(h), such as
the steady-state form of Equation (3) (the groundwater flow equation) can be written:

L(h):o (16)

over the domain of the problem R. The first step in obtaining the approximate solution is to define the
approximate solution as the sum of all the simple basis functions as:

=¥ Nz (17)
1

where h is the approximate solution, n is the number of linearly independent basis functions, N; are
the linearly independent basis functions defined over the entire domain, and Z; are the unknown
coefficients to be determined (there is one coefficient for each node in the finite-element mesh). The
trial function h is an approximation, so that when it is substituted into Equation (16) there will be some
error, &, defined as:

&=1{i) (18)

The method of weighted residuals determines the unknown coefficients by minimizing the error. This
is accomplished by weighting the error, integrating the error, and setting the error equal to zero over the
entire domain. A weighting function, W, can be specified for each basis function and the resulting
integration is:

jmg;m:juu(ﬁ)d;z:o i=12...n (19)
R R

Equation (17) is substituted into Equation (19), and weighting functions are specified. There are
then n equations and n unknowns. The selection of the weighting functions and the simplification of
the integral in Equation (19) into a linear algebraic equation is mathematically straightforward, but
not intuitive. In the Galerkin method, the weighting functions are chosen to be identical to the basis
functions, and Equation (19) is simplified by using integration by parts. Because the basis functions
and weighting functions are defined to be of a specific algebraic form (for example, linear basis
functions), the modified integral is straightforward to solve and becomes a set of n simultaneous
algebraic equations.

After Equation (19) is mathematically evaluated into a set of n simultaneous equations, they are solved
using matrix solution techniques for the n unknown coefficients Zj, and the approximate solution h is
determined at each node. The time derivative is frequently approximated by finite differences as discussed
in the previous section. Huyakorn and Pinder (1983), Huebner (1975), Zienkiewicz (1971), Wang and
Anderson (1982), and Cooley (1992) provide more comprehensive explanations of the method.

20.5.3 Basics of Method-of-Characteristics Methods

The method of characteristics was developed to solve hyperbolic differential equations (advectively
dominated transport equations). A major advantage is that the method minimizes numerical dispersion
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(Reddell and Sunada, 1970; Garder et al., 1964; Zheng and Bennett, 1995). The approach taken by the
method of characteristics is not to solve Equation (7) directly, but rather to solve an equivalent system
of ordinary differential equations. A form of Equation (7), accounting for equilibrium-controlled sorption
or exchange and first-order irreversible rate reactions, can be further modified for improved compatibility
with this method by expanding the advection term, substituting relations from Darcy’s law and the flow
equation, and rearranging terms to obtain:

aC o) v w'(c-c’
3 —J‘ L UEE) (20)

<L 2 "
R ox\ "ox | R ox R,

PK,

where Ry is defined as a dimensionless retardation factor, Re=1+ , and Kj is the distribution

coefficient, L*M-1. If we consider the material derivative of concentration with respect to time, dC/dt, as
describing the change in concentration of a parcel of water moving at the seepage velocity of water, it
may be defined for a two-dimensional system as:

40 _oC i Xdy
dt ot oxdt dyadt @Y

The second and third terms on the right side include the material derivatives of position, which are
defined by the velocity in the x and y directions. We then have:

&_V,
X (22)
& _V,
dt—RJ. (23)
and
d_1 (. a w*(c-c’) y
o e i

The solutions of the system of equations comprising Equations (22) through (24) may be given as
x=x(1), y = y(#), and C = C(¢), and are called the characteristic curves of Equation (20). Given solutions
to Equations (22) through (24), a solution to the partial differential equation may be obtained by
following the characteristic curves, which are defined by the particle pathlines. This may be accom-
plished by introducing a set of moving points (or reference particles) that can be traced within the
stationary coordinates of a finite-difference grid. Each particle corresponds to one characteristic curve,
and values of x, y and C are obtained as functions of t for each characteristic (Garder et al., 1964).
Each point has a concentration and position associated with it and is moved through the flow field in
proportion to the flow velocity at its location (see Figure 20.7). The concentrations at the nodes of the
fixed finite-difference grid may then be estimated as an arithmetic or weighted mean of the concentra-
tions of all particles contained within the cell area for that node.

Case 7:23-cv-00897-RJ Docume

Groundwater Modeling 20-17

. 7/" . EXPLANATION

/ 7 7 S @ Node of finite-difference cell

X l,o o

° ,/ ‘/ x Initial location of particle

S W o  New location of particle
.

e

em=wsiipe Flow line and direction of flow
(<] /o/ ) ———— Computed path of particle

FIGURE 20.7 Part of a hypothetical finite-difference grid showing relation of flow field to movement of points (or
particles) in method-of-characteristics model for simulating solute transport. (Adapted from Konikow, L. F. and
Bredehoeft, ]. D. 1978. Computer Model of Two-Dimensional Solute Transport and Dispersion in Ground Water.
Techniques of Water-Res. Invests, of the U.S. Geol. Survey, Book 7, Ch. C2.)
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20.5.4 Matrix Solution Techniques

As indicated, the finite-difference and finite-element approximations lead to an algebraic equation for
each node point. The set of algebraic equations may be solved numerically by one of two basic methods:
direct or iterative. In direct methods, a sequence of operations is performed only once to solve the matrix
equation, providing a solution that is exact, except for machine round-off error. Iterative methods arrive
ata solution by a process of successive approximation. They involve making an initial guess at the solution,
then improving this guess by some iterative process until an error criterion is satisfied. Therefore, in
these techniques, convergence and the rate of convergence are of concern.

Direct methods can be further subdivided into: (1) solution by determinants, (2) solution by successive
elimination of the unknowns, and (3) solution by matrix inversion. Direct methods have two main
disadvantages. The first problem is one of computer resource requirements, including large storage
(memory) requirements and long computation times for large problems. The matrix is sparse (contains
many zero values) and to minimize computational effort, several techniques have been proposed. How-
ever, for finite-difference and finite-element methods, storage requirements may still prove to be unavoid-
ably large for three-dimensional problems. The second problem with direct methods is round-off error.
Because many arithmetic operations are performed, round-off errors can accumulate for certain types
of matrices.

Iterative schemes avoid the need for storing large matrices, which make them attractive for solving
problems with many unknowns. Numerous schemes have been developed; a few of the more commonly
used ones include successive over-relaxation methods, iterative alternating-direction implicit procedure,
and the strongly implicit procedure.

Because iterative methods start with an initial estimate for the solution, the efficiency of the method
depends somewhat on this initial guess. To speed up the iterative process, relaxation and acceleration
factors are used. Unfortunately, the definition of best values for these factors commonly is problem
dependent. In addition, iterative approaches require that an error tolerance be specified to stop the
iterative process. An optimal value for the tolerance, which is used to evaluate when the iterative calcu-
lations have converged on a solution, may also be problem dependent. If the tolerance is set too large,
then the iterations may stop before adequate numerical accuracy is achieved. If the tolerance is set too
small, then the iterative process may consume excessive computational resources in striving for numerical
precision that may be orders of magnitude smaller than the precision of the field data, or the iterative
process may even fail to converge.

More recently, a semi-iterative method, or class of methods, known as conjugate-gradient methods,
has gained popularity. One advantage of the conjugate-gradient method is that it does not require the
use or specification of iteration parameters, thereby eliminating this partly subjective procedure.
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20.5.5 Boundary and Initial Conditions

To obtain a unique solution of a partial differential equation corresponding to a given physical process.
additional information about the physical state of the process is required. This information is supph‘ed’
by boundary and initial conditions. For steady-state problems, only boundary conditions are required.
whereas for transient problems, boundary and initial conditions must be specified. ’

Mathematically, the boundary conditions include the geometry of the boundary and the values of the
dependent variable or its derivative normal to the boundary. In physical terms, for groundwater model
applications, the boundary conditions are generally of three types: (1) specified value (head or concen-
tration), (2) specified flux (corresponding to a specified gradient of head or concentration), or (3) value-
dependent flux (or mixed boundary condition, in which the flux across a boundary is related to both
the normal derivative and the value) (Mercer and Faust, 1981; Franke et al., 1987). The third type of
boundary condition might be used, for example, to represent leakage or exchange between a stream and
an adjacent aquifer, in which the leakage may change over time as the head in the aquifer changes, even
though the head in the stream might remain fixed. A no-flow boundary is a special case of the second
type of boundary condition. The types of boundaries appropriate to a particular field problem require
careful consideration.,

The initial conditions are simply the values of the dependent variable specified everywhere inside the
boundary at the start of the simulation. Normally, the initial conditions are specified to be a steady-state
solution. If, however, initial conditions are specified so that transient flow is occurring in the system at
the start of the simulation, it should be recognized that heads will change during the simulation, not
only in response to the new pumping stress, but also due to the initial conditions (Franke et al., 1987).

20.6 Model Design, Development, and Application

The first step in model design and application is to define the nature of the problem and the purpose of
the model. Although this may seem obvious, it is an important first step that is sometimes overlooked
in a hasty effort to take action. This step is closely linked with the formulation of a conceptual model,
which again is required prior to development of a mathematical model. A possible outcome of such a
preliminary assessment might even be that a deterministic simulation model is not needed. In formulating
a conceptual model, the analyst must evaluate which processes are significant in the system being
investigated for the particular problem at hand. Some processes may be important to consider at one
scale of study, but negligible or irrelevant at another scale of investigation. The analyst must similarly
decide on the appropriate dimensionality for the numerical model. Good judgment is required to evaluate
and balance the trade-offs between accuracy and cost, with respect to model development, model use,
and data requirements. The key to efficiency and accuracy in modeling a system probably is more affected
by the formulation of a proper and appropriate conceptual model than by the choice of a particular
numerical method or code.

Once a decision to develop a model has been made, a code (or generic model) must be selected (or
modified or constructed) that is appropriate for the given problem. Next, the generic code must be
adapted to the specific site or region being simulated. Development of a numerical deterministic, dis-
tributed-parameter, simulation model involves selecting or designing spatial grids and time increments
that will yield an accurate solution for the given system and problem. The analyst must then specify the
properties of the system (and their distributions), stresses on the system (such as recharge and pumping
rates), boundary conditions, initial conditions (for transient problems), and geochemical processes/reac-
tions (if appropriate). All of the parameter specifications and boundary conditions are really part of the
overall conceptual model of the system, and the initial numerical model reflects the analyst’s conceptual
model of the system.

It must always be remembered that a model is an approximation of a very complex reality, and a model
is used to simplify that reality in a manner that captures or represents the essential features and processes
relative to the problem at hand. In the development of a deterministic groundwater model for a specific
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area and purpose, an appropriate level of model complexity (or, rather, simplicity) must be selected. One
may be inclined to believe that finer resolution in a model will yield greater accuracy, and there is a
legitimate basis for this. However, there also exists the practical constraint that even when appropriate
data are available, a finely discretized three-dimensional numerical model may be too large to run on
available computers, especially if transport processes are included. The selection of the appropriate model
and appropriate level of model complexity remains subjective and dependent on the judgment and
experience of the analysts, the objectives of the study, the level of prior information available for the
system of interest, and the complexity of the system being modeled. The trade-off between model accuracy
and model cost will always be a difficult one to resolve, but will always have to be made. In any case,
water managers and other users of model results must be made aware that these trade-offs and judgments
have been made and may affect the reliability of the model.

In general, it is more difficult to calibrate a solute-transport model of an aquifer than it is to calibrate
a groundwater flow model. Fewer parameters need to be defined to compute the head distribution with
a flow model than are required to compute concentration changes with similar confidence using a solute-
transport model. Also, in typical field problems, defining the source term for a solute-transport model
is especially difficult for point-source contamination problems because the timing and strength of releases
of solute mass into an aquifer system are rarely known or reported accurately (and, in fact, are commonly
the very point of contention in litigation).

Because the groundwater seepage velocity is determined from the head distribution, and because both
advective transport and hydrodynamic dispersion are functions of the seepage velocity, a model of
groundwater flow is typically calibrated before a solute-transport model is developed. In fact, in a field
environment perhaps the single most important key to understanding a solute-transport problem is the
development of an accurate definition (or model) of the flow system. This is particularly relevant to
transport in fractured rocks, where simulation is commonly based on porous-media concepts. In highly
heterogeneous systems, the potential (or head) field can often be simulated fairly accurately, whereas the
calculated velocity field may still be greatly in error, resulting in considerable errors in simulations of
transport.

20.6.1 Generic Model Verification

One of the first things that must be demonstrated is that the generic model accurately solves the governing
equations for various boundary value problems, an evaluation that is often called model “verification.”
This is checked by demonstrating that the code gives good results for problems having known solutions.
This test is usually done by comparing the numerical model results to that of an analytical solution.
Numerical accuracy is rarely a problem for the solution to the flow equation, but may sometimes be a
significant problem in transport modeling.

It must be remembered that numerical solutions are sensitive to spatial and temporal discretization.
Therefore, even a perfect agreement for test cases only proves that the numerical code can accurately
solve the governing equations, not that it will accurately solve problems under any and all circumstances.

Analytical solutions generally require simple geometry, uniform properties, and idealized boundary
and initial conditions. The power of the numerical methods is that they are not constrained by the
simplification imposed by analytical methods and allow the introduction of nonhomogeneous, aniso-
tropic parameter sets, irregular geometry, mixed boundary conditions, and even nonlinearities into the
boundary value problems. Usually, analytical solutions approximating these complexities are unavailable
for comparison. Therefore, once these complexities are introduced there is no definitive basis for verifying
the numerical model.

One approach that improves confidence for complex heterogeneous problems is to compare the model
results to experimental data, to results of other well-accepted models, or to some other accepted standard.
Such evaluations might best be termed benchmarking. The HYDROCOIN Project used standardized
problem definitions as a basis for intercode comparisons (Swedish Nuclear Power Inspectorate, 1987).
While this type of benchmarking helps assure consistency, it does not guarantee or measure accuracy. A
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collection and detailed discussion of a number of classical groundwater problems that have been used
historically as a basis of model evaluation are presented and documented by Ségol (1994).

20.6.2 Grid Design

The dimensionality of the model (ie., one, two, or three dimensions) should be selected during the
formulation of the conceptual model. If a one- or two-dimensional model is selected, then it is important
that the grid be aligned with the flow system so that there is no unaccounted flux into or out of the line
or plane of the grid. For example, if a two-dimensional areal model is applied, then there should be no
significant vertical components of flow and any vertical leakage or flux must be accounted for by boundary
conditions; if a two-dimensional profile model is applied, then the line of the cross section should be
aligned with an areal streamline, and there should not be any significant lateral flow into or out of the
plane of the cross section.

To minimize a variety of sources of numerical errors, the model grid should be designed using the
finest mesh spacing and time steps that are possible, given limitations on computer memory and com-
putational time. To the extent possible, the grid should be aligned with the fabric of the rock and with
the average direction of groundwater flow. The boundaries of the grid also should be aligned, to the
extent possible, with natural hydrologic and geologic boundaries of the system of interest. Where it is
impractical to extend the grid to a natural boundary, then an appropriate boundary condition should
be imposed at the edge of the grid to represent the net effects of the continuation of the system beyond
the grid. This can typically be accomplished using head-dependent leakage (third type) boundary con-
ditions. However, this would preclude calculating (and accounting for) any storage changes outside the
active grid. These boundaries should also be placed as far as possible away from the area of interest and
areas of stresses on the system, so as to minimize any impact of conceptual errors associated with these
artificial boundary conditions. Note that it is possible for certain types of hydraulic boundaries, such as
a groundwater divide, to change location over time if they are located near a major hydraulic stress. If
this is anticipated, it might be preferable to extend the boundary of the grid some distance beyond the
location of such a natural boundary.

In designing the grid, the length-to-width ratio (or aspect ratio) of cells or elements should be kept
as close to one as possible. Long linear cells or elements can lead to numerical instabilities or errors, and
should be avoided, particularly if the aspect ratio is greater than about five (Bear and Verruijt, 1987).
However, this is a loose guideline as aspect ratios exceeding 100:1 are often used without introducing
significant error. In applying this guideline to triangular finite-element methods, Torak (1993) recom-
mends that angles less than 22.5% in a triangle should be avoided.

In specifying boundary conditions for a particular problem and grid design, care must be taken not
to overconstrain the solution. That is, if dependent values are fixed at too many boundary nodes, at either
internal or external nodes of a grid, the model may have too little freedom to calculate a meaningful
solution. At the extreme, by manipulating boundary conditions, one can force any desired solution at
any given node. While a forced solution may assure a perfect match to observed data used for calibration,
such a match is, of course, not an indicator of model accuracy or reliability and, in fact, can be meaningless
(Franke and Reilly, 1987).

To optimize computational resources in a model, it is sometimes advisable to use an irregular (or
variably spaced) mesh in which the grid is finest in areas of point stresses, where gradients are steepest,
where data are most dense, where the problem is most critical, and (or) where greatest numerical accuracy
is desired. It is generally advisable to increase the mesh spacing by a factor no greater than about two
between adjacent cells or elements. Similarly, time steps can often be increased geometrically during a
transient simulation. At the initial times or after a change in the stress regime, very small time steps
should be imposed, because that is when changes in the dependent variable over time are the greatest.
As elapsed time increases, the rate of change in head typically decreases, so time steps can often be safely
increased by a factor of two or more.
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Because transmissivity is a property of the porous media, the cross-product terms of the transmissivity
tensor drop out of the governing flow equation that is solved in a model by aligning the model grid with
the major axes of the transmissivity tensor (as represented in Equation [5]). This makes the code simpler
and more efficient, and, in fact, is a required assumption for most finite-difference models. However,
this same simplification typically is not possible for the dispersion tensor in the transport equation
because it is also related to, and depends on, the flow direction, which changes orientation over space
and time. In general, it is not possible to design a fixed grid that will always be aligned with a changing
flow field.

20.6.3 Model Calibration

Deterministic groundwater simulation models impose large requirements for data to define all of the
parameters at all of the nodes of a grid. To determine uniquely the parameter distribution for a field
problem, so much expensive field testing would be required that it is seldom feasible either economically
or technically. Therefore, the model typically represents an attempt, in effect, to solve a large set of
simultaneous equations having more unknowns than equations. It is inherently impossible to obtain a
unique solution to such a problem.

Uncertainty in parameters logically leads to a lack of confidence in the interpretations and predictions
that are based on a model analysis, unless the model can be demonstrated to be a reasonably accurate
representation of the real system. To demonstrate that a deterministic groundwater simulation model is
realistic, usually field observations of aquifer responses (such as changes in water levels for flow problems
or changes in concentration for transport problems) are compared to corresponding values calculated
by the model. The objective of this calibration procedure is to minimize differences between the observed
data and calculated values. Usually, the model is considered calibrated when it reproduces historical data
within some acceptable level of accuracy. The level of acceptability is, of course, determined subjectively.
Although a poor match provides evidence of errors in the model, a good match in itself does not prove
the validity or adequacy of the model (Konikow and Bredehoeft, 1992).

Because of the large number of variables in the set of simultaneous equations represented in a model,
calibration will not yield a unique set of parameters. Where the match is poor, it suggests (1) an error
in the conceptual model, (2) an error in the numerical solution, or (3) a poor set of parameter values.
Even when the match to historical data is good, the model may still fail to predict future responses
accurately, especially under a newer or more extended set of stresses than were experienced during the
calibration period.

The calibration of a deterministic groundwater model is often accomplished through a trial and error
adjustment of the model’s input data (aquifer properties, sources and sinks, and boundary and initial
conditions) to modify the model’s output. Because a large number of interrelated factors affect the output,
trial and error adjustment may become a highly subjective and inefficient procedure. Advances in
parameter estimation procedures help to eliminate some of the subjectivity inherent in model calibration
(Yeh, 1986). The newer approaches generally treat model calibration as a statistical procedure using
multiple regression approaches. Parameter estimation procedures allow the simultaneous construction,
application, and calibration of a model using uncertain data, so that the uncertainties in model parameters
and in predictions and assessments can be quantified.

However, even with regression modeling, the hydrologic experience and judgment of the modeler
continues to be a major factor in calibrating a model both accurately and efficiently. In any case, the
modeler should be very familiar with the specific field area being studied in order to ensure that both
the data base and the numerical model adequately represent prevailing field conditions. The modeler
must also recognize that uncertainty in specification of sources, sinks, and boundary and initial conditions
should be evaluated during the calibration procedure in the same manner as uncertainty in aquifer
properties. Failure to recognize the uncertainty inherent both in the input data and in the calibration
data may lead to “fine-tuning” of the model through unjustifiably precise parameter adjustments strictly
to improve the match between observed and calculated variables. This may serve only to provide a false
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confidence in the model without producing an equivalent (or any) increase in the predictive accuracy of
the model or any improved conceptual understanding of the real system. Freyberg (1988) illustrated this
in an exercise in which several groups were given the task of modeling a particular hypothetical ground-
water problem. The group that achieved the best calibration, as measured by the minimum root mean
square error, was not the group that developed the model that yielded the best prediction (measured by
the same criterion). Freyberg (1988, p. 360) concluded that “simple measures of the goodness of a
calibrated fit to head data are inadequate to evaluate the true worth of a calibrated parameter set.”

Figure 20.8 illustrates in a general manner the use and role of deterministic models in the analysis of
groundwater problems. The value of the modeling approach is its capability to integrate site-specific data
with equations describing the relevant processes as a quantitative basis for predicting changes or responses
in a groundwater system. There must be allowances for feedback from the stage of interpreting model
output both to the data collection and analysis phase and to the conceptualization and mathematical
definition of the relevant governing processes. One objective of model calibration should be to improve
the conceptual model of the system. Because the model quantitatively integrates the effects of the many
factors that affect groundwater flow or solute transport, the calculated results should be internally
consistent with all input data, and it can be determined if any element of the conceptual model should
be revised. In fact, prior concepts or interpretations of aquifer parameters or variables, such as represented
by potentiometric maps or the specification of boundary conditions, may be revised during the calibration
procedure as a result of feedback from the model’s output. In a sense, any adjustment of input data
constitutes a modification of the conceptual model.

Automated parameter-estimation techniques improve the efficiency of model calibration and have two
general components — one part that calculates the best fit (sometimes called automatic history matching)
and a second part that evaluates the statistical properties of the fit. The objective of automatic history
matching is to obtain the estimates of system parameters that yield the closest match (minimize devia-
tions) between observed data and model calculations. Least squares deviation is usually chosen as a
criterion. The minimization procedure uses sensitivity coefficients that are based on the change in
calculated value divided by the change in the parameter. For groundwater flow, for example, this may
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FIGURE 20.8 The use and role of models in the analysis of groundwater problems. (Adapted from Konikow, L. E
1996. Numerical models of groundwater flow and transport, in Manual on Mathematical Models in Isotope Hydroge-
ology. International Atomic Energy Agency, Vienna.)

Case 7:23-cv-00897-RJ Document 3

Groundwater Modeling 20-23

take the specific form of dh/0T; that is, the change in head with changing transmissivity. The sensitivity
coefficients themselves may be useful in the consideration of additional data collection.

Parameter uncertainty is commonly addressed using a sensitivity analysis. A major objective of sensi-
tivity analysis of simulation models is to determine the change in model results as a result of changes in
the model input or system parameters. Conventional sensitivity analysis uses direct parameter sampling
in which parameters are perturbed one by one and the complete set of system equations are resolved
(Konikow and Mercer, 1988). Sensitivity coefficients for each of these perturbed parameters may be
derived by a finite-difference approximation.

20.6.4 Model Error

Discrepancies between observed and calculated responses of a system are the manifestation of errors in
the conceptual or mathematical model. In applying groundwater models to field problems, there are
three sources of error, and it may not be possible to distinguish among them (Konikow and Bredehoeft,
1992). One source is conceptual errors — that is, misconceptions about the basic processes that are
incorporated in the model. Conceptual errors include both neglecting relevant processes as well as
inappropriate representation of processes. Examples of such errors include the use of a two-dimensional
model where significant flow or transport occurs in the third dimension, or the application of a model
based upon Darcy’s law to media or environments where Darcy’s law is inappropriate. A second source
of error involves numerical errors arising in the equation-solving algorithm. These include truncation
errors, round-off errors, and numerical dispersion. A third source of error arises from uncertainties and
inadequacies in the input data that reflect our inability to describe comprehensively and uniquely the
aquifer properties, stresses, and boundaries. In most model applications, conceptualization problems and
uncertainty concerning the input data are the most common sources of error.

Numerical methods in general yield approximate solutions to the governing equations. There are a
number of possible sources of numerical error in the solution. If model users are aware of the source
and nature of these errors, they can control them and interpret the results in light of the presence of
error. In solving advection-dominated transport problems in which a relatively sharp front (or steep
concentration gradient) is moving through a system, it is numerically difficult to preserve the sharpness
of the front.

Obviously, if the width of the front is narrower than the node spacing, then it is inherently impossible
to calculate the correct values of concentration in the vicinity of the sharp front. However, even in
situations where a front is less sharp, the numerical solution technique can calculate a greater dispersive
flux than would occur by physical dispersion alone or would be indicated by an exact solution of the
governing equation. That part of the calculated dispersion (or spreading of solute about the center of
mass) introduced solely by the numerical solution algorithm is called numerical dispersion.

Figure 20.9 illustrates calculated breakthrough curves for a hypothetical problem of uniform flow and
transport to the right, at some time and distance after a tracer having a relative concentration of 1.0 was
injected at some point upstream. Curve A represents the breakthrough curve and position of a sharp
front for a case having no dispersion (plug flow). Curve B represents an exact analytical solution for a
nonzero dispersivity. Curve C illustrates the breakthrough curve calculated for the same conditions as
B, but using a numerical method that introduces numerical dispersion. Significant differences exist
between the analytical solution (B) and the numerical solution (C) in parts of the domain. Therefore,
care must be taken to assess and minimize such numerical errors that would artificially add “numerical”
spreading or mixing to the calculated dispersion attributable to physical and chemical processes.

Numerical dispersion can be controlled by reducing the grid spacing (Ax and Ay). However, reduction
to a tolerable level may require an excessive number of nodes and render the computational costs
unacceptably high. It may also be controlled in finite-element methods by using higher order basis
functions or by adjusting the formulation of the equations (using different combinations of forward,
backward, or centered in time and/or space, or using different weighting functions). Unfortunately, many
approaches that eliminate or minimize numerical dispersion introduce oscillatory behavior, causing
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s part of these calculations, the hydraulic and chemical fluxes contributed by each distinct hydrologic
omponent of the flow and transport model should be itemized separately to form hydrologic and
mical budgets for the system being modeled. The budgets are valuable assessment tools because they
ride a measure of the relative importance of each component to the total budget.

Errors in the mass balance for flow models should generally be less than 0.1%. However, because the
e-transport equation is more difficult to solve numerically, the acceptable mass-balance error for a
may be greater than for the fluid, but this will depend also on the nature of the numerical method
lemented. Finite-difference and finite-element methods are inherently mass conservative, while some
lementations of the method of characteristics and particle tracking approaches may not be (or their
balance calculations themselves are only approximations). It must also be remembered that while
mass-balance error provides evidence of a poor numerical solution, a perfect mass balance in
f does not and cannot prove that a true or accurate solution has been achieved or that the overall
odel is valid. That is, a perfect mass balance can be achieved if the model includes compensating errors.

example, the solutions C and D in Figure 20.9 that exhibit significant numerical dispersion or
latory behavior arise from solutions that show a near-perfect mass balance, but they are still wrong.
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FIGURE 20.9 Representative breakthrough curves for a simple flow and transport problem to illustrate types of
numerical errors that may occur in numerical solution to transport equation: (A) plug flow having no dupermm,
(B) “exact” solution for transport with dispersion, (C) numerical solution for case B that exhibits effects of numgti;i
dispersion, and (D) numerical solution for case B that exhibits oscillatory behavior. (Adapted from Konikow, L. E
1996. Numerical models of groundwater flow and transport, in Manual on Mathematical Models in Isotope Hydroge-

ology. International Atomic Energy Agency, Vienna.) !

20.6.6 Sensitivity Tests
ming various values for given parameters also helps to achieve another objective of the calibration
cedure, namely to determine the sensitivity of the model to factors that affect groundwater flow and
ort and to errors and uncertainty in the data. Evaluating the relative importance of each factor
elps determine which data must be defined most accurately and which data are already adequate or
only minimal further definition. If additional field data can be collected, such a sensitivity analysis
in deciding which types of data are most critical and how to get the best information return on
e costs of additional data collection. If additional data cannot be collected, then the sensitivity tests
help to assess the reliability of the model by demonstrating the effect of a given range of uncertainty
error in the input data on the output of the model. The relative sensitivities of the parameters that
ct flow and transport will vary from problem to problem. Furthermore, the sensitivities may change
time as the stress regime imposed on a system evolves. Thus, one generalization is that a sensitivity
ysis should be performed during the early stages of a model study.
e sensitivity of the solution to the grid design (or spacing), time-step criterion, nature and placement
oundary conditions, and other numerical parameters also should be evaluated, even if an inverse or
ion modeling approach has been used. This step is frequently overlooked, but failure to do so may
e critical design flaws to remain undetected. For example, parameter-estimation models cannot
uate the sensitivity to grid spacing or certain boundary conditions that are fixed in the model by the
It is generally recommended that after a preliminary calibration has been achieved, the model should
for the same stresses and properties using a finer grid, smaller time steps, and perhaps alternative
sundary conditions. If such a test yields significantly different results, then the model should be
librated using design criteria that yield a more accurate numerical solution. If such a test yields no
ficant differences, then the coarser design is probably adequate for that particular problem.

overshoot behind a moving front and possibly undershoot ahead of the front (see curve D in Figure
20.9), and vice versa. Undershoot can result in the calculation of negative concentrations, which are
obviously unrealistic. Overshoot can introduce errors of equal magnitude that may go unnoticed because
the value is positive in sign (although greater than the source concentration, so still unrealistic). Oscil- '
lations generally do not introduce any mass balance errors, and often dampen out over simulation time,
However, in some cases, oscillatory behavior can become unbounded, yielding an unstable solution or
failure to converge numerically. -
In solving the advective-dispersive transport equation, some numerical errors (mainly oscillations) |
can be related to two dimensionless parameter groups (or numbers). One is the Peclet number, P, which
may be defined as P, = Al/cy, where Al is a characteristic nodal spacing (although it should be noted that
there are several alternative, though essentially equivalent, ways to define P,). Anderson and Woessner l
(1992) recommend that the grid be designed so that Al < 4¢ (or P, < 4); Ségol (1994) recommends a
criterion of P, < 2. Similarly, time discretization can be related to the Courant number, C, which may
be defined as C, = VAt/Al (Anderson and Woessner, 1992). Anderson and Woessner (1992) recommmﬂ '
that time steps be specified so that At < Al/V (or C, < 1.0), which is equivalent to requiring that no solute
be displaced by advection more than the distance across one grid cell or element during one time
increment. Numerical error associated with the deviation of curves Cor D (Figure 20.9) from the exact
solution can be significant in some locations within the problem domain, although such errors tendiﬁ )
be minimal at the center of a front (relative concentration of 0.5). rixg
In transport models, there may also be a grid-orientation effect in which the solute distribution,
calculated for the same properties and boundary conditions, will vary somewhat depending on themﬁﬁ‘a
of the flow relative to the grid. This phenomenon is largely related to the cross-product terms in ﬁ@
governing equation, and generally is not a serious source of error, but the model user should be aware

of it.

6.7 Calibration Criteria

del calibration may be viewed as an evolutionary process in which successive adjustments and mod-
tions to the model are based on the results of previous simulations. The modeler must decide when
ficient adjustments have been made to the representation of parameters and processes and at some
accept the model as being adequately calibrated (or perhaps reject the model as being inadequate
d seek alternative approaches). This decision is often based on a mix of subjective and objective criteria.
achievement of a best fit between values of observed and computed variables is a regression procedure
and can be evaluated as such. That is, the residual errors should have a mean that approaches zero and
the deviations should be minimized. Cooley (1977) discusses several statistical measures that can be used

l-
Wi

)i

20.6.5 Mass Balance

One measure of numerical accuracy is how well the model conserves mass. This can be measured b
comparing the net fluxes calculated or specified in the model (e.g., inflow and sources minus outf
and sinks) with changes in storage (accumulation or depletion). Mass-balance calculations should
be] performed and checked during the calibration procedure to help assess the numerical accuracy of t!
solution.

l‘l i
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to assess the reliability and “goodness of fit” of groundwater flow models. The accuracy tests should be
applied to as many dependent variables as possible. The types of observed data that are most valuable
for model calibration include head and concentration changes over space and time, and the quantity and
quality of groundwater discharges from the aquifer.

While it is necessary to evaluate the accuracy of the model quantitatively, it is equally important to
assure that the dependent variables that serve as a basis for the accuracy tests are reliable indicators of
the computational power and accuracy of the model. For example, if a particular dependent variable was
relatively insensitive to the governing parameters, then the existence of a high correlation between its
observed and computed values would not necessarily be a reflection of a high level of accuracy in the
overall model.

Similarly, caution must be exercised when the “observed data” contain an element of subjective
interpretation. For example, matching an observed potentiometric surface or concentration distribution
is sometimes used as a basis for calibrating groundwater models. However, a contoured surface is itself
interpretive and can be a weak basis for model calibration because it includes a variability or error
introduced by the contouring process, in addition to measurement errors present in the observed data
at the specific points.

20.6.8 Predictions and Postaudits

As model calibration and parameter estimation are keyed to a set of historical data, the confidence in
and reliability of the calibration process is proportional to the quality and comprehensiveness of the
historical record. The time over which predictions are made with a calibrated model should also be
related to, and limited by, the length of the historical record. A reasonable guideline is to predict only
for a time comparable to the period that was matched.

The accuracy of a model’s predictions is the best measure of its reliability. However, predictive accuracy
can be evaluated only after the fact. Anderson and Woessner (1992) summarize several published studies
in which the predictive accuracy of a deterministic groundwater model was evaluated several years after
the prediction had been made. The results suggest that extrapolations into the future were rarely very
accurate. Predictive errors often were related to having used a time period for history matching that was
too short to capture an important element of the model or of the system, or to having an incomplete
conceptual model. For example, processes and boundary conditions that are negligible or insignificant
under the past and present stress regime may become nontrivial or even dominant under a different set
of imposed stresses. Thus, a conceptual model founded on observed behavior of a groundwater system
may prove to be inadequate in the future, when existing stresses are increased or new stresses are added.
A major source of predictive error is sometimes attributable primarily to the uncertainty of future stresses,
which is often controlled by demographic, political, economic, and (or) social factors. But if the range
or probability of future stresses can be estimated, then the range or probability of future responses can
be predicted. An encouraging trend is that many analysts are now attempting to place confidence bounds
on predictions arising out of the uncertainty in parameter estimates. However, these confidence limits
still would not bound errors arising from the selection of a wrong conceptual model or from problems
in the numerical solution algorithms (Bredehoeft and Konikow, 1993).

If a model is to be used for prediction relating to a problem or system that is of continuing interest
or significance to society, then field monitoring should continue and the model should be periodically
postaudited, or recalibrated, to incorporate new information, such as changes in imposed stresses or
revisions in the assumed conceptual model. A postaudit offers a means to evaluate the nature and
magnitude of predictive errors, which may itself lead to a large increase in the understanding of the
system and in the value of a subsequently revised model. Revised predictions can then be made with
greater reliability.
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20.6.9 Model Validation

' It is natural for people who apply groundwater models, as well as those who make decisions based on

model results, to want assurance that the model is valid. Groundwater models are embodiments of various

~ scientific theories and hypotheses. Karl Popper (1959) argues that “as scientists we can never validate a

hypothesis, only invalidate it.” The same philosophy has been applied specifically to groundwater models
(Konikow and Bredehoeft, 1992; Oreskes et al., 1994).
" The criteria for labeling a model as validated are inherently subjective. In practice, validation is

_attempted through the same process that is typically and more correctly identified as calibration — that

is, by comparing calculations with field or laboratory measurements. However, the nonuniqueness of

‘model solutions means that a good comparison can be achieved with an inadequate or erroneous model.

Also, because the definition of “good” is subjective, under the common operational definitions of vali-
dation, one competent and reasonable scientist may declare a model as validated while another may use
the same data to demonstrate that the model is invalid. To the general public, proclaiming that a

oundwater model is validated carries with it an aura of correctness that many modelers would not
claim (Bredehoeft and Konikow, 1993). Because labeling a model as having been validated has very little
objective or scientific meaning, such “certification” does little beyond instilling a false sense of confidence
in such models. Konikow and Bredehoeft (1992) recommend that the term “validated” not be applied
to groundwater models.

20.7 Overview of Representative Generic Models

A large number and variety of generic groundwater models are documented and available at the present
time. Two widely used public domain models are explained in more detail as illustrative examples.

20.7.1 MODFLOW

One of the most popular and comprehensive deterministic groundwater models available today is the
MODFLOW code of McDonald and Harbaugh (1988) and Harbaugh and McDonald (1996). This is
actually a family of compatible codes that centers on an implicit finite-difference solution to the three-
dimensional flow equation that was coded in FORTRAN in a modular style to allow and encourage the
development of additional packages or modules that can be added on or linked to the original code. The
basic model uses a block-centered finite-difference grid that allows variable spacing of the grid in three
dimensions. Flow can be steady or transient. Layers can be simulated as confined, unconfined, or a
combination of both. Aquifer properties can vary spatially and hydraulic conductivity (or transmissivity)
can be anisotropic. Flow associated with external stresses, such as wells, areally distributed recharge,
evapotranspiration, drains, and streams, can also be simulated through the use of specified head, specified
flux, or head-dependent flux boundary conditions. The implicit finite-difference equations can be solved
using either the strongly implicit procedure (SIP) or slice-successive overrelaxation (SSOR) methods.
Newer packages offer several additional solution algorithms, including a preconditioned conjugate-
gradient solver (Hill, 1990) and a direct solver (Harbaugh, 1995). Although the input and output systems
of the program were designed to permit maximum flexibility, usability and ease of interpretation of
model results can be enhanced by using one of several commercially available preprocessing and post-
processing packages; some of these operate independently of MODFLOW, whereas others are directly
integrated into reprogrammed and (or) recompiled versions of the MODFLOW code.

The pathline program MODPATH (Pollock, 1989, 1994) uses the results of the MODFLOW model
and determines paths and travel times of water movement under steady-state and transient conditions.
MODPATH uses a semianalytical particle-tracking scheme. The method assumes that each directional
velocity component varies linearly within a grid cell in its own coordinate direction. MODPATH-PLOT
is a graphics interface package that visually displays the results of MODPATH (Pollock, 1994).
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The parameter-estimation package, MODFLOWP, can be used to estimate parameters (such as trans-
missivity, storage coefficient, leakance coefficients, recharge rates, evapotranspiration, and hydraulic head
at constant-head boundaries) using nonlinear regression (Hill, 1992). Parameters are estimated by min-
imizing a weighted least-squares objective function by either the modified Gauss-Newton method or a
conjugate-direction method. Data used to estimate parameters can include independent estimates of
parameter values, observed heads or drawdowns, and observed gains or losses in streamflow. The MOD-
FLOWP output includes statistics for analyzing the reliability of the estimated parameters and of the
model.

A variety of other MODFLOW accessory codes, packages, and features are available. Most of these
were developed by the U.S. Geological Survey (USGS) and are summarized by Appel and Reilly (1994);
examples include coupled surface-water and groundwater flow, aquifer compaction, transient leakage
from confining units, rewetting of dry cells, horizontal flow barriers, alternative interblock transmissivity
conceptualizations, cylindrical flow to a well, a statistical processor, a data input program, and a program
that calculates water budgets. Other packages have been developed by non-USGS sources to work with
MODFLOW; one example is the advective-dispersive solute-transport model MT3D (Zheng, 1990).

20.7.2 MOC

The Method of Characteristics (MOC) model developed by Konikow and Bredehoeft (1978) simulates
solute transport in flowing groundwater in two dimensions. The model has been extensively used since
the mid-1970s and has been evolving through updates and improvements. The model computes changes
in concentration over time caused by the processes of advective transport, hydrodynamic dispersion,
mixing or dilution from fluid sources, and the following types of chemical reactions: first-order irrevers-
ible-rate reaction, such as radioactive decay; reversible equilibrium-controlled sorption with linear,
Freundlich, or Langmuir isotherms; and reversible equilibrium-controlled ion exchange for monovalent
or divalent ions. The model couples the groundwater flow equation with the solute-transport equation.
The model uses a finite-difference approximation to the groundwater flow equation and the method of
characteristics to solve the solute-transport equation. The model uses a particle tracking procedure to
represent advective transport and an explicit finite-difference procedure to calculate concentration
changes due to hydrodynamic dispersion.

The original model of Konikow and Bredehoeft (1978) was later revised by Goode and Konikow (1989)
and Konikow et al. (1994). The model has also been used as the foundation for MOCDENSE (Sanford
and Konikow, 1985), a model that can simulate two constituents in a density-dependent flow system.
There are public-domain and commercial preprocessors available, including PREMOC (Granato et al.,
1993). A three-dimensional version of the model (MOC3D) uses MODFLOW to simulate the flow system
(Konikow et al., 1996).

20.8 Case Histories

A large number of documented examples of the application of groundwater models to a variety of
hydrogeologic problems are available in the literature. Two case studies have been selected to help illustrate
modeling philosophy and practice, including aspects of model conceptualization, model implementation,
and interpretation of results.

20.8.1 Regional-Scale Flow in a Deep Confined Aquifer

The Powder River Basin of northeastern Wyoming and southeastern Montana contains large coal reserves
that have not yet been fully developed. The future development of such energy resources in the Powder
River Basin will be accompanied by increased demands for water, which is not abundantly available in
this semiarid area. One plan had been formulated to construct a coal-slurry pipeline to transport coal
out of the area; it would have required about 0.6 to 0.8 m%/s of water. In the mid-1970s, a plan was
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proposed to supply this water from up to 40 wells drilled about 1000 m into the Mississippian age
Madison Limestone in Niobrara County, Wyoming. The Madison aquifer is an areally extensive carbonate
rock system that underlies an area exceeding 260,000 km? in the northern Great Plains.

Concern that such relatively large groundwater withdrawals might cause significant water-level declines
in the Madison aquifer, perhaps extending into adjacent states, as well as possibly causing decreases in
streamflow and spring discharge in or near the outcrop areas, resulted in the need to predict the effects
of the proposed large groundwater withdrawals on potentiometric levels, recharge, and discharge. Because
the Madison aquifer lies at such great depths (from 300 to 5000 m) in most of the area, it is relatively
undeveloped, and sufficient data are not available to define the head distribution and the hydraulic
properties of the aquifer accurately and precisely. In light of this uncertainty, and as a prelude to a planned
subsequent 5-year hydrogeologic investigation of the Madison aquifer, a preliminary, two-dimensional,
finite-difference model of the aquifer was developed (Konikow, 1976). The objectives of the preliminary
model study were to: (1) improve the conceptual model of groundwater flow in the aquifer system; (2)
determine deficiencies in existing data, and help set priorities for future data collection by identifying
the most sensitive parameters, assuming the model is appropriate; and (3) make a preliminary estimate
of the regional hydrologic effects of the proposed well field (Konikow, 1976).

The results indicated that the aquifer can probably sustain the increased groundwater withdrawals,
but that they probably would significantly lower the potentiometric surface in the Madison aquifer in a
large part of the basin. Because of the great uncertainty in most of the parameters needed to represent
the flow system, the model study and predictions were framed in terms of a sensitivity analysis. For
example, Figure 20.10 shows drawdown predictions made for an area near the proposed well field for
an assumed reasonable range of values for the storage and leakance coefficients (Kz/m), where Kz and
m are the vertical hydraulic conductivity and the thickness, respectively, of the confining layer. The curves
show that the range in plausible drawdowns, even after 1 year, is extremely large. The solutions also
illustrate that sensitivities vary with time. At late times (about 100 years), there is no significant difference
in drawdown for different values of $ (simulations A, B, and C), and at early times (up to about 0.1
years) the drawdown is about the same for all values of leakance at a given value of S (simulations B, D,
E, and F).

This preliminary model analysis helped in formulating an improved conceptual model of the Madison
aquifer. For example, the important influences of temperature differences and aquifer discontinuities on
groundwater flow were recognized and documented (see Konikow, 1976). Because the discrepancies
between observed heads and those calculated with the earliest preliminary models did not appear to be
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FIGURE 20.10 Time-drawdown curves for model node located near proposed well field to pump groundwater from
the Madison Limestone aquifer. (Adapted from Konikow, L. E. 1976. Preliminary digital model of ground-water flow
in the Madison group, Powder River basin and adjacent areas, Wyoming, Montana, South Dakota, North Dakota,
and Nebraska. U.S. Geol. Survey Water-Res. Inv. 63-75.)
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distributed randomly, it was thought that data uncertainty was not the only source of error. Although it
could be argued that the importance of these influences could have been (or should have been) recognized
on the basis of hydrogeologic principles without the use of a simulation model, the fact is that none of
the earlier published studies of this aquifer system indicated that these factors were of major significance.
The improvement over earlier studies arose from the quantitative hypothesis-testing role of the model;
the nature of the inconsistencies between observed head distributions and those calculated using the
initial estimates of model parameters helped direct the investigators toward testing hypotheses that would
resolve or minimize the inconsistencies with only a small increment of added complexity. The demon-
strated high sensitivity of drawdown to the leakance coefficient emphasized the need to reevaluate the
system in a true three-dimensional framework so as to represent vertical components of flow more
accurately, which was done in several subsequent studies (for example, see Downey and Weiss, 1980;
Woodward-Clyde Consultants, 1981).

Cooley et al. (1986) applied a nonlinear-regression groundwater flow model to this same aquifer
system. Their two-dimensional model was based on a Galerkin finite-element discretization scheme. The
finite-element grid and boundary conditions are shown in Figure 20.11. The grid was designed to be
finer where more data were available and (or) where hydraulic gradients are relatively steep. Regression
analysis was used to estimate parameters, including intrinsic permeabilities of the main aquifer and
separate lineament zones, discharges from eight major springs, and specified heads on the model bound-
aries. The regression approach also yielded statistical measures of the reliability of those parameter
estimates. Analysis by Cooley et al. (1986) tends to confirm the existence of lineament zones, which
appear to exert a strong influence upon the flow and head distribution in the Madison aquifer.

Thus, results from a variety of models were used to understand the sensitivity of the response of the
conceptualized Madison aquifer to changes in simulated aquifer parameters. From these sensitivity
analyses, improved predictions of aquifer responses were made, and the confidence in the predictions
were assessed.

EXPLANATION

SPECIFIED-DISCHARGE NODE
(AND NUMBER OF NODES IF >1)
NO-FLOW BOUNDARY
SPECIFIED-HEAD BOUNDARY
0 25 50 MILES
B

FIGURE 20.11 Finite-element grid showing boundary conditions and locations of specified-discharge points.
(Adapted from Cooley, R. L., Konikow, L. E, and Naff, R. L. 1986. Nonlinear-regression groundwater flow modeling
of a deep regional aquifer system. Water Resour. Res. 10(3):546-562.)
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20.8.2 Local-Scale Flow and Transport in a Shallow Unconfined Aquifer

Reilly et al. (1994) combined the application of environmental tracers and deterministic numerical
modeling to analyze and estimate recharge rates, flow rates, flow paths, and mixing properties of a shallow
groundwater system near Locust Grove, in eastern Maryland. The study was undertaken as part of the
U.S. Geological Survey’s National Water Quality Assessment Program to provide flow paths and travel
time estimates to be used in understanding and interpreting water-quality trends in monitoring wells
and stream base flows. The study area encompassed about 2.6 X 107 m? of mostly agricultural land on
the Delmarva Peninsula. The surficial aquifer includes unconsolidated permeable sands and gravel that
range in thickness from less than 6 m to more than 20 m. This surficial aquifer is underlain by relatively
impermeable silt and clay deposits, which form a confining unit.

In this study, chlorofluorocarbons (CFCs) and tritium were analyzed from a number of water samples
collected from observation wells to estimate the age of groundwater at each sampling location and depth.
Because errors and uncertainty are associated with estimates of age based on environmental tracers, just
as errors and uncertainty are associated with deterministic models of groundwater flow and transport,
the authors applied a feedback or iterative process based on comparisons of independent estimates of
travel time. Their approach is summarized and outlined in Figure 20.12. Each task shown was designed
to improve either the estimates of parameters or the conceptualization of the system.

Method: Calculation of ranges of travel times
to shallow wells using known ranges @lMdvecﬁve@
Purpose: To check consistency of CFC ages. l
& Task: Simulation of observed tritium concentrations.
Method: MODFLOW (McDonald & Harbaugh, 1988) Purpose: &m :‘; m M&m :i:]:y Y
Purpose: To calibrate a ground-water flow model to r
T the plausible advective flow system.
Task: Second-level calibration of flow model and pathline analysis.
agedata. And to determine flow paths and time of
travel in the ground-water system.

Task: Preliminary Calculations l
of recharge and porosity.
Task: First-level ground-water flow model calibration. Method: MOC (Konikow & Bredehoeft, 1978)
known heads and flows. the system to dispersion. Also to corroborate

Method: MODFLOW & MODPATH (Pollock, 1988, 1989, & 1990) - —
Purpose: To recalibrate the ground-water flow model with the Evaluation of conceptualization of

additional information of travel times based on CFC transport and flow syste!

|

FIGURE 20.12 Flow diagram of the steps taken to quantify the flow paths in the Locust Grove, Maryland, groundwater
flow system. (Adapted from Reilly, T. E., Plummer, L. N., Phillips, P. J., and Busenberg, E. 1994. The use of simulation
and multiple environmental tracers to quantify groundwater flow in a shallow aquifer. Water Resour. Res. 30(2):421-

433)

The preliminary calculations (first task) were used to set bounds on the plausibility of the results of
the more complex simulations and chemical analyses. The first-level calibration of a groundwater flow
model (second task) provided the initial system conceptualization. The third task was a second-level
calibration and analysis involving simulation of advective transport, which provided quantitative esti-
mates of flow paths and time of travel to compare with those obtained from the CFC analyses. The fourth
task involved the application of a solute-transport model to simulate tritium concentrations in the
groundwater flow system as influenced by the processes of advection, dispersion, radioactive decay, and
time-varying input (source concentration) functions.

The sampling wells were located approximately along an areal flow line, and a two-dimensional cross-
sectional model was developed for the simulation of processes occurring along this flow line. The
MODFLOW model (McDonald and Harbaugh, 1988) was used to simulate groundwater flow and
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FIGURE 20.13 Model grid used to simulate Locust Grove cross section, showing well locations. (Adapted from Reilly,
T. E,, Plummer, L. N, Phillips, P. ]., and Busenberg, E. 1994. The use of simulation and multiple environmental
tracers to quantify groundwater flow in a shallow aquifer. Water Resour. Res. 30(2):421-433.)

advective transport. The finite-difference grid consisted of 24 layers and 48 columns of nodes, with each
cell having dimensions of 1.14 by 50.80 m, as shown in Figure 20.13, which also shows the wells that lie
in the cross section. The simulation was designed to represent average steady-state flow conditions.

After the flow model was calibrated, pathline and travel time analysis was undertaken and comparisons
to CFC age estimates were made. Figure 20.14 shows the pathlines calculated using MODPATH (Pollock,
1989) after the second-level calibration with MODFLOW. The comparison with CFC estimates was
generally good. However, Reilly et al. (1994) note that close to the stream, many flow lines converge, and
the convergence of pathlines representing the entire range of travel times present in the aquifer causes
waters of different ages to be relatively near each other. Thus, at the scale and grid spacing of the model,
in the area near the stream the convergent flow lines cannot be readily differentiated in the model and
the locations of individual well screens cannot be accurately represented directly under the stream. After
the second-level calibration, the root mean squared error between the simulated ages and the CFC ages
for the 10 wells farthest from the stream (i.e., excluding wells 159, 160, and 161) was 3.4 years.

Tritium concentrations of recharge waters have varied considerably over the last 40 years. Thus, the
time of travel would not always be readily apparent from the tritium concentration in a water sample.
Also, mixing of waters recharged during periods of these relatively sharp changes of input concentrations
can make the interpretation of time of travel from tritium concentrations even more uncertain. Thus,
the investigators simulated solute transport of tritium within the system using a model that accounts for
mixing (dispersion), radioactive decay, and transient input functions, which also allowed a further
evaluation of consistency with the results of the previous flow and advective transport model. They
applied the MOC solute-transport model of Konikow and Bredehoeft (1978) and Goode and Konikow
(1989) for this purpose.

The results of the simulation of the tritium distribution assuming (1) no dispersion and (2) o, of
0.15 m and oup of 0.015 m are shown in Figure 20.15. The limiting case simulation of no dispersion
yielded acceptable results and was used as the best estimate of the tritium distribution in November
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FIGURE 20.14 Pathlines (calculated using MODPATH after second-level calibration) in Locust Grove cross section
to observation wells showing time of travel (in years) from the water table. (Adapted from Reilly, T. E., Plummer,
L. N, Phillips, P. J., and Busenberg, E. 1994. The use of simulation and multiple environmental tracers to quantify
groundwater flow in a shallow aquifer. Water Resour. Res. 30(2):421-433.)

1990 (Reilly et al., 1994). This case reproduces the sharp concentration gradients required to reproduce
the low tritium values that were observed. The MOC model was advantageous for this problem because
it minimizes numerical dispersion and it can solve the governing equations for o, of 0.0, which transport
models based on finite-difference or finite-element methods generally cannot do. The results of the
solute-transport simulation are consistent with the advective flow system determined by the second-
level calibration and thus strengthen the case for the conceptual model. The coupling of the tritium
analyses and the transport model indicates where discrepancies between the measured and simulated
concentrations occur, where additional data collection would be most useful, and where refinement of
the conceptual model may be warranted.

This case study illustrates that environmental tracers and numerical simulation methods in combina-
tion are effective tools that complement each other and provide a means to estimate the flow rate and
path of water moving through a groundwater system. Reilly et al. (1994) found that the environmental
tracers and numerical simulation methods also provide a “feedback” that allows a more objective estimate
of the uncertainties in the estimated rates and paths of movement. Together the two methods enabled a
coherent explanation of the flow paths and rates of movement while identifying weaknesses in the
understanding of the system that require additional data collection and refinement of conceptual models
of the groundwater system.

20.9 Available Groundwater Models

A large number of generic deterministic groundwater models, based on a variety of numerical methods
and a variety of conceptual models, are available. The selection of a numerical method or generic model
for a particular field problem depends on several factors, including accuracy, efficiency/cost, and usability.
The first two factors are related primarily to the nature of the field problem, availability of data, and
scope or intensity of the investigation. The usability of a method may depend partly on the mathematical
background of the modeler, as it is preferable for the model user to understand the nature of the numerical
methods implemented in a code. It may be necessary to modify and adapt the program to the specific
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FIGURE 20.15 Simulated tritium distribution at the end of 1990: (A) with dispersivity o, = 0.0 m and otp = 0.0 m,
and (B) with dispersivity op = 0.15 m and oy = 0.015 m. Contour interval 25 tritium units (TU). Measured
concentrations from samples obtained from wells in November 1990 are given for their location in bold italics.
(Adapted from Reilly, T. E., Plummer, L. N., Phillips, P. ]., and Busenberg, E. 1994. The use of simulation and multiple
environmental tracers to quantify groundwater flow in a shallow aquifer. Water Resour. Res. 30(2):421-433.)

problem of interest, and this can sometimes require modifications to the source code. In selecting a
model that is appropriate for a particular application, it is most important to choose one that incorporates
the proper conceptual model; one must avoid force fitting an inappropriate model to a field situation
solely because of the model’s convenience, availability, or familiarity to the user. Usability is also enhanced
by the availability of preprocessing and postprocessing programs or features, and by the availability of
comprehensive yet understandable documentation.

A number of surveys of available models have been published in recent years (Appel and Reilly, 1994;
Van der Heijde et al., 1985). Van der Heijde et al. (1985) report on an international survey of 399 models,
of which 206 had been documented at that time. This was a significant increase from the 245 models
available for a similar review 5 years earlier. Appel and Reilly (1994) summarize the nature and availability
of 89 groundwater flow and quality models produced by and available from the U.S. Geological Survey.
Anderson et al. (1992), in their review of groundwater models, list 19 separate software distributors and
provide brief descriptions of several codes. The International Ground Water Modeling Center, Golden,
CO, (see internet address in For Further Information) maintains a clearinghouse and distribution center
for groundwater simulation models.
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A large number of public and private organizations distribute public domain and (or) proprietary

 software for groundwater modeling. A growing availability of models is also occurring on the internet
' (see For Further Information for some examples). Some internet sites allow computer codes to be

downloaded at no cost, while other sites provide catalog information, demonstrations, and pricing
information.
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: For Further Information

~ Textbooks and examples of good reports on site-specific models are provided as starting points for readers

who would like to obtain more information or study representative applications.

Textbooks

Anderson and Woessner (1992) present an overview of applied groundwater flow and advective transport
modeling.

Zheng and Bennett (1995) present an overview of the theory and practice of contaminant transport
modeling.

Examples of Reports on Site-Specific Models

Comprehensive reports on site-specific models provide insight into applied groundwater simulation. A
few examples from the work of the U.S. Geological Survey are provided below. Obviously, this list is not
inclusive, and many other reports could have been listed.

Regional Flow Models

Kernodle et al. (1995) describe a three-dimensional flow model of the Albuquerque Basin in New Mexico.
Fleck and Vroblesky (1996) describe the application of a three-dimensional groundwater flow model

to a coastal plain system in the northeastern U.S.

Local Flow Model

Masterson and Barlow (1994) used a two-step approach to simulate a saltwater—freshwater system.

Local Radial-Flow Model

Lindner and Reilly (1983) used a finite-element radial flow model to analyze aquifer tests on Long Island,
New York.

Local Advective-Transport Model

Barlow (1994) examined contributing areas to public-supply wells at Cape Cod, Massachusetts,

Solute-Transport Model

LeBlanc (1984) documented a two-dimensional simulation of a 6-km-long sewage plume at Cape Cod,
Massachusetts.

Lambert (1996) used a three-dimensional model to simulate a contaminant plume in an approximately
480-km? area in Utah.
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Model Calibration

Masterson et al. (1996) used particle tracking and contaminant plumes to improve calibration of a three-
dimensional flow model.

Yager (1997) used a parameter-estimation model (MODFLOWP) to help calibrate a three-dimensional
flow model for a fractured dolomite aquifer system.

Internet

A number of sites on the World Wide Web provide compendia of codes and sources of information about
groundwater modeling, as well as providing links to other websites related to groundwater modeling.
Many of these sites allow codes to be downloaded. Examples of several groundwater-oriented home page
locations are: http://www.ems.psu.edu/Hydrogeologist/, http://www.et.byu.edu/~asce-gw/,
http://www.mines.edu/igwmc/, and http://www.ibmpcug.co.uk/~bedrock/gsd/. Also, many of the U.S.
Geological Survey public domain codes are available from the “USGS Water Resources Applications
Software” link on the USGS Water Resources Information Home page at: http://water.usgs.gov/.
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Glossary

Analytical Model A closed-form exact mathematical solution which is continuous in space and time.

Conceptual Model A hypothesis for how a system or process operates.

Deterministic Model A mathematical model based on conservation of mass, momentum, and energy.

Discretization The process of representing a continuous system by a set of discrete blocks, cells, or
elements.

Generic Model The computer code used to solve one or more partial differential equations.

Mathematical Model A set of equations, which include mathematical variables, constants, and coeffi-
cients, that represents relevant processes.

Model A representation of a real system or process.
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Numerical Model An approximate solution of a differential equation obtained by replacing the con-
tinuous variables with a set of discrete variables defined at grid blocks, cells, or nodes.

Site-Specific Model A numerical model with the parameters (such as hydraulic conductivity, disper-
sivity, etc.), boundary conditions, and grid dimensions of the generic model specified to represent
a particular geographical area.
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21.1 Introduction to Geographic Information Systems (GIS)

Geographic Information Systems (GIS) have become important tools in efficiently solving many problems
in which spatial data are important. Natural resources and environmental concerns, including ground-
water, have benefited greatly from the use of GIS. This chapter provides a brief introduction to GIS and
some of its applications in addressing groundwater issues.

21.1.1 Overview of GIS

GIS have evolved rapidly in the last decade, becoming powerful computer tools for varied applications
ranging from sophisticated analysis and modeling of spatial data to simple inventory and management.
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Front cover: Historical reconstruction process using data, information sources,
and water-modeling techniques to estimate historical exposures

Maps: U.S. Marine Corps Base Camp Lejeune, North Carolina; Tarawa Terrace area
showing historical water-supply wells and site of ABC One-Hour Cleaners

Photographs on left: Ground storage tank STT-39 and four high-lift pumps used to deliver
finished water from tank STT-39 to Tarawa Terrace water-distribution system

Photograph on right: Equipment used to measure flow and pressure at a hydrant
during field test of the present-day (2004} water-distribution system

Graph: Reconstructed historical concentrations of tetrachloroethylene (PCE) at selected
water-supply wells and in finished water at Tarawa Terrace water treatment plant
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Foreword

The Agency for Toxic Substances and Disease Registry (ATSDR), an agency of the
U.S. Department of Health and Human Services, is conducting an epidemiological study
to evaluate whether in utero and infant (up to 1 year of age) exposures to volatile organic
compounds in contaminated drinking water at U.S. Marine Corps Base Camp Lejeune,
North Carolina, were associated with specific birth defects and childhood cancers. The study
includes births occurring during the period 1968-1985 to women who were pregnant while
they resided in family housing at the base. During 2004, the study protocol received approval
from the Centers for Disease Control and Prevention Institutional Review Board and the
U.S. Office of Management and Budget.

Historical exposure data needed for the epidemiological case-control study are limited.
To obtain estimates of historical exposure, ATSDR is using water-modeling techniques and
the process of historical reconstruction. These methods are used to quantify concentrations
of particular contaminants in finished water and to compute the level and duration of human
exposure to contaminated drinking water.

Final interpretive results for Tarawa Terrace and vicinity—based on information gather-
ing, data interpretations, and water-modeling analyses—are presented as a series of ATSDR
reports. These reports provide comprehensive descriptions of information, data analyses
and interpretations, and modeling results used to reconstruct historical contaminant levels in
drinking water at Tarawa Terrace and vicinity. Each topical subject within the water-modeling
analysis and historical reconstruction process is assigned a chapter letter. Specific topics for
each chapter report are listed below:

¢ Chapter A: Summary of Findings
¢ Chapter B: Geohydrologic Framework of the Castle Hayne Aquifer System
e Chapter C: Simulation of Groundwater Flow

e Chapter D: Properties and Degradation Pathways of Common Organic Compounds
in Groundwater

¢ Chapter E: Occurrence of Contaminants in Groundwater

e Chapter F: Simulation of the Fate and Transport of Tetrachloroethylene (PCE)
in Groundwater

e Chapter G: Simulation of Three-Dimensional Multispecies, Multiphase Mass
Transport of Tetrachloroethylene (PCE) and Associated Degradation By-Products

e Chapter H: Effect of Groundwater Pumping Schedule Variation on Arrival of
Tetrachloroethylene (PCE) at Water-Supply Wells and the Water Treatment Plant

e Chapter |: Parameter Sensitivity, Uncertainty, and Variability Associated with
Model Simulations of Groundwater Flow, Contaminant Fate and Transport, and
Distribution of Drinking Water

e Chapter J: Ficld Tests, Data Analyses, and Simulation of the Distribution
of Drinking Water

¢ Chapter K: Supplemental Information

Electronic versions of these reports and their supporting information and data will be
made available on the ATSDR Camp Lejeune Web site at hup://www.atsdr.cdc.gov/sites/
lejeune/index.html.
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Figures

Plate 1 Map showing location of wells and boreholes, groundwater-flow model boundary,
and present-day (2004) water-distribution systems serving Tarawa Terrace,
Holcomb Boulevard, and Hadnot Point and vicinity, U.S. Marine Corps Base
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Conversion Factors

Multiply By To obtain

Length
inch 2.54 centimeter (cm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)

Volume
gallon (gal) 3.785 liter (L)
gallon (gal) 0.003785 cubic meter (m%)
million gallons (MG) 3,785 cubic meter (m®)

Flow rate

foot per day (ft/d) 0.3048 meter per day (m/d)
million gallons per day (MGD) 0.04381 cubic meter per second (m*/s)
inch per year (in/yr) 25.4 millimeter per year (mm/yr)

Hydraulic conductivity

foot per day (ft/d)

0.3048

meter per day (m/d)

Concentration Conversion Factors

Unit To convert to Multiply by
microgram per liter milligram per liter 0.001
(ng/L) (mg/L)
microgram per liter milligram per cubic meter 1
(ug/L) (mg/m®)
microgram per liter microgram per cubic meter 1,000
(ng/L) (ng/m’)
parts per billion by volume parts per million by volume 1,000
(ppbv) (ppmwv)

Vertical coordinate information is referenced to the National Geodetic Vertical Datum of 1929 (NGVD 29).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Altitude, as used in this report, refers to distance above the vertical datum.
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Glossary and Abbreviations

Definitions of terms and abbreviations used throughout
this report are listed below.

A

aerobic conditions Conditions for growth or metabolism
in which the organism is sufficiently supplied with oxygen
(IUPAC 2006)

anaerobic process A biologically-mediated process or
condition not requiring molecular or free oxygen (IUPAC 2006)

ATSDR Agency for Toxic Substances and Disease Registry

biodegradation Transformation of substances into new
compounds through biochemical reactions or the actions

of microorganisms, such as bacteria. Typically expressed

in terms of a rate constant or half-life (USEPA 2004). The
new compounds are referred to as degradation by-products
{for example, TCE, 1,2-tDCE, and VC are degradation
by-products of PCE)

BTEX Benzeneg, tolueng, ethylbenzene, and xylene; a group
of VOCs found in petroleum hydrocarbons, such as gasoline,
and other common environmental contaminants

C
calibration See model calibration

CERCLA The Comprehensive Environmental Response, Com-
pensation, and Liability Act of 1980, also know as Superfund

CRWOME Continuous recording water-quality monitoring
equipment; equipment that can be connected to hydraulic
devices such as hydrants to continuously record water-qual-
ity parameters such as temperature, pH, and fluaride. For

the Camp Lejeune analyses, the Horiba W-23XD continuous
recording, dual probe ion detector data logger was used

D
DCE
1,2-BCE  cis-1,2- dichloroethylene or trans-1,2-dichloroethylene
1,2-¢DCE
1,24DCE

degradation See biodegradation

1,1-dichloraethylene or 1,1-dichloroethene

cis-1,2- dichloroethylene or cis-1,2-dichloroethene
trans-1,2-dichloroethylene or trans-1,2-dichloroethene
degradation by-product See biodegradation

density The mass per unit volume of material, expressed in
terms of kilograms per cubic meter or grams per cubic centimeter

direct measurement or shservation A method of abtaining
data that is based on measuring or observation of the param-
eter of interest

Case 7:23-cv-00897-RJ
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diurnal pattern The temporal variations in water usage
for a water system that typically follow a 24-hour cycle (Haes-
tad Methods et al. 2003)

DNAPL Dense nonaqueous phase liquids; a class of
environmental contaminants that have a specific gravity
greater than water (Huling and Weaver 1931). Immiscible
{nonmixing)DNAPLs exit in the subsurface as a separate fluid
phase in the presence of air and water. DNAPLs can vaporize
into air and slowly dissolve into flowing groundwater. Ex-
amples of DNAPLs include chlorinated solvents, creosote, coal
tar,

and PCBs (Kueper et al. 2003)

DVD Digital video disc

E

EPANET 2 A water-distribution system model developed
by USEPA

epidemiological study A study to determine whether a
relation exists between the occurrence and frequency of
a disease and a specific factor such as exposure to a toxic
compound found in the environment

EPS Extended period simulation; a simulation method used
to analyze a water-distribution system that is characterized
by time-varying demand and operating conditions

exposure Pollutants or contaminants that come in contact
with the body and present a potential health threat

F

fate and transport  Also known as mass transport; a process
that refers to how contaminants move through, and are trans-
formed in, the environment

finished water Groundwater that has undergone treatment
at a water treatment plant and is delivered to a person’s home.
For this study, the concentration of treated water at the water
treatment plantis considered the same as the concentration
of water delivered to a person’s home

ft Footorfeet

G
gal Gallon or gallons

gal/min Gallons per minute

historical reconstruction A diagnostic analysis used to
examine historical characteristics of groundwater flow,
contaminant fate and transport, water-distribution systems,
and exposure
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interconnection The continuous flow of water in a pipeline
from one water-distribution system to another

inverse distance weighting A process of assigning values
to unknown points by using values fram known points; a
method used to contour data or simulation results

IUPAC International Union of Pure and Applied Chemistry

K
K Organic carbon partition coefficient

K Octanol-water partition coefficient

MCL Maximum contaminant level; a legal threshold limit set
by the USEPA on the amount of a hazardous substance that

is allowed in drinking water under the Safe Drinking Water
Act; usually expressed as a concentration in milligrams or
micrograms per liter. Effective dates for MCLs are as follows:
trichloroethylene (TCE) and vinyl chloride (VC), January 9, 1989;
tetrachloroethylene (PCE} and trans-1,2-dichloroethylene
(1,2-tDCE), July 6, 1992 (40 CFR, Section 141.60, Effective

Dates, July 1, 2002, ed.)

MCS Mante Carlo simulation; see Monte Carlo analysis

MESL Multimedia Environmental Simulations Labora-
tory, School of Civil and Environmental Engineering,
Georgia Institute of Technology, Atlanta, Georgia; an
ATSDR cooperative agreement partner

pg/L  Microgram per liter; 1 part per billion, a unit
of concentration

MG Million gallons
MGD Million gallons per day

mg/L Milligram per liter; 1 part per million (ppm), a unit
of concentration

mbL  Milliliter; 1/1000th of a liter

model calibration The process of adjusting model input pa-
rameter values until reasonable agreement is achieved between
model-predicted outputs or behavior and field observations

MODFLOW-96 A three-dimensional groundwater-flow model,
1996 version, developed by the U.S. Geological Survey

MODFLOW-2K A three-dimensional groundwater-flow model,
2000 versian, developed by the U.S. Geological Survey

Monte Carlo analysis  Also referred to as Monte Carlo simula-
tion; a computer-based method of analysis that uses statistical
sampling technigues to obtain a probabilistic approximation to
the solution of a mathematical equation or model (USEPA 1997)
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MT3DMS A three-dimensional mass transport, multispecies
model developed by C. Zheng and P. Wang on behalf of the
U.S. Army Engineer Research and Development Center in
Vicksburg, Mississippi

NPL National Priorities List; the USEPA's official list of
uncontrolled hazardous waste sites which are to be cleaned
up under the Superfund legislation

P

paired data point A location with observed data (for example,
water level or concentration) that is associated with a model loca-
tion for the purpose of comparing observed data with model results

PCE Tetrachloroethene, tetrachloroethylene, 1,1,2,2-tetrachloro-
ethylene, or perchloroethylene; also known as PERC® or PERK®

PDF Probability density function; also known as the
probability function or the frequency function. A mathematical
function that expresses the probability of a random variable
falling within some interval

PHA Public health assessment; an evaluation conducted by
ATSDR of data and information on the release of hazardous
substances into the environment in order to assess any past,
present, or future impact on public health

potentiometric level A level to which water will rise in a

tightly cased well

potentiometric surface Animaginary surface defined by
the levels to which water will rise in a tightly cased wells.
The water table is a particular potentiometric surface

probabilistic analysis  An analysis in which frequency (or
probability) distributions are assigned to represent variability
{or uncertainty) in quantities. The output of a probabilistic
analysis is a distribution (Cullen and Frey 1999)

pseudo-random number generator A deterministic algorithm
used to generate a sequence of numbers with little or no discern-
able pattern in the numbers except for broad statistical properties

PSOpS A pumping schedule optimization system simulation
tool used to assess impacts of unknown and uncertain histori-
cal groundwater well operations. The simulation tool was
developed by the Multimedia Environmental Simulations Labo-
ratory at the Georgia Institute of Technology, Atlanta, Georgia

a

qualitative description A method of estimating data
that is based on inference

quantitative estimate A method of estimating data that
is based on the application of computational techniques
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xii

rank-and-assign method An optimization method uniquely
developed for the pumping schedule optimization system
(PSOpS) simulation tool . This procedure updates the pumping
schedule for maximum and minimum contaminant concentra-
tion levels in finished water of the WTP based on derivative,
pumping capacity, and total pumping demand information

RMS Root-mean-square; a statistical measure of the
magnitude of a varying quantity

S
saturated zone Zone at or below the water table

SCADA Supervisory control and data acquisition; a comput-
erized data collection system used to collect hydraulic data
and information in water-distribution systems at specified
time intervals such as every 1, 5, 15, etc., minutes

sensitivity analysis  An analysis method used to ascertain
how a given model output (for example, concentration) de-
pends upon the input parameters (for example, pumping rate,
mass loading rate). Sensitivity analysis is an important method
for checking the quality of a given model, as well as a powerful
tool for checking the robustness and reliability of its analysis

sequential biodegradation Degradation of a volatile organic
compound as a result of a biological process that occurs

in a progressian, for example, the biodegradation of

PCE — TCE —> 1,2-tDCE—>VC

SGA Small for gestational age; a term used to describe when
an infant's weight is very low given their gestational week of birth

SGS Sequential Gaussian simulation; a process in which
a field of values (such as hydraulic conductivity) is obtained
multiple times assuming the spatially interpolated values
follow a Gaussian {normal) distribution

skeletonization The reduction or aggregation of a water-
distribution system netwaork so that only the major hydraulic
characteristics need be represented by a model. Skeletoniza-
tion is often used to reduce the computational requirements
of modeling an all-pipes network

SR Highway or state route

standard deviation Square root of the variance or the root-
mean-square (RMS) deviation of values from their arithmetic mean

T

TCE 1,1,2-trichloroethene, or 1,1,2-trichloroethylene,
or trichloroethylene

TechFlowMP A three-dimensional multispecies, multiphase
mass transport model developed by the Multimedia Environ-
mental Simulations Laborataory at the Georgia Institute of
Technology, Atlanta, Georgia

trihalomethane A chemical compound in which three of the
four hydrogen atoms of methane (CH,) are replaced by halogen
atoms. Many trihalomethanes are used in industry as solvents
or refrigerants. They also are environmental pollutants, and
many are considered carcinogenic

U

uncertainty The lack of knowledge about specific factors,
parameters, or models {for example, one is uncertain about
the mean value of the concentration of PCE at the source)

unsaturated zone Zone or area above the water table;
also known as the vadose zone

USEPA U.S. Environmental Protection Agency
USGS U.S.Geological Survey

v

variability Observed differences attributable to heterogeneity
or diversity in a model parameter, an exposure parameter, or
a population

V€ Vinyl chloride or chloroethene

Venn diagram A diagram that shows the mathematical or
logical relationship between different groups or sets; the dia-
gram shows all the possible logical relations between the sets

venturi meter A device used to measure the flow rate or
velocity of a fluid through a pipe

VOC Volatile organic compound; an organic chemical
compound (chlorinated solvent) that has a high enough vapor
pressure under normal circumstances to significantly vaporize
and enter the atmosphere. VOCs are considered environmental
pollutants and some may be carcinogenic

W

water-distribution system A water-conveyance network
consisting of hydraulic facilities such as wells, reservoirs,
storage tanks, high-service and booster pumps, and a network
of pipelines for delivering drinking water

water table Also known as the phreatic surface; the surface
where the water pressure is equal to atmospheric pressure

WTP Water treatment plant

Use of trade names and commercial sources is for identification only and does
not imply endorsement by the Agency for Toxic Substances and Disease Registry or
the U.S. Department of Health and Human Services.
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DEPARTMENT OF THE NAVY
NAVAL FACILITIES ENGINEERING COMMAND
1322 PATTERSON AVENUE, SE SuiTe 1000
WASHINGTON NAVY YarRD DC 20374-5065

It REPLY MEFER YO:

June 19, 2008

Thomas Sinks, Ph.D.

Deputy Director

National Center for Environmental
Health/Agency for Toxic Substances and
Disease Registry

1600 Clifton Road, Mail Stop E-28
Atlanta, Georgia 30333

Dear Dr. Sinks,

I am writing this letter to you to reiterate our continued support for working with the Agency for
Toxic Substances and Disease Registry (ATSDR) to complete the in-progress groundwater
modeling effort that addresses health concerns from past drinking water contamination at U. S.
Marine Corps Base in Camp Lejeune, North Carolina. The best way to do this is to support the
most scientifically and technologically sound study methods available in order to get answers
that are meaningful and scientifically valid.

In March 2008, ATSDR presented its Tarawa Terrace water modeling efforts in a summary
report entitled “Exposure to Volatile Organic Compounds in Drinking Water and Specific Birth
Defects and Childhood Cancer at U.S. Marine Corps Base Camp Lejeune, North Carolina”.
Ideally, we would have specific, water sample results that could be used to determine potential
exposure levels. Unfortunately this information does not exist. Because it doesn’t, ATSDR
undertook this water modeling effort as a means to approximate the historical results over a 35
year time frame. As with all modeling efforts, there is a great deal of uncertainty in trying to re-
create the past. ATSDR has gone to great efforts to test and validate the model, and the resulting
estimated results, using the limited available data. Attached are some specific concerns and
recommendations related to this matter. We look forward to discussing them with you at our next
meeting.

We are committed to working with you to improve the scoping of work efforts, researching and
reviewing technical information, and achieving consensus of these critical efforts. We have a
common responsibility to ensure the technical and scientific information is effectively
communicated to our Marines, Sailors and families, and the public. It is imperative to carefully
and accurately characterize and communicate results of the water modeling studies so the results
will be understood within the context of the study’s limitations and uncertainties.

My point of contact to coordinate discussion of these issues is Ms. Kim Brown, who can be
reached at (202) 685-0096 or kim.brown@navy.mil.
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Thank you for your attention to this matter.

B Ao~

B. P. HARRISON, M.P.A,, P.E.
by direction

Copv to:

ATSDR (H. Frumkin, C. Aloisio, M. Campbell)
MCHB-TS-E (M. White)

ASN(E) (R. Mach)

CNO (N-45C)(W. Holmes)

NAVFACHQ (K.Brown, M. Dumenigo)
USMCHQ (C. Sakai, K. Dreyer, S. Williams)
NAVFAC ATLANTIC (D. Waddill, B. Brant)
NMCPHC (Y. Walker, M. Simmons, C. Rennix)
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Assessment of
ATSDR Water Modeling for Tarawa Terrace

The purpose of this assessment is (1) to document the Navy/Marine Corps’ current
understanding of the ATSDR water modeling for Tarawa Terrace and (2) to serve as a basis for
additional technical discussions between the Navy/Marine Corps and ATSDR.

Background

During a Technical Information Meeting with the Marine Corps and Navy on March 26, 2008,
the ATSDR presented their water modeling efforts in a summary report entitled “Exposure to
Volatile Organic Compounds in Drinking Water and Specific Birth Defects and Childhood
Cancer at U.S. Marine Corps Base Camp Lejeune, North Carolina,” (March 26, 2008). The
report indicates that the following specific information is needed in order to conduct a health
study on these birth defects:

1. When did contaminated groundwater reach water supply wells? month and year
2. What was the timing, level, and duration of maternal or infant exposure to contaminated
drinking water:
a. In which months did exposure occur?
b. What was the monthly average level of contamination?
c. For how many months did exposure occur?

Thus, extensive data are required in order to conduct the proposed health study. Since no
measured concentrations of PCE (perchloroethylene) are available prior to 1982, the ATSDR has
used modeling to simulate these concentrations at Tarawa Terrace, and proposes a similar
modeling approach for Hadnot Point. The results of the Tarawa Terrace modeling are being
documented in the ATSDR modeling report entitled “Analysis of Groundwater Flow,
Confaminant Fate and Transport, and Distribution of Drinking Water at Tarawa Terrace and
Vicinity, U.S. Marine Corps Base Camp Lejeune, North Carolina: Historical Reconstruction and
Prescnt-Day Conditions” (ongoing, but initial chapters published in 2007 and 2008).

In general, the usefulness of a groundwater flow and contaminant transport model depends on an
accurate estimate of numerous model parameters that describe site geology, groundwater
velocity, well pumping rates, and contaminant properties. Many of these parameters are highly
varigble and difficult to estimate directly. Therefore, model calibration and validation are
essefitial steps in the modeling process. Model calibration involves adjusting the initial
paraieter values until simulated model concentrations match measured concentrations. In a
second step, the calibrated model is validated by comparing simulated concentrations to
additional measured concentrations that were not used during calibration. During validation, the
model is “put at risk,” and it may be judged unsuccessful if the simulated and measured
concentrations do not match.

Tarpwa Terrace Water Miodeiing

The Tarawa Terrace housing development at Camp Lejeune was constructed in 1951, and the
Tarawa Terrace Water Treatment Plant (WTP) begun to distribute drinking water during 1952=
1953. The only documented source of contamination at Tarawa Terrace is ABC One-Hour
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Cleaners, which began operations during 1953, using the chlorinated solvent PCE in its dry
cleaning process. PCE concentrations were measured at the WTP in 1982 and 1985, and no
measured concentrations of PCE are available prior to 1982.

Monthly PCE concentrations are required for the ATSDR health study, which will examine
births that occurred from 1968 (when North Carolina computerized its birth certificates) to 1985
(when the contaminated water supply wells were removed from service). Due to lack of
measured concentrations, the ATSDR used groundwater flow and contaminant transport
modeling in a historical reconstruction process to simulate PCE concentrations in the drinking
water on a monthly basis from 1952 to 1987.

Figure 1 shows the simulated concentrations of PCE versus measured concentrations in finished
water from the WTP. Significantly, measured concentrations of PCE are available only in 1982
and 1985, near the end of the overall time period. Thus, the majority of the simulated
con¢entrations cannot be compared to measured data. Furthermore, all of the measured
con¢entrations were used during model calibration, leaving no data available for model
validation. As a result, the Tarawa Terrace model was not validated.

During calibration, model parameters were adjusted to cause the simulated concentrations at the
Water Treatment Plant (WTP) to meet the calibration standard to the degree possible. For PCE
detections, the ATSDR chose the calibration standard to be “+ 1/2-order of magnitude of the
observed valued,” such that the higher value in the calibration target range is 10 times greater
than the lower value. For example, at the WTP in May 1982, the calibration target range was 25
to 253 ug/L, based on the measured PCE concentration of 80 ug/L. The simulated concentration
of 148 ug/L fell within this range. As another example, at supply well TT-26 in January 1985,
the calibration target range was 500 to 5,000 ug/L based on the measured PCE concentration of
1,520 ug/L. In this case, the range was quite large because it was calculated from a relatively
high measured concentration. The simulated concentration of 804 fell within the range, near the
lower end. In summary, based on the chosen calibration standard, the calibration process was
viewed as “successful” over a range that spanned a factor of 10. In other words, a model-derived
PCE concentration can be approximately 3 times higher or 3 times lower than the measured
cong¢entration and still fall within the calibration range.

Thus, if all comparisons had fallen within the calibration range, the chosen calibration standard
would give an idea of the accuracy, or degree of fit, between simulated and measured
con¢entrations. However, all comparisons did not fall within the calibration range. At the WTP,
12% of the simulated PCE concentrations failed the calibration standard (p. F42 in the ATSDR
modeling report). It should be noted that these failures involved non-detects or very low
con¢entrations. More significantly, at the water supply wells, a majority (53%) of the simulated
concentrations fell outside the calibration standard (p. F33 in the ATSDR modeling report).
Graphs of simulated versus observed concentrations of PCE in water supply wells RW2, TT-23,
TT-25, TT-26, and TT-54 are shown below in Figures F13 through F17 (p. F34 and F35 of the
ATSDR modeling report). The graphs show that only a few observed PCE concentrations are
available, and there are substantial differences between observed and simulated concentrations.
Modlel performance at the supply wells raises concerns about the degree to which the model
calibration was successful. it seems reasonable to conclude that the accuracy of historicaiiy
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reconstructed PCE concentrations would be less than the calibration standard of + 1/2-order of
magnitude. Thus, the historical reconstructions may be viewed as rough estimates of actual
exposure concentrations, with model-derived PCE concentrations representing a relatively wide
range of possible exposures. It is essential that this concept be expressed clearly and consistently
to all stakeholders.

For example, the public needs to understand that the model-derived PCE concentrations
represent a range of possible exposures. This concept should be expressed more clearly on the
Camp Lejeune website (http://www.atsdr.cdc.gov/sites/lejeune/watermodeling html). Currently
the website has a section that says: "Find Out PCE Levels During Your Tour; Find out the levels
of PCE and PCE degradation by-products in the drinking water serving your home in Tarawa
Terrace by entering the dates you lived in Tarawa Terrace housing from 1952 to 1987."
Following a disclaimer, a search engine produces contaminant concentrations, reported to 4
significant digits, for any or all months between January 1952 and February 1987. With no error
bars or ranges included, this webpage conveys a sense of certainty that is not justified. The
usefulness of the website would be enhanced if it accurately conveyed the degree of uncertainty
in the model-derived concentrations.

Other concerns with model calibration include the simulation of contaminant mass loading and
groundwater flow. With Dense, Non-Aqueous Phase Liquids (DNAPLs) such as PCE, mass
estimation is always quite difficult and subject to very high uncertainty due to irregular
movement and distribution of DNAPL in the subsurface. For Tarawa Terrace groundwater, the
difference between observed and simulated elevations is 5 to 10 feet at many times during the
1970’s and 1980°s. This is a significant disparity because the total change in groundwater
elevation from the source area to the receptor wells is approximately 10 to 12 feet. In addition,
model results suggest that the simulated PCE concentrations at the WTP depend significantly on
the pumping rates at the various water supply wells. The degree to which simulated well
operations match actual operations is a concern. The Navy/Marine Corps would welcome the
opportunity for further technical discussion with ATSDR on these issues.

The ATSDR performed a sensitivity analysis to determine the relative importance of individual
model parameters. In addition, a probabilistic analysis was performed to assess variability and
uncertainty associated with the model results. Both approaches are standard practice. Chapter A
of the ATSDR modeling report describes the probabilistic analysis, during which input
parameters such as hydraulic conductivity, recharge, and dispersivity were chosen from
distributions of possible values. The model was run 840 times to produce “realizations” that
form a distribution of simulated PCE concentrations, rather than a single result (pp. A52 — A61
of the ATSDR modeling report). However, certain combinations of input parameters resulted in
wells drying out, so only 510 physically viable realizations were produced. Thus, 330 out of 840
realizations were not viable, raising concerns about the representativeness of the input parameter
distributions. Although a summary of the probabilistic analysis is presented in Chapter A of the
ATSDR modeling report, the details will be in Chapter I, which is not yet available. The

Navy/Marine Corps feels that additional information on this matter would likely help our
understanding.
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Overall, it is important to keep in mind that both the sensitivity analysis and the probabilistic
analysis were performed entirely within the “model world,” not the “real world.” These methods
provide valuable insight into the behavior of the model, but they are not a substitute for real,
measured PCE concentrations. Again, the Navy/Marine Corps looks forward to additional
discussion and clarification of our understanding of these issues.

Summary
The usefulness and applicability of the model-derived PCE concentrations for Tarawa Terrace
are affected by the following:

1. Model simulations provide monthly concentrations from 1952 to 1987, but measured
concentrations for model calibration are available only in 1982 and 1985. Thus, the
majority of the simulated concentrations cannot be compared to measured data.

2. Simulated concentrations did not fall within calibration targets for a majority of the

measured PCE concentrations at the water supply wells, suggesting that the “accuracy” of

the model is less than the chosen calibration standard of + 1/2-order of magnitude.

Due to lack of measured PCE concentrations, the Tarawa Terrace model was not

validated. Therefore, the model was not “put at risk,” and it is difficult to judge the

accuracy of the simulated PCE concentrations beyond the limited times when calibration
data are available.

9

Groundwater modeling studies are always subject to a high degree of uncertainty, and in this
sense, the Tarawa Terrace water model is no exception. However, the goal of the Tarawa
Terrace model is to reconstruct PCE concentrations on a monthly basis over approximately 30
years in order to conduct a health study. This is an extremely difficult goal since measured PCE
concentrations are not available prior to 1982, and the historical reconstruction of monthly
exposure concentrations must go back to the 1950’s. Any use of reconstructed concentrations
must take into account the inherent uncertainty in the model results.

Recommendations

As a starting point for further discussions, the Navy/Marine Corps proposes the following
recommendations:

1. Improve communication with the public and other stakeholders by developing a method
for presenting the uncertainty in the model-derived PCE concentrations. The method
should be clear and readily understood, perhaps using error bars or presenting a
concentration range rather than a single number. The method should be applied
consistently whenever concentrations are discussed or presented in model reports,
websites, public meetings, etc.

Convene an expert panel to examine the model results and determine the best use for the
data. Overall, the panel should develop a path forward that is scientifically sound and
will best meet the critical concerns of the public.

(a8

3. Finalize the remaining sections of the Tarawa Terrace water modeling report.

4. Apply all lessons learned from the Tarawa Terrace modeling efforts to the scoping of the
approach tor Hadnot Point.
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Figure 1. Simulated and measured concentration of tetrachloroethylene (PCE) in finished water at
the Tarawa Terrace water treatment plant (from Tarawa Terrace Chapter A report).
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(see Figure F8 for location).
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Figure F17.  Simulated and observed tetrachioro-

athylene (PCE) concantrations at water-supply well

TT-54, Tarawa Terrace, U.S. Marine Corps Base

Camp Lejsune, North Carolina, Jsnuary 1970-

December 1934 (see Figure F8 for location).
F34 Historical Reconstruction of Drinking-Water Contamination at Tarawa Terrace
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MORRIS L. MASLIA, P.E., D.WRE, DEE,
having been first duly sworn, testified as follows:
EXAMINATION

BY MR. ANDERSON:

Q State your full name, please, for the
record, sir.

A Full name is -- first name is Morris,
M-o-r-r-i1-s; middle name, Lavi, L-a-v-1; and last
name 1s Maslia, M-a-s-I-i-a.

Q And what i1s your residence address, sir?

A 2681 Canna, C-a-n-n-a, Ridge Circle,
Atlanta, Georgia 30345.

Q All right. Thank you. Have you had your
deposition taken previously?

A No.

Q Okay. The Ffirst time.

A First time.

Q Let me just tell you -- I"m sure you“ve been

advised of this by counsel, but from my perspective,
it"s very important that you and I communicate
effectively here today and that we take care to
listen to each other so we"re sure we have precision
in both the questions and the answers. Will you work
with me to try to accomplish that?

A Yes, sir.
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1 Q IT 1 ask you a question and you don"t

2 understand it, just let me know, and 1711 try to

3 restate it someway to make sure we"re communicating.
4 Okay?

5 A Okay .

6 Q Because | think it"s in the iInterest of

7 everyone that we have a clear record.

8 A Okay .

9 Q IT you need to take a break or anything like
10 that, just let us know. This is not an endurance

11 contest. I"m not here to try to be hard on Morris

12 Maslia.

13 What, if any, preparation have you had for
14  talking with me today?

15 A I met yesterday for about two hours with

16 Mr. Bain and just went over the rules of the

17 deposition, just as you explained them with that, and
18 basically was told to answer as technically correct
19 or with my knowledge that 1 have.
20 Q And obviously truthfully.
21 A Yes, yes.
22 Q You"re aware this i1s a case in federal
23 court, are you?
24 A I have not been told the specifics of the
25 case. | have just been told that there"s litigation
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1 involved.
2 Q Okay. Well, it is a case in federal court.
3 And under the rules of federal court, although you“re
4 certainly entitled to preparation and breaks and so
5 forth, once the deposition begins, 1t"s improper to
6 talk about the answers and questions that I pose with
7 your lawyer, with the exception of very limited
8 privilege-related issues.
9 You realize obviously you®"re under oath.
10 A Yes, sir.
11 Q And you realize that the penalties of
12 perjury would apply to your testimony here today.
13 A Yes, Sir.
14 Q Okay. Fair enough. Tell me a little bit --
15 A Can 1 just make sure my cell phone is on
16 vibrate?
17 Q Oh, yeah. In fact --
18 A I apologize, but --
19 Q Let"s all do that.
20 1"d like to talk with you for a few minutes
21 at the beginning here about your background.
22 A Okay.
23 Q Tell me a little bit about your education,
24 if you would, sir.
25 A Got a bachelor®s degree in civil
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1 engineering —-- it"s actually a BCE -- from the

2 Georgia Institute of Technology. 1 was awarded that

3 in March of 1976. 1 have a Master®"s of Science in

4 civil engineering from the same institute, that was

5 awarded in March of 1980. 1 have subsequent courses

6 towards a doctorate in civil engineering. 1 do not

7 have a doctorate of any kind, but I -- course work

8 towards that.

9 Q Okay. Any other education or particular
10 training that would be relevant to the work that you
11  did here?

12 A Well, In terms of -- basically worked for
13 the U.S. Geological Survey, developing groundwater --
14  they transport models and applying them.

15 Q How long were you with them?

16 A I was with them for a little over nine

17 years. Began in 1980 and then left the

18 U.S. Geological Survey in -- 1 think it was November
19 of 1989. And then I worked with a consulting firm,
20 Geosyntech Consulting Engineers, for a couple of

21 years, establishing their water resources department.
22 I was the manager of the water resources department
23  there, bringing online codes and things of that

24 nature.

25 And then i1n January of 1992, | accepted a
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1 position over at the Agency for Toxic Substances and
2 Disease Registry as an environmental engineer. And 1
3  then developed and was one of the principal coauthors
4 of the agency"s exposure to Dose Reconstruction

5 Program. And I have since been classified as a

6 research environmental engineer under the Research

7 Grade Evaluation program that runs throughout the

8 civil service or the government.

9 Q What was your role when you were at the

10 U.S. Geological Survey those nine years? What did

11  you do?

12 A There were a couple of things. |1 worked on
13 some studies in Southwest Georgia looking at the

14 impacts of agricultural pumping. Southwest Georgia,
15 at the time in the early eighties, was one of the

16 last untapped resources for groundwater for large-

17 scale i1rrigation practices, and there was an interest
18 as to see what the impact that would have, and, of

19 course, fertilizers and things like that. |1 also
20 worked on the USGS"s regional aquifer system analysis
21 programs, which Congress had mandated them to do iIn
22  the late seventies and throughout the eighties. And
23 I worked on the Florida aquifer, which is basically
24 Southwest Georgia and Northwest Florida.
25 And at the same time, 1 became involved with
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a case just because of the modeling ability that 1

had, or specialized modeling ability, In a case to
assist USEPA up at Love Canal in Hyde Park, New York.

That was the precursor of Superfund, and they used

1
2
3
4
5 part of our analysis to, in fact, promulgate
6 Superfund.

7 Q So your analytical techniques and

8 methodologies in that instance became part of the

9 basis for the Superfund system?

10 A I would not go that far. 1 would say that
11  the modeling that we did -- that we did because of

12 the area that 1t was located In -- 1t was Love Canal
13 in Hyde Park area in New York -- was the impetus for
14  Congress passing Superfund legislation. So we were a
15  technical consultant to EPA.

16 Q In connection with the passage of Superfund.
17 A No. It was iIn connection with a lawsuit.

18 From what I understand, we were being sued by the

19 Canadians because of supposed contaminated water

20 coming over Niagara Falls, because 1t"s a fractured
21 dome right there and Hooker Chemical Company had some
22 waste there. And so the U.S. was being sued by the
23 Canadians, or a group within Canada. And so a

24  colleague of mine was requested to provide testimony

25 in a court hearing.
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1 And one of the things that came out of that

2 is that he suggested in 1980 that we could use

3 computer methods to answer some questions rather than

4 speculating based on limited field data. So that"s

5 when he brought me in, and we did a computer model of

6 the area.

7 Q You must have been using big-box hardware

8 like AS/400s and things like that.

9 A No. Actually we were renting computer time.
10 At that time you used to have to rent computer time.
11 Q I remember, yeah. 1 was at Berkeley at that
12 point.

13 Mike wants me to ask you about your business
14 card, and 1 should have done that. It says here

15 "PE." Could you just tell me what that is.

16 A Sure. PE is a professional engineer, and
17 I"m registered and current in the state of Georgia as
18 a professional engineer and have been for a number of
19 years. And then the DEE means I"m a diplomat of the
20 American Academy of Environmental Engineers. And

21  then does i1t say "D.WRE"™ on there? Yes. Okay. And
22 that"s a diplomat of the water resources -- 1 forget
23 the exact title. But there"s the Academy -- American
24  Academy of Environmental Engineers. And then there®s
25 the American Society of Civil Engineers, and that"s
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1  their equivalent diplomat designation.
2 Q And what does it mean to be a diplomat?
3 A Basically you can -- it"s based on the
4 number of years of experience you have in a certain
5 specialty area. And then they can -- depending on
6 the organization, they can put you in front of a
7 panel to answer specific questions to test your
8 knowledge.
9 Q Have you been through those processes?
10 A Yes.
11 Q And you passed?
12 A Yeah. That"s what they tell me. Yes, I
13 have.
14 Q How long have you been a licensed
15 professional engineer here iIn the state of Georgia.
16 A I"m trying to think. Let"s see now. |
17 graduated in 1980, 1 believe, because you had to have
18 four years of practice with a master®s degree. So I
19 believe it was 1980. You can probably go through the
20 Secretary of State"s office and pull 1t up online.
21 Q And have you consistently been licensed
22  since that time?
23 A Yes. It"s never lapsed.
24 Q Returning to the subject of Love Canal and
25 Hyde Park which we were talking about before, you
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1 twice mentioned that as somehow, in your mind,

2 connected to the advent of Superfund. Can you

3 explain that relationship.

4 A Well, just 1T you look at the history of the
5 Superfund legislation, what promulgated the

6 congressional action was the press, the notoriety of
7 Love Canal. And the reason we mentioned Hyde Park is
8 because actually Hyde Park was significantly more

9 contaminated and more toxic than Love Canal.

10 However, Hyde Park was an industrial area owned by

11 Hooker Chemical, whereas Hyde Park, you had citizens
12 living -- you know, 1t was a residential area.

13 Q You mentioned that in connection with those
14  contaminated sites, you apparently for the first time
15 recommended the use of what were then new computer

16 modeling techniques to answer some of the questions
17  associated with those sites?

18 A I did not recommend. My colleague, Richard
19 Johnson, who has just deceased this past December,
20 actually was an engineer/geologist back i1n the 1960s
21  when they were digging the power canal for the Mohawk
22 Power Company. And so he saw the geology and how the
23 water was flowing and all of that. And this is in
24 deposition, so you can pick that up. But they were
25 asking him questions that you really could not answer
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1 without a computer simulation program.
2 And so that"s -- he and 1 worked on the
3 Florida Rassa, so he was head of the Florida Rassa.
4 So that"s why 1 was working with him at the USGS.
5 And so as sort of a side project, he suggested to
6 them that computer simulation could address a lot of
7  the questions that they were being asked in court
8 under litigation, rather than speculating.
9 Q And were those models, i1n fact, put
10  together?
11 A We put a model together. We put a
12 cross-sectional model together.
13 Q And the computer model that you and
14 Dr. Johnson put together, did it generate data
15 results?
16 A Yes.
17 Q And the data and results that were generated
18 from that computer model, did they become part of the
19 data set that represented the findings with respect
20 to what had happened at Love Canal?
21 A They represented the -- at that time,
22 current 1980 to 1982 conditions of groundwater
23  flowing through a section of limestone that exited to
24 the gorge of Love Canal, of which the Hooker Chemical
25 Company landfill was sitting on top. And it
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1 presented results of how long 1t would take a

2 particle of water -- and, hence, a particle that may
3 have been contaminated -- to flow from the landfill

4 to the gorge. And it provided different ranges of

5 values depending on the different geologic medium,

6 whether it was glacial till or fractured rock.

7 Q And did those results from that computer

8 model then go on to be relied upon by people making

9 decisions about --

10 A They were presented to EPA, and then they, 1
11 assume, were -- they were presented to EPA, and EPA
12 used them -- or used the results in their legal

13 briefs. |1 did not ever see the legal briefs.

14 Q Of course. But the results were used.

15 A Yes, the results were used.

16 Q And then subsequent to that whole Love Canal
17 use of those results, politically we then see

18 Superfunds spring up from that?

19 A That"s correct. That"s correct.
20 Q And that was really my question.
21 I want to return back to the subject of your
22 work In Georgia when you were dealing with that
23 situation where you had historically significant
24 agricultural pumping from that aquifer and you were
25 studying the effect of that.
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1 Was what you were studying have been fate

2 and transport?

3 A We did not study fate and transport for a
4 couple of reasons; the first being, we had a

5 cooperative agreement with the State of Georgia, and
6 our specific task was to look at the impact of

7 pumping in terms of water withdrawal, okay, not in

8 terms of, say, pesticides and all of that. Secondly,
9 at that time the State of Georgia did not acknowledge
10 that there was any pesticide contamination. Okay.

11 We obtained samples with pesticide contamination in
12 there, and I don"t recall which ones they were. 1It"s
13 in a report that 1 did, and I have that.

14 But i1t was really our task -- the motivation
15 was, you had at that time the banks requiring, as

16 collateral, farmers installed i1rrigation systems.

17 And these are not small irrigations. These are

18 center pivot systems that can be a mile iIn diameter.
19 And from the area you see the big circle in the
20 ground. And they withdraw, you know, hundreds of
21  thousands of gallons of water. And iIn South Georgia,
22 you could drill down, you know, a couple of hundred
23  feet to just a thousand feet, which iIs very
24 inexpensive, and sink a well and irrigate.
25 So the State was concerned about ordering
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1 the aquifer. And so as part of the USGS cooperative
2 agreement with them, we had this study to go on to

3 assess what iImpact the current pumping -- at that

4 time, 1980 -- and what potential there was for

5  further development of the agricultural lands.

6 Q And what methods did you use?

7 A We used a computer model. We used a

8 two-dimensional finite difference computer model at

9 the time that the USGS had developed, and gathered

10 field data and calibrated the model and produced the
11 results and produced a couple of reports.

12 Q The use of these computer models that you"ve
13 described now in a couple of different contexts, is
14  that a standard practice in your professional field?
15 A Yes.

16 Q Are these accepted methodologies?

17 A Yes.

18 Q And how are their reliability -- how is

19 their reliability assured?
20 MR. BAIN: Objection; vague.
21 BY MR. ANDERSON:
22 Q Well, how is the reliability of these types
23 of computer models tested?
24 A The models are calibrated, meaning that you
25 have gathered or have obtained some field
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1 information, that data. And the model --
2 Q Let me stop you there. And just so this
3 record is clear, when you say you®ve obtained some
4 field information, some data, are you talking about
5 actual sample results?
6 A Yes.
7 Q Okay. Go ahead.
8 A And depending on the purpose of the model,
9 you will obtain different types of data.
10 Q For instance, if you"re trying to just
11 figure out whether you"re draining the aquifer, you
12 might obtain samples showing the quantity of water.
13 But i1f you"re trying to determine pollution, you
14  might take samples of the contaminants?
15 Is that what you mean?
16 A Qualitatively, that"s correct. Technically,
17 we would go and measure water levels and wells. They
18 may be existing wells. Or if we want to make sure we
19 have accurate water level readings, we will go and
20 install what we refer to as monitor wells, where
21  there are standards for properly constructing them
22 and so on. And then you will obtain water level
23 readings from them. And depending on the focus of
24  your study and the characteristic of the aquifer
25 you“re looking at, you may do repeated sampling, you
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1 may do continuous sampling. 1It"s very broad, and the
2 nature and character of the study would dictate

3 how -- the frequency and what type of sampling you

4  would do.

5 Q Fair enough. And 1 distracted you a little
6 bit from the main question, which was: How is the

7 validity, accuracy, and scientific reliability of

8 these computer models assured?

9 MR. BAIN: Objection to form.

10 BY MR. ANDERSON:

11 Q How do you check to see if these models are
12 going to give you accurate data?

13 A The models will give you results, and then
14  there are numerous statistical methods to compare

15 them with the data that you have collected. The

16 model results -- you would compare the model results
17 with the data that you"ve collected. And you may

18 decide a priori that you want to be within a certain
19 range.
20 For example, at water levels I may want to
21  be within plus or minus 10 feet of what I measure.
22 It depends on the size of the model of the area that
23 you“"re modeling and the purpose of the model. And
24  you will use different statistical and visualization
25  techniques to demonstrate that, in fact, the model

Professional Court Reporters LLC

770.952.0604
Case 7:23-cv-00897-RJ  Document 370-6  Filed 04/29/25 Page 21 of 190




Morris L. Maslia P.E., D.WRE, DEE

6/30/2010
Page 21

1 provides an acceptable range of reliability compared
2 to the data that you have collected.

3 Q Okay. These statistical methods that are

4 used to calibrate, are these used to calibrate the

5 model? Is that correct lingo?

6 A No. They are used to assess the

7 calibration.

8 Q Okay. All right. 1 think 1 understand.

9 These statistical methods that you use to assess the
10 calibration of your computer model, how long have

11  those statistical methods been used?

12 A They have been used since the beginning of
13 time for -- to compare other techniques and other

14  areas, not just modeling, In other words. So since
15 modeling began, we have needed -- in the late fifties
16 or early sixties, we have needed to test the results
17 of the models because the purpose of developing the
18 model is to obtain information where you have limited
19 or nonexisting data.
20 Q Is 1t fair to say that these statistical
21  methods that are used to check the calibration of
22  your computer simulation, to compare the model
23 results of the field data, are based in statistics,
24 the science that is well known to many of us?
25 A Yes.
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1 Q Founded on that science. It"s fine. 111
2 withdraw the question. When you went to Geosyntech

3 Consulting Engineers, you mentioned you had some role
4 having to do with getting the codes online.

5 What was that?

6 A They were a small consulting company, and

7  their primary business was in design and installation
8 of liners for landfills, sanitary landfills. And in
9 doing that, of course, you have to demonstrate that
10 the liner is going to leak, how much It"s going to

11 leak over time. And so one way of doing that, you

12 can test that in the lab, but you can also show

13 what"s going to happen when you design a landfill

14  where the groundwater is going to flow. And so you
15 need models to do that.

16 Again, you can instrument beforehand, but
17 most state regulators would like to see some evidence
18 that the liner is going to work. And so they did not
19 have -- their primary business was a liner design,
20 not modeling. And so they brought me in along with
21 another colleague, an older colleague of mine that
22 had retired from USGS. And 1 set up some computer
23 codes and some analysis methods so that we -- you
24 know, when they needed to assess a design or they
25 needed to answer some litigation, then we could run
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1  the models.
2 Q Is it fair to say that at Geosyntech you
3 used the same essential techniques that you had used
4 at the United States Geological Survey -- that 1is,
5 computer modeling, statistical analyses -- to check
6 the calibration of the model?
7 A Yes.
8 Q Are those well-established techniques that
9 people iIn your profession use?
10 A Yes, they are well established.
11 Q And how long have they been established, 30,
12 40 years?
13 A At least, yes.
14 Q And then when you moved to the Agency for
15 Toxic Substance and Disease Registry in 1992, you
16 came In, | believe you said, as an environmental
17 engineer.
18 A That"s correct.
19 Q And you told me, 1 think, you developed and
20 coauthored the exposure and dose reconstruction
21 program?
22 A That"s correct.
23 Q Tell me a little bit about that.
24 A Okay. At the time that I came In in 1992,
25 the agency was right in the midst of answering a GAO.
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1 At that time, I think i1t"s Government Accounting

2 Office. 1 think now it"s Government Accountability

3 Office. They have changed names. Basically

4 critiquing the agency because they had reviewed

5 something like 900 NPL sites. And basically,

6 Congress gave them a limited number of -- a couple of
7 years to review like all 900 of them. And obviously
8 they could not answer certain questions based on,

9 say, one data point at a site who may have been

10 exposed or when they were exposed.

11 And so the science director of my division
12 as well as the assistant administrator of my agency
13 at the time saw the need to have some quantitative

14  computational ability to predict or reconstruct --

15 for my agency, primarily reconstruct historical

16 conditions, perhaps predict current conditions

17 and/or -- or predict future conditions. And so we

18 wrote a -- out a plan to have such a program funded
19 that would bring in different techniques,
20 state-of-the-art techniques, impart some of this
21 knowledge on the health assessors of the agency, as
22 well as establish, say, a cooperative agreement with
23 a university partner who develops models all of the
24 time.
25 And 1T we need a certain model that we don"t
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1 have In hand and we don"t have the personnel or the
2  funds to dedicate to developing it, we could go to a
3 university partner through a cooperative agreement
4 and work with that. And that program, 1 think, was
5 established in 1993, and i1t goes every Tive years.
6 And i1t was just renewed again for -- a couple of
7 years ago for the next five years.
8 Q You used an acronym NPL sites. Do you mean
9 National Priority List?
10 A Yeah, the list --
11 Q The federal list of sites?
12 A Yes.
13 Q Contaminated sites?
14 A Put on by EPA.
15 Q The answer is yes?
16 A Yes.
17 Q And in terms of the exposure, slash, dose
18 reconstruction program, was the purpose of your work
19 in connection with that to aid in the assessment of
20 how much people had been exposed to various chemicals
21 in various situations?
22 A It was more general than that.
23 Q Tell me what you mean.
24 A It was to assist the agency in quantifying
25 exposures where we had limited or nonexisting data or
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1 information, and also to develop techniques, these

2 type of computational techniques, so that the health
3 assessors at the agency would have these tools

4 available to them.

5 Q All right. But in terms of its function,

6 ultimately it had do with the exposure in dose

7 reconstruction. That"s what its name was.

8 A That"s what its name was. Okay.

9 Q And why was it called exposure and dose

10 reconstruction?

11 A It was basically to try to provide a program
12 for two different disciplines. The area that we

13 worked i1n, exposure analysis, is really at the

14 intersection between environmental science and health
15 science and toxicology. In environmental science, we
16 speak about concentrations and exposure to that. Can
17 be exposure. And toxicology and health science, you
18 speak about doses, internal doses. And so the

19 program was really meant to help bridge a gap in
20 there so the engineers could sort of speak to the
21  toxicologists on the same level or understand each
22 other.
23 Q And your computer models would provide the
24 reconstruction of information to allow the connection
25 between exposure and dose?
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1 A Yes.

2 Q And in doing that work at the Agency for

3 Toxic Substances and Disease Registry, were you

4  working on behalf of the federal government?

) A Yes.

6 Q And you were doing that work within the

7 course and scope of your duties?

8 A Yes.

9 Q And the methods that you employed in the

10 course of that work were the same methods that you

11 described before; statistics-based, computation-based
12  models?

13 A Yes.

14 Q And they were reliable for the same reasons
15 that you described previously?

16 A Yes.

17 Q And, 1n fact, the U.S. Geological Survey is
18 also an agent of the federal government, correct?

19 A That"s correct.
20 Q And you, as you told me before, used those
21 same methods within the course and scope of your work
22 as an agent of the federal government during those
23 nine years that you worked for U.S. Geological
24 Survey, correct?
25 A Correct.
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1 Q Nowadays you"re a research environmental
2 engineer?
3 A That"s correct.
4 Q Could you tell us what that means.
5 A That"s a classification In the civil service
6 part of the government. The Office of Personnel
7 Management has a classification that is referred to
8 as a research grade system. And under that system,
9 you can be both promoted and, I assume, demoted based
10 on certain criteria of the position, as opposed to
11  just a standard civil service position. For example,
12 on the complexity of the research project that you“re
13 working on, on the colleagues internally and
14  externally that you associate with. And probably the
15 heaviest, weighted -- there are four factors to
16 assess you, and the fourth one being -- which is
17 weighted twice as much -- is the publications that
18 you produce in both peer-reviewed to non-peer-
19 reviewed outlets.
20 Q Through that process that you just
21 described, have you ever been promoted?
22 A Yes, | have.
23 Q Has that been repeatedly?
24 A Yes.
25 Q And that"s been within the course and scope
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1 of your work for the United States Government?
2 A That"s correct.
3 Q Have you ever been demoted?
4 A No, I have not.
5 Q And what i1s the total number of years of
6 experience that you have, as you sit here today, with
7  the computer models and the statistical methods used
8 to check their reliability?
9 A Approximately 34 to 35 years. That"s going
10 back to my bachelor®s degree.
11 Q And your publications -- have you published
12 anything?
13 A Yes, sir, | have.
14 Q Have any of your publications been peer
15 reviewed?
16 A Yes; many of them.
17 Q Have any of your peer-reviewed publications
18 dealt with the methodological techniques you
19 described previously, the computer models and the
20 statistical methods used to check their reliability?
21 A Yes, they have.
22 Q And have those techniques been peer
23 reviewed? That is, your --
24 A The techniques themselves have not because
25 those are established techniques. The use of those
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1 techniques described in the peer-review publications
2 have been peer reviewed and published.

3 Q Thank you for the precision of that.

4 Repeatedly, | take 1t.

) A Yes.

6 Q In what areas would you consider yourself to
7 have expertise at this point?

8 A Numerical modeling -- broad category --

9 environmental engineering, environmental fate and

10 transport analyses, and scientific report writing.
11 Q What is fate and transport?

12 A Fate and transport describes the process
13 that a contaminant undergoes irrespective of the

14 media it"s in, whether 1t"s air, soil, water,

15 groundwater; where transport refers to the movement
16 of a particle of contaminant with, say, a drop of

17 water; and the fTate refers to either chemical

18 degradation, decay, different properties, chemical
19 properties, that a compound may undergo as it"s
20 moving along a path.
21 Q Would that include breakdown products?
22 A Yes.
23 Q We"l1l come back to that subject a little
24 later on. And you mentioned scientific report
25 writing. Certainly having read some of your work, 1
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1 can see that that, in and of itself, Is quite an

2 undertaking.

3 What, if any, basic ground rules are there
4 that you have learned with respect to scientific

5 report writing?

6 MR. BAIN: Objection; vague.

7 BY MR. ANDERSON:

8 Q You can answer. He can object for the

9 record. It"s okay.

10 MR. BAIN: Go ahead and answer.

11 THE WITNESS: Oh, okay. 1 wasn"t sure.

12 BY MR. ANDERSON:

13 Q Here i1s the question again: What are the
14 rules, if any, for writing one of these scientific
15 reports?

16 A There are no rules, but there are general
17 guidelines to go by. That i1s, clearly state the

18 problem that you"re writing about, present the data
19 as Field data and clearly identify it as field data,
20 clearly i1dentify what is computer simulation, state
21  the assumptions and limitations that you are using,
22 and justify why you are making those assumptions and
23 limitations. And then finally draw the conclusions
24 based on the problem, the data, the assumptions, and
25 the results that you reviewed.
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1 Q You mentioned clearly identifying the field
2 data. 1 note that you and your work on the Marine

3 Corps base at Camp Lejeune, which obviously we"re

4 going to talk about, you cite repeatedly to the

5 source material, identifying the field data and other
6 documents reviewed in footnotes and by name.

7 Is that part of the method that you have

8 employed i1n the course of your scientific report

9 writing?

10 A That is a more specific method that we used
11 in this particular case.

12 Q Okay .

13 A And other cases like journal articles, you
14 may just reference other peer-reviewed documents and
15 not go into quite as much detail as we have done with
16 the Camp Lejeune publications.

17 Q Are there internal rules or advisories from
18 the Agency for Toxic Substances and Disease Registry
19 with respect to citing documents in studies like
20  these?
21 A They have policies.
22 Q Could you tell me about those.
23 A The policy is to reference the information
24 and identify the source.
25 Q Is 1t correct that the policy, iIn fact, is
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1 to reference each and every source that you rely

2 upon?

3 A I could not state that specifically because
4 it"s been a while since 1°ve actually read their

5 policy, so | can"t speak about the agency®s specific

6 policy.

7 Q How would that policy be described if we

8 wanted to request a copy of i1t from Mr. Bain?

9 A I would say i1t would be their scientific

10 publication policy.

11 Q Okay. And in terms of the work you actually
12 did regarding Camp Lejeune, did you, in fact, attempt
13 to cite everything you were relying upon?

14 A We cited everything that we used In a

15 specific report. So although the Tarawa Terrace

16 analysis 1s compromised of, say, 11 different

17 reports, different reports might not use the same --
18 Chapter A may not use all of the references that

19 Chapter B or Chapter C, so I would not need to
20 reference those documents unless | was referring to
21  out of Chapter B or C in Chapter A.
22 Q Sure. And I understand that.
23 But with respect to whatever it was that you
24  were referring to, you cited it, didn"t you?
25 A Yes, Sir.
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1 Q And anything that you relied upon in any of
2 those 11 reports as part of the basis for your

3 scientific study, you cited it.

4 A Yes, sir.

5 Q What was your role with regard to that

6 study? And I™m just going to -- if it"s all right

7 with you, I"m going to call it the Camp Lejeune

8 study. Can we agree to call i1t that, or how would

9 you --

10 A Can 1 just see what --

11 Q I"m looking right now at the summary of

12 findings --

13 A I would call that the Tarawa Terrace

14  analyses because there is a difference, iIf that"s

15 okay .

16 Q Yeah, that"s better. And let"s use Tarawa
17 Terrace -- T-a-r-a-w-a, Terrace -- to refer to, i1f we
18 can, all of the work you did on that. And I know it
19 comprises a whole body of reports, you®"ll be glad to
20 know we"re not going to cover every page of every one
21 of them.
22 A Thank you.
23 Q Can we call it the Tarawa Terrace report?
24 A That"s acceptable.
25 Q What was your role in the Tarawa Terrace
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1 report?
2 A My role was really three-fold, from a -- and
3 111 start with a larger or systematic overview --
4 was to provide results for the epidemiological case
5 control study in terms of monthly concentrations of
6 specific contaminants in the drinking water at Tarawa
7 Terrace.
8 Q Did you do that?
9 A Yes, we did.
10 Q Did you do any sort of probabilistic
11 analysis to determine the reliability of your
12 results?
13 A Yes, we did.
14 Q And what was the outcome of that
15 probabilistic analysis?
16 A And that i1s actually published 1n Chapter A
17 as well as a subsequent chapter in more detail. And
18 those results and those chapters show that there was
19 a range of between two and a half and three, meaning
20 that for whatever concentration the model came out
21 with at a certain given point in time -- let"s just
22 say 50 micrograms per liter, and 1"m using that just
23 as an example -- then the rage of that value -- that
24  value could range anywhere from two and a half --
25 higher to two and a half times lower than that value.
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1 Q So if we had generated model results of --
2 we used the words "micrograms per liter"” -- say you

3 had 81 micrograms per liter, it could actually be two
4 and a half times that much or i1t could be two and a

5 half times smaller.

6 A That is correct.

7 Q That, to me, sounds very loosey-goosey.

8 A In fact, 1t"s not.

9 Q Explain.

10 A It"s considered a -- what we refer to as a
11  very tight range, because typically when we"re

12 dealing with water quality, type of data or

13 simulation, the general rule of thumb is to be within
14  one order of magnitude or a factor of ten. So the

15 fact that we were well within the level factor of

16 five even, we felt provided a very robust reliability
17  for the model.

18 And, iIn fact, we were told by the senior

19 epidemiologist on the Camp Lejeune project that that
20 was well within acceptable ranges that they could use
21 to work with. 1t was, as they put i1t, much more
22 refined than the crude epidemiological methods that
23  they used.
24 Q And you®re referring to Frank Bove and his
25  team?
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1 A That is correct.
2 Q All right. Now, you used the phrase
3 "micrograms per liter,” and I -- forgive me. IFf I
4 was really capable at math, 1 would probably be a
5 doctor at this point.
6 How does that relate to parts per billion?
7 A That"s the equivalent. We use them
8 interchangeably.
9 Q Okay. So if something says 80 micrograms
10 per liter, that"s 80 parts per billion?
11 A In this situation, It iIs. With these
12 contaminants in the situation at Camp Lejeune, that
13 is correct.
14 Q And explain that to me so that | understand.
15 When would it not be correct, and why is it correct
16 here?
17 A Well, there -- to do the calculations, it
18 involves density properties and temperature, standard
19 temperature, standard things. And if those -- and
20 under these conditions, we do not have density
21 effects --
22 Q I see.
23 A -- In other words, dissolved in water. So
24  we can make an equivalent computation to show that
25 it"s the same.
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1 Q Okay. So if there were density issues, you
2 could not make the -- you could not just assume that
3 micrograms per liter equals parts per billion, but

4 because they are not here, you can. 1Is that fair?

5 A You would have to have a conversion

6  factor -- a conversion factor. Here the conversion

7  factor is one, okay, in other words. But you would

8 have to have a conversion factor, and then you can

9 convert micrograms per liter to parts per billion.

10 Q Will the same be true for benzene?

11 A Yes, 1t will.

12 Q And 1s the fact that the conversion factor
13 with these chemicals -- now I"m talking about

14 benzene, trichloroethylene, and tetrachlorethylene --
15 is one, that is, from micrograms per liter to parts
16 per billion as a equivalency. |Is that a generally

17 scientifically accepted fact?

18 A Yes.

19 Q What was the goal of the Tarawa Terrace
20 study? What was 1t trying to do?
21 A It was -- the goal was to quantify monthly
22 concentrations of specific contaminants in drinking
23 water .
24 Q Why?
25 A The epidemiological study being conducted is
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1 referred to as a case control study. And for that,

2 they needed to know what the concentration of the

3 water that people who were exposed to contaminated

4 water ingested so they could compare that to the

5 concentration of water that people who were not

6 exposed, or iIn their analysis. And so they have to

7 have the -- since we"re doing in utero and up to one
8 year of age study, they needed to know per month what
9  the concentration of the drinking water that the

10 mother and/or fetus and/or child up to one year of

11 age ingested.

12 Q Why did they want to know that?

13 A They need that to do the case control study
14  to compare experiences or diseases -- experience of
15 those people with disease against those people who do
16 not have the disease.

17 Q Is a simple way to say this, that this whole
18 Tarawa Terrace study and the epidemiology that it

19 relates to is trying to figure out how much disease
20 the water has caused, i1f any?
21 MR. BAIN: Objection to form.
22 BY MR. ANDERSON:
23 Q Is that what this i1s about?
24 A That has never been stated to me iIn that
25 way -
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1 Q Why are they doing an epidemiological study
2 with mamas and babies and trying to determine how

3 much chemicals they were exposed to in the water and
4  then talking about the disease history?

5 MR. BAIN: Object to form.

6 BY MR. ANDERSON:

7 Q Help me understand that. What"s your

8 understanding of 1t?

9 MR. BAIN: Same objection.

10 Go ahead.

11 THE WITNESS: My understanding is, the

12 reason you do a childhood In utero study, because
13 we"re studying rare diseases. And rare diseases,
14 you need to take out confounders that adults

15 would experience, such as life experiences;

16 smoking, where you live, drug usage, legal and

17 otherwise. And so children do not have those

18 experiences, so you can take those confounders
19 out of the calculations.
20 And so -- so you look at -- so from that
21 standpoint, you can get a much better
22 understanding of any associations between
23 exposure to contaminated media and rare diseases
24 such as birth defects, childhood cancers. And
25 that i1s the purpose of our current study, iIs to
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1 establish, In fact, are there associations
2 between ingesting contaminated drinking water and
3 a higher prevalence of childhood birth --
4 specific childhood birth defects and specific
5 cancers.
6 BY MR. ANDERSON:
7 Q Why did they wonder about that? In other
8 words, why was there even a question about whether
9 there might be associations between exposure to these
10 types of chemicals and these diseases in children?
11 MR. BAIN: Objection; lack of foundation.
12 Go ahead.
13 BY MR. ANDERSON:
14 Q Well, 1 mean, I*m just parroting the last
15 answer you gave. You told me there®s an Inquiry into
16 whether there are associations between exposures in
17  these chemicals and certain diseases in children.
18 And I"m wondering: Why did that question arise?
19 MR. BAIN: Objection.
20 BY MR. ANDERSON:
21 Q You can answer .
22 A That was a recommendation out of the 1997
23 public health assessment that recommended that there
24  was lack of knowledge of the effects of compounds --
25 certain compounds described in the health
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1 assessment -- on children. And so it recommended

2  follow-up studies of -- follow-up health studies, of
3 which the current study is just one part, one

4 particular study, to address that.

5 Q Had there been prior indications in the

6 literature that these chemicals were harmful or might
7 be?

8 A That"s really outside my area of expertise.
9 You need a toxicologist to answer that.

10 Q And I understand. 1°m just -- I"m asking
11  you based on what you read in connection with your
12 work. I mean, did you read the 1997 public health

13  assessment?

14 A Yes, | have.

15 Q And so you know, don"t you, Doctor, that
16 there were prior studies and scientific reports

17 suggesting an association between exposure to these
18 chemicals and various types of disease? You know

19 that, don"t you?
20 MR. BAIN: Objection. Document speaks for
21 itself.
22 Go ahead and answer iIf you know.
23 THE WITNESS: The reason our current study
24 is being done i1s because there"s a lack of
25 studies. In other words, the studies are
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1 inconclusive to date. There are very few of
2 them. And so one of the reasons this study is
3 being done is to try to build that scientific
4 body of knowledge.
) BY MR. ANDERSON:
6 Q Right. I mean, iIt"s not every day that you
7 get a whole bunch of people exposed to these kinds of
8 chemicals to where you can actually study them,
9 right?
10 A That is correct.
11 Q And so that"s one of the reasons why there"s
12 not a lot of studies.
13 A That is correct.
14 Q But in terms of the studies that there are,
15 you know, as you“re sitting here now, that some of
16 those studies suggested associations between exposure
17 to these types of chemicals and various diseases,
18 don®t you?
19 MR. BAIN: Same objection; lack of
20 foundation.
21 THE WITNESS: Some have established that,
22 yes.
23 BY MR. ANDERSON:
24 Q Yeah. Now, In terms of the database for the
25 Tarawa Terrace work that you did, what have you
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1 reviewed and studied in preparing those reports?

2 A We have gathered, reviewed, extracted field
3 data from the Tarawa Terrace area; basically,

4 hydraulic data, hydrologic data, geohydrologic data,

5 contaminant data, and -- at Tarawa Terrace and

6 outside of Tarawa Terrace, as well as other analyses

7 of similar fate and transport and modeling analyses.

8 Q Obviously you knew that this was very

9 important work you were doing.

10 A Yes.

11 Q And you understood that it could potentially
12 have an 1mpact on perhaps even millions of people®s

13 lives.

14 MR. BAIN: Objection; lack of foundation.

15 BY MR. ANDERSON:

16 Q You realize there"s about 1.3 million people
17 who potentially were exposed to this contaminated

18 water at Camp Lejeune?

19 A I have not heard that figure being that
20 high.
21 Q Well, you knew it was Important to get it
22 right.
23 A I know it"s important -- this goes for
24  anything that we do -- to have a product that is
25 scientifically defensible.
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1 Q And you -- from what 1 can tell reading it,

2 you took every step you could to ensure that that was

3 the case.

4 A That 1s correct.

5 Q Okay. And you employed methods that you

6 believe, as you"re sitting here now with 34, 35 years

7 of experience, were scientific valid.

8 A Correct. That"s correct.

9 Q And they were the same methods that you had
10 utilized at the other agencies of the United States
11  Government such as the U.S. Geological Survey,

12 correct?

13 A That i1s -- generally speaking, we used, 1
14 believe, more sophisticated methods.

15 Q well, were they in any way so sophisticated
16 as to be, you know, novel and unreliable?

17 A Not unreliable. Novel application, yes.

18 Q Tell me about that.

19 A We were predicting -- or reconstructing

20 backwards 1n time for 30, 35 years at a monthly

21 interval, which iIs a -- from a groundwater modeling
22 standpoint, a fairly fine timeline, typically. And
23 in terms of, say, remediation practices where they

24 use these similar models, you may look at years -- or
25  five -- of years trying to clean up. So you do not
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1 necessarily see published results in terms of monthly
2 values. So that was a very refined time step in

3 terms of a groundwork model.

4 So from that standpoint, that"s probably,

5 you know, edge of the envelope of what"s been done.

6 And we also went to numerous methods to look at some
7 different aspects. Once we obtained initial reports,
8 calibrated results, we then went to look at, well,

9 what happens i1f the wells pump at a different rate

10 than we assumed; also looking at the degradation

11 byproducts and things like that. So we employed

12 numerous models to, again, not only refine our

13 understanding but also may show that our results were
14  scientifically defensible.

15 Q Okay. There®"s a law called Daubert which
16 says that the only kind of evidence that a federal

17 court will consider that has a scientific aspect to
18 it 1s evidence that"s scientifically reliable.

19 And when you say that the getting down so
20 fine as to determine monthly exposure values 1is,
21 quote, edge of the envelope, is that scientifically
22 indefensible, edge of the envelope, or is that
23  just -- tell me -- explain to me and explain to the
24  judge who may be reading your words someday why we
25 can rely on the monthly results you obtained.
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1 MR. BAIN: Object as to form.
2 You can go ahead and answer it.
3 THE WITNESS: We could rely on the results
4 because we followed a scientific practice, as we
5 previously discussed, of laying out all of the
6 data, the information, showing the assumptions --
7 clearly stating the assumptions we made, clearly
8 stating the limitations, and calibrating the
9 model to compare the model stimulated results
10 with the field data; and then also conducting
11 sensitivity analyses, which means -- part of that
12 is the probabilistic analysis that shows that the
13 model does produce different values but they are
14 contained within a certain envelope or a certain
15 range. And that range is within an acceptable
16 limit for anybody who does this or is involved in
17 this type of work, not just the epidemiologist
18 but 1"m talking about the environmental
19 engineers.
20 BY MR. ANDERSON:
21 Q Did you use 1In preparing this report the
22 same essential tools of your career, that is, the
23 computer models, the calibration of the models, the
24 statistical analyses?
25 A Yes.
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1 Q Generally accepted scientific techniques.

2 A Yes.

3 Q And was your work peer reviewed?

4 A Yes, 1t was.

5 Q And was i1t found to be scientifically

6 reliable by the peer-review process, or was it peer

7 approved, 1 guess?

8 A It was peer approved.

9 Q I noted that in the forward to the summary
10 of findings, it says that the study protocol received
11 approval from the Centers for Disease Control and
12  Prevention institutional review board.

13 Is that correct?

14 A That is correct.

15 Q Tell me what that involved.

16 A You would have to ask Dr. Bove because that
17 involves human subjects and the epidemiological side.
18 Q But your study protocol did receive

19 approval.

20 A The entire study, not the modeling. The

21 health study received.

22 Q Okay. And then it says that you used -- it
23 says: ATSDR is using water-modeling techniques and
24 the process of historical reconstruction to quantity
25 concentrations of particular contaminants in finished
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water and to compute the level and duration of human

exposure to contaminated drinking water.
Is that a true statement?

A That Is a correct statement.

1
2
3
4
5 MR. BAIN: Counsel, can you tell me what
6 page you“"re reading from.

7 MR. ANDERSON: [I11.

8 THE WITNESS: The forward.

9 BY MR. ANDERSON:

10 Q In terms of the peer review you described,
11  was there peer review of the results of your study or
12 a peer review of the techniques used to do your

13  study?

14 A Peer review of the report. When a report --
15 a draft report is completed, we will send it out --

16 or 1t"s my practice to send i1t out to colleagues --

17  they can be internal or external; iIn this case i1t was
18 external -- who have expertise in these methods and

19 these types of analyses. And so we sent this report
20 out.

21 Chapter A, let"s talk about Chapter A. And
22 offhand I can"t remember if it"s two or three

23 different people that 1 sent it to, the

24 documentation. But I don"t recall how many people 1

25 sent it to. It was at least two. To review the
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1 report, both -- you will choose whether you want to

2 review it from the report entity itself, from a

3 public health standpoint, from a technical modeling

4 standpoint.

5 So you will send 1t to different people like
6 that, and they will provide you comments back on it.

7 And, of course, you are free to accept or not accept

8 the comments depending on what their particular

9 comments are. But we do -- for these all -- the

10 Tarawa Terrace series reports, they all underwent

11 peer review.

12 Q And all were peer approved?

13 A Yes.

14 Q Now, you mentioned Chapter A as having been
15 through the peer review process as well, and that is
16 the summary of findings for Tarawa Terrace.

17 A That 1s correct.

18 Q And so your actual report findings on Tarawa
19 Terrace have been peer reviewed.
20 A That 1s correct.
21 Q And peer approved.
22 A I would say peer reviewed is the correct
23  term that I"ve always used. Never heard the term
24 "peer approved.'
25 Q Well, 1 just made 1t up. What I mean to
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1 suggest i1s, when you had your peer review, they

2 didn"t tear the thing up and throw it in the trash.

3 They came back and said, Well, we may comment here

4 and there, but we"re peer reviewing it In a positive
5 fashion.

6 A That is correct.

7 Q Okay. That"s all 1 meant.

8 A That 1s correct.

9 Q And you reached results obviously.

10 Am 1 correct that the monthly results that
11  we have mentioned several times are included in

12 Appendix 1-5?

13 A I"ve have got a copy -- oh, okay, since

14 you“ve got that. [1-5 is from Chapter 1, 1 believe.
15 Oh, maybe not. Let me. Appendix 1-5.

16 Q There®s a front page to that.

17 A Okay. Because I think -- oh, Appendix I-5.
18 Yeah. [If 1 can, I°ve got both Chapter A and

19 Chapter I here, and 1 forget how we named the
20 appendices.
21 Q Why don"t you just show me where your
22 bottom-line results are, and we"ll use your copy.
23 A Chapter I is really the enhanced sensitivity
24 analysis, whereas Chapter A is the summary. So,
25 yeah, Chapter I -- the -- Chapter I -- Appendix 1 is
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1  from Chapter 1.
2 Q Okay .
3 A And, yeah, that"s the probabilistic
4 analysis, which 1 do not believe we put in Chapter A
5 in 1ts entirety. So that"s the difference. The
6 same -- the same, what I call, mean value results
7 that are shown in Chapter A in the appendix, like A-2
8 and so on, are also in Chapter 1, but what Chapter 1
9 does is give the range of values.
10 Q Okay. Well, if a person wanted to know, for
11 instance, what he or she was exposed to living at
12 Tarawa Terrace at a particular month that was covered
13 by your study, where would we look?
14 A The best place to look is in Chapter I
15 because it would give you the 50 percent or median
16 value and then it would give you the range with the
17 high and with the low. Again, if you just wanted to
18 speak about an average value, then you could refer to
19 Chapter A because it"s the equivalent, basically, to
20 the median value in the statistical analyses
21 presented -- probabilistic analyses shown in
22 Chapter 1I.
23 Q Well, in terms of -- since you suggest
24  Chapter 1 as more complete --
25 A It is more informative.
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1 Q Let"s use that. Let"s use the most
2 informative.
3 Is the copy that 1 have here, is that the
4 most informative and complete that you"re referring
5 to, or do I need to use the copy you brought?
6 A That should be. If you pulled it off the
7 Web or made a copy of the published report, then
8 that"s the same that we have sitting right here on
9 the table, and that i1s for PCE. Okay.
10 Q Would it be all right with you if 1 used
11  your published report as an exhibit?
12 A Sure, sure.
13 Q Thanks. 1 will just mark 1t as --
14 MR. BAIN: 1t"s not your only copy, is it?
15 THE WITNESS: No, no, no. | mean -- no, no,
16 we got a couple hundred more at the office. But
17 it"s my own copy too.
18 MR. BAIN: Let"s go off the record.
19 (Brief discussion ensued off the record.)
20 BY MR. ANDERSON:
21 Q 111 just mark it as Exhibit 1 to your
22 deposition. And | appreciate you letting me have it.
23 (Plaintiff"s Exhibit Number 1 was marked for
24 identification.)
25 THE WITNESS: 1 would -- if I could just
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1 preface that, is, Chapter A was meant to give a
2 complete summary of all of the analyses we did;
3 geohydrologic, water quality, and things of that
4 nature. Whereas Chapter I was specifically

5 targeted to assess the model simulations.

6 BY MR. ANDERSON:

7 Q In what sense? What do you mean by that, to
8 assess?

9 A Well, good modeling practice requires that
10 you conduct -- after you calibrate a model, you

11 conduct a sensitivity analysis; that is, how

12 sensitive are model parameters, because we don"t have
13 data for each parameter, that 1t you change -- if you
14 happen to a year from now get some additional

15 information that changes a value of a parameter that
16 you coded into the model, how would that impact your
17  final results.

18 And so we provide a quick summary in

19 Chapter A, but Chapter 1 is the more in-depth
20 analysis. And 1t not only does the groundwater flow
21 model, fate and transport, it also does the water
22 distribution system model.
23 (Brief discussion ensued off the record.)
24 BY MR. ANDERSON:
25 Q What i1s this -- I™m now looking at the
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1 Appendix 1-5 -- what do those numbers reflect?

2 A Okay. In Appendix I1-5, basically the stress
3 period is model jargon. That"s equivalent. One

4  stressor i1s equal to a month of a year. So stress

5 period number one would be like January 1950, I

6 think -- January 1951 would be stress period one.

7 And then it goes each month -- each stress period.

8 That"s so that we could easily i1dentify in the model.
9 The model doesn®"t know about months.

10 Q Right, right.

11 A So that®"s what that means. The month and

12 year corresponds to the month and year that the model
13 simulation was applied to, starting in January "51

14 and going all the way through -- in this report, we

15 stopped at March "87 which is when the last water

16 supply well was operated.

17 Q And then the next one?

18 A Then the calibrated PCE concentration. That
19 is the mean value that came out of the model of the
20 original mod flow MT3DMS models. We have always said
21  that represented a mean value.
22 Q And --
23 A Or an average value.
24 Q And you mentioned mod flow and MTDMS.
25 A MT3DMS.
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1 Q MT3DMS. Are those models?
2 A Those are computer codes. Mod flow is
3 produced by the U.S. Geological Survey and publicly
4 available. And MT3DMS i1s a fate and transport model
5 code, I believe, out of the University of Alabama.
6 And 1t, to use layman®s terms, hooks on or uses the
7 results out of mod flow to do the fate and transport.
8 Q And have both of those -- that i1s, mod flow
9 and MT3DMS -- have both of those been utilized in
10 other studies and other settings?
11 A Yes.
12 Q Are both generally accepted?
13 A Yes.
14 Q All right. Go on and tell me now. It says:
15 Calibrate PCE concentration --
16 A So those are the values also reported iIn
17 Chapter A that represent the mean or average monthly
18 concentration of PCE.
19 Q Are those reported in micrograms per liter?
20 A Everything 1 talk about will be 1iIn
21 micrograms per liter.
22 Q Which is iIn this case the same as parts per
23  billion?
24 A Parts per billion; that is correct. Then
25 the remaining columns represent the probabilistic
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1 analysis that we conducted, that is described in

2 detail in the main text of Chapter 1. And we used

3 the terminology and approach that is similarly used

4 in other branches of science like petroleum

5 engineering when they want to know what"s the

6 probability of finding oil. There is no one value.

7 There"s a median value, and then there®s a two and a
8 half percent and 97.5 percent range.

9 Q Okay -

10 A And so we used the same approach. That"s a
11  standard way of presenting this in tabular form. And
12 so that gives you the low range -- low value and the
13  high value of what the concentration could have

14 ranged at any particular month and time that the

15 simulation was applied to.

16 Q All right. Let"s break that down a little
17 bit. There"s a scenario one and a scenario two.

18 Tell me about those two different scenarios?

19 A In scenario one, we varied number model
20 parameters, but we kept pumping. The amount of water
21 was drawn from the ground -- from the water supply
22 wells the same as we did in our original model. We
23 assumed that it was not probabilistically
24 distributed. That is, there was no uncertainty to
25  the pumping.
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1 Q It was static?
2 A The pumping changed month to month, but the
3 value of the pumping, there was no uncertainty about
4 it.
5 Q Okay .
6 A Okay? And that"s what --
7 Q I see.
8 A -- we did, okay, In other words. That was
9 scenario one. Scenario two assumed that even pumping
10 was uncertain, so that if someone was pumping, you
11 know, 2000 gallons per minute, that may have been a
12 mean value, but that could have a range on either
13  side.
14 Q By a factor of what?
15 A We used a normal distribution, and I
16 couldn*t -- there"s a graph -- there®s a typical
17 graph in there. 1 couldn™t really tell you a factor.
18 But we generated a probabilistic distribution for
19 pumping for each month.
20 Q Okay. And these two scenarios are called
21  Monte Carlo simulations.
22 A That"s -- | think that"s used.
23 Q Sure. And I understand it. I™m
24 wondering -- for the Court, can you just explain what
25 a Monte Carlo simulation 1is.
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1 A It gets i1t"s name obviously from Monte

2 Carlo, gambling casino, because you®ve got different
3 odds of winning or losing. And it uses the same

4  technique. It generates many, many -- in this case,
5 several hundred -- five or six hundred different

6 times. So for each month, the model is run over and
7 over and over again with different parameter values

8 based on different probabilistic distributions, not

9 just the mean value but a range of probabilistic

10 distributions. And so you can get different

11 combinations of values.

12 And what we want to see, again, does that
13 infinite range of parameter combination and values --
14 does that give you reliable results, or does that

15 give you such a large range that you can say the

16 results are not necessarily reliable.

17 Q And in this case, what did you find?

18 A We found out that our results were very

19 consistent and had a very narrow spread or a very
20 narrow range in value for each given month about the
21 mean .
22 Q All right. How should we understand this iIn
23  terms of what you®re actually saying? |If you could
24 turn to stress period 350.
25 A Okay. Right here. Got it.
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1 Q This i1s the February 1980 set of values.

2 A Right.

3 Q Now, the mean value is -- 1"m going to use
4 parts per billion.

5 A That"s fine.

6 Q 122.98 parts per billion. And just for the
7 record, what does mean value indicate?

8 A Mean 1s the average -- average value. Let
9 me --

10 Q Go ahead.

11 A Let me explain something. Look at -- we"ve
12 got one thing that says i1t"s calibrated as mean

13 value, and we also have a column that says "P50,"

14  which is a 50 percent value.

15 Q Yeah, | see it.

16 A We are assuming that our results -- and this
17 is a typical assumption -- that they are normally

18 distributed. Many things in science and engineering
19 behave according to a bell-shaped curve. Okay? And
20 so what we are assuming i1s that the mean, the median,
21 and the mode are the same value, meaning It"s a
22 normal distribution. 1It"s not going be exactly that.
23 But you can see, for example, the mean value or the
24 average value i1s 122.98, which we can say 123 for
25 argument sake, round it off. And the P50 is 122.
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1 Q Right.

2 A They are nearly -- you would call that the
3 same value. Okay?

4 Q Right.

5 A And that"s just a reference and, again,

6 presenting the P50 as a standard practice in other

7 sciences. It basically shows you the spread about a
8 middle value, and we"re assuming that spread is bell-
9 shaped curve.

10 Q Okay. And you have P2.5 --

11 A Right.

12 Q -—- and P97.5. Those are at the outer edges
13 of —-

14 A Those are at the -- what we refer to as the
15 tails of the distribution if you have a bell-shaped
16 curve. So the P50 i1s right at the center and then

17  the other two at the other two extremes.

18 Q Okay. And that"s the -- what you told me
19 about before when you said it could be off by an
20 order of magnitude of two.
21 A I said 1t could be off by a factor of two,
22 two and a half, like that. That"s basically --
23 Q That"s what"s reflected here?
24 A That"s where we derive that general number
25  from, i1s we went through all of these and looked at
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1 the spread on that. And 1"m using two and a half as
2 a round figure. It could be less than that. In this
3 case, it"s, you know -- that"s right in there to --

4 to -- In other words, 123. The high 1s 171. So it"s
5 much narrower than that. But there are some places

6 where that does spread out. But it was well below

7  five and well below an order of magnitude.

8 Q And so, therefore, useful for the

9 epidemiologist.

10 A Yes.

11 Q In looking at this now, | see that the mean
12 value 1s 122.98, and I"m going to go ahead and use

13  the precise figures because of the record. I™m

14 looking at stress period 350. The mean value is

15 122.98. The P50 value under Monte Carlo simulation,
16 scenario one, i1s 121.80, which you indicated for

17 practical purposes is essentially the same thing.

18 A Right.

19 Q And then i1f you go over to Monte Carlo
20 simulation two, the mean value -- the P50 -- excuse
21 me -- 1s 131.23, again, right in there.
22 A That"s correct.
23 Q The other figures on that line, you know,
24 the outliers obviously somewhat mirror each other.
25 But does the fact that the mean value and
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1  the P50 under both Monte Carlo simulations is so

2 consistent -- does that tell us anything?

3 A It basically confirmed to us that, in fact,
4 assuming a normal distribution was appropriate, that
5 it was behaving that way, appropriately.

6 Q Does it tell us that --

7 A The model was behaving appropriately and

8 that we did not make an assumption that 1t was

9 normally distributed parameters. And then the

10 results are way out in left field.

11 Q Okay. So it tended to confirm the

12 reliability of your assumption of a normal

13 distribution.

14 A That i1s correct.

15 Q And, therefore, tended to confirm the

16 validity of the work you were doing, the results you
17 were getting.

18 A That 1s correct.

19 Q Does the fact that the mean value, the Monte
20 Carlo scenario one P50 value and the Monte Carlo
21  simulation scenario two P50 value, are so similar
22  tell us anything about the actual -- the likely
23 actual exposure -- or 1 should say the likely actual
24 quantity of contaminants iIn that month?
25 In other words, does the fact that those
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1 things are similar numbers give us any information

2 about what the actual numbers should be? 1°m trying
3 to ask: Does it help us rule out, for instance, the
4  206.13 and the 77.77?

5 A No, i1t does not --

6 MR. BAIN: Wait a minute.

7 Objection as to form.

8 Go ahead.

9 BY MR. ANDERSON:

10 Q Go ahead.

11 A No, it does not; because all of those

12 numbers -- basically in the probabilistic

13 distribution, we"re saying those numbers are equally
14 likely. Okay? In other words, that"s what we"re

15 saying, and that®"s why that®"s important for the

16 epidemiologist to use. They can use that range --

17  that range iIn there. What i1t does say to me is that,
18 in fact, yes, there is some uncertainty associated

19 with pumping, with the actual pumping, because it is
20 a slightly different number.
21 Q Right.
22 A And that we should take into account the
23 variability and uncertainty with all model
24 parameters, which is what we did. Pumping, just like
25 any other model parameter, contaminant source, or
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1 anything iIs subject to uncertainty because we do not
2 have -- even when we have measured data, we do not

3 have a complete set of information. So It"s

4 important to conduct these analyses. But i1t does

5 give us confidence i1n our results.

6 Q So all we know -- and 1 don®"t mean to

7 suggest that this is not a lot -- but at the end of
8 the day, we know that for stress period 350 from

9 February 1980, the amount of contaminants in the

10 water at Tarawa Terrace ranged from 77.70 to 206.13.
11 MR. BAIN: Object to form.

12 BY MR. ANDERSON:

13 Q Is that the truth?

14 MR. BAIN: Object to form.

15 BY MR. ANDERSON:

16 Q Is 1t somewhere iIn between those?

17 A That"s a factual statement based -- that"s
18 what these numbers represent.

19 Q Right. And you"re talking about, in this
20 one, PCE only; i1s that right?
21 A This 1s only PCE.
22 Q Is there a table in there for any other
23  contaminant like TCE?
24 A I do not believe we conducted this for --
25  for the degradation products. 1 did not publish a

Professional Court Reporters LLC

770.952.0604
Case 7:23-cv-00897-RJ  Document 370-6  Filed 04/29/25 Page 66 of 190




Morris L. Maslia P.E., D.WRE, DEE

6/30/2010
Page 66

1 probabilistic analysis for the degradation products

2 of PCE and TCE, DCE, and vinyl chloride, although the
3 same technique could be used.

4 Q Is there a reason why that wasn®"t done?

5 A Just space and time. We presented the mean
6 values of those degradation products in Chapter A as
7 well as Chapter G, which was specifically on the

8 degradation products. And my feeling was, if I could
9 demonstrate how to apply this method just to PCE, the
10 same technique could be applied to the -- to the

11 other values, and you could generate ranges as well.
12 Q What is your understanding of the

13 contaminants iIn the water at Tarawa Terrace? 1™m

14 understanding that there is both TCE and PCE. Is

15 that your understanding?

16 A There®"s PCE and TCE. We also had

17 measurements of DCE.

18 Q Which is -- for the record, it"s

19 1,2-dichlorethylene?
20 A That"s right. And there®s two different
21 congeners, a trans and A Syst. And 1f I can look iIn
22  here and see which ones we did, because one was
23 not -- it was the trans that was predominantly at
24 Tarawa Terrace.
25 Q Now, let me come back to that in a second.
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I just want to ask you: Is it your understanding

that all of the TCE at Tarawa Terrace was as a result
of degradation of PCE?

MR. BAIN: Object to a lack of foundation.

1

2

3

4

5 BY MR. ANDERSON:
6 Q You can answer.

7 A Our assumption was that, in fact, the PCE at
8 Tarawa Terrace was a degradation product, not a

9 source contaminant.

10 Q What are sources of TCE other than as a PCE

11 degradation byproduct?

12 MR. BAIN: Objection to form.

13 Go ahead.

14 THE WITNESS: A puriform TCE is used as an
15 industrial solvent. So in many industrial

16 settings, they will use TCE as a solvent.

17 Q Degreaser?

18 A Yes, degreaser. It is also used -- just for
19 the record, so we"re clear -- TCE can also be used as

20 a dry-cleaning product just like PCE. And, in fact,
21  that issue was raised by our office of science when
22  they were reviewing the report, who asked if we had
23 considered TCE. And since we were dealing with one
24 dry cleaner, the ABC Dry Cleaners, that we knew from

25  their deposition specifically what compound they
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1 used. And that was tetrachlorethylene and
2 perchloroethylene. And so --
3 Q PCE?
4 A PCE. So there was no source that we could
5 locate or find for trichloroethylene.
6 Q So you made the assumption in your work
7 based on that that whatever trichloroethylene we see
8 there i1s a PCE degradation byproduct.
9 A That 1s correct.
10 Q Did you make inquiries as to whether there
11  were any use of industrial solvents that contained
12 TCE 1n the Tarawa Terrace area? Did you inquire as
13 to that?
14 A We looked at the literature and source
15 documents to see what industries may have been iIn
16 there and all of that, and Tarawa Terrace is
17 primarily a residential area. And so with the
18 exception of, say, a gas station, something like
19 that, there was no industry there. And, in fact, the
20 state of North Carolina in 1985 -- the Shiver Report,
21 in fact, pointed to that ABC One-hour Cleaners, was,
22 in fact, the source for the PCE iIn the -- in one
23  water supply well on base.
24 Q Did you, in the course of requesting
25 documents from the Department of the Navy and the

Professional Court Reporters LLC

770.952.0604
Case 7:23-cv-00897-RJ  Document 370-6  Filed 04/29/25 Page 69 of 190




Morris L. Maslia P.E., D.WRE, DEE

6/30/2010
Page 69

1 folks at Camp Lejeune, ask to see any documents that
2 had to do with TCE usage at Tarawa Terrace?

3 A We asked for -- not specifically. Not

4 specifically.

5 Q Why not?

6 A Because we wanted to be the ones to

7 determine how different compounds may have gotten

8 into the soil, the groundwater. What we wanted to

9 see was -- and we asked for this -- any and all

10 documents that may contain relevant information for
11  water modeling, that is, documents containing

12 geohydrology, geophysical logs, water-level readings,
13 water-quality sampling. They did provide us -- we
14  asked for building use on base, things like that.

15 But we -- it"s important not to sort of -- | tell

16 them 1 want Document X so | can prove Z. Okay.

17 In other words, we need to be the ones --
18 meaning ATSDR -- to make -- read that document and
19 make that understanding. So we ask for every -- all
20 documents that we could use In our water modeling
21 analyses. And we provided them on several occasions
22 with the type of documents and/or the type of data
23  these documents might contain.
24 Q Would 1t have been your understanding that
25 your request for documents were broad enough that
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1  they would have included any documents that would

2 have shown, for instance, the disposal of TCE in the
3 Tarawa Terrace area?

4 A Yes.

5 Q Would your documents requests have been

6 broad enough to also have covered the presence of

7  fuel tanks in the Tarawa Terrace area?

8 A Yes.

9 Q Containing fuel that contains benzene?

10 A Yes.

11 Q Did you receive from the government, in the
12 course of those document requests, any information

13  about presence of fuel tanks iIn Tarawa Terrace?

14 A Yes, we did.

15 Q You were aware at the time that this Tarawa
16 Terrace study was published, that there was, for

17 example, a 10,000-gallon fuel tank near the school?
18 MR. BAIN: Object as to form; lack of

19 foundation.
20 Answer 1T you know.
21 BY MR. ANDERSON:
22 Q Did you know about that?
23 A I can"t specifically say that 1 personally
24 knew about 1t. But we have a Chapter E report, and
25 in Chapter E we discuss with me the benzene
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1 occurrences at Tarawa Terrace.
2 Q Okay. And did your report on Tarawa
3 Terrace, the one we have been discussing this
4 morning, take into account all that was known to you
5 and your team about the underground storage tanks in
6 Tarawa Terrace in terms of the results here?
7 A We did not simulate or conduct model
8 simulations for benzene at Tarawa Terrace.
9 Q Why not?
10 A After reviewing the data and the analyses
11  that we did based on the underground storage tanks,
12 we did not -- number one -- we felt, number one, that
13 whatever gasoline -- because at Tarawa Terrace there
14  was gasoline holding tank leaks -- was small enough
15 in nature that it did not impact any of the supply
16 wells. So there was no major source of benzene.
17 And, In fact, the results -- there are, |
18 think, two or three samples at the water treatment
19 plant that are, say, 1 to 4 -- maybe there"s a 7 --
20 micrograms per liter, were substantially low, that it
21 did not, again, indicate that there was a source at
22 Tarawa Terrace for benzene contamination of
23 groundwater supplies that would impact drinking
24 water.
25 Q So you just said, 1 believe, that there were
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1 gasoline holding tank leaks at Tarawa Terrace?

2 A Yes. That"s documented in Chapter E.

3 Q And the treatment plant found benzene in the
4  water, but you felt 1t was a sufficiently low

) quantity.

6 A That"s correct.

7 Q That it would not impact your study.

8 A That"s correct. That"s correct.

9 Q Were the wells actually tested for benzene
10 at Tarawa Terrace?

11 A I do not -- 1 do not know if they were

12  tested or not.

13 Q Now, we"ve been talking about Chapter 1, and
14  you showed me some data there. Can you show me how

15 that relates to the data that you described as being
16 in Chapter A.

17 A Sure. And 1 will just go to the results

18 here. If you go to Appendix A -- yeah, Appendix A-2,
19 example in Chapter A. I1°m on page A82. Or, for
20 example, let"s use the one we"ve been talking about,
21  stress period 350, just so we can compare apples and
22 apples. And that®"s on page A91. |If we look at
23 February 1980 in Chapter A --
24 Q Can 1 come around and stand by --
25 A Oh, sure, yeah.
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1 Q My copy doesn"t go that far. If you don"t
2 mind, I won*"t loom over you, but 1 just want to see

3 what you"re talking about.

4 A In fact, 1T we go here to my same stress

5 period, same month and year -- and here we"ve got

6 single specie using MT3DMS model. So that is the

7 concentration, as a model, PCE in micrograms per

8 liter, parts per billion. And then we go to stress

9 period 350, and we get 122.98. If we go to Chapter 1
10 where it says calibrated PCE concentration, stress

11 period three -- 122.98. So this column in Chapter 1
12 is the same as this column in Chapter A, identical.
13 I mean, we didn"t make additional models. That is

14  those results.

15 Q Right.

16 A The rest of the columns are the degradation
17 product in Chapter A.

18 Q Are they a subset of the PCE single-specie
19 number?
20 A Not a subset. 1It"s using -- you have to use
21 a more sophisticated model and degrade the PCE.
22 Q Sure. Are these figures in addition to the
23 PCE, or are they the PCE as degraded?
24 A It"s the PCE as degraded.
25 Q Okay -
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1 A And, In other words -- so this is why you"ll

2 see —-- and we"ll go back to 350, whereas our single

3 specie -- look only at PCE -- is 122.98. For the

4 degradation model, PCE has to be lower because

5 there"s other mass for other products. Okay.

6 In other words, we"re -- in the single

7 specie, we are lumping all of the degradation

8 products. And in the same, PCE does not degrade.

9 That is what we call the most conservative approach.
10 In other words, that would give you the maximum hit
11 of PCE in the water.

12 Q Right.

13 A This is a refined and a -- well, not a

14 preferred approach but a more sophisticated approach.
15 And in doing these analyses, that is something that
16 you want to do. This also says that this i1s in check
17 because we should have a higher value of PCE for the
18 single species as opposed to the degraded value.

19 Q I understand. And so taking that page A91
20 in Chapter A for stress period 350, February 1980,

21  your values are, single-specie PCE was 122.98. As we
22 discussed in Chapter I, the PCE component of the

23 multi-species would be 98.2.

24 A That"s correct.

25 Q And then you have 1,2-DCE at 13.49 --
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1 A That"s correct.
2 Q -— TCE at 4.04, and vinyl chloride at 7.56.
3 A That"s correct.
4 Q And so assuming -- 1 take i1t this assumes
5 that the -- that PCE underwent a normal
6 biodegradation process.
7 A That is correct. That is correct.
8 Q So assuming that the PCE at Camp Lejeune
9 underwent a normal biodegradation process, you have a
10 chemical cocktail in the water.
11 A That is correct.
12 MR. BAIN: Objection to form.
13 BY MR. ANDERSON:
14 Q That"s the truth, isn"t it?
15 MR. BAIN: Objection to form.
16 Do we have an answer?
17 BY MR. ANDERSON:
18 Q Can we have an answer.
19 A Yes. It"s underwent, and you had multiple
20 compounds in the water.
21 Q Right. Multiple contaminants.
22 A Multiple contaminants.
23 Q Multiple chemical contaminants.
24 A That 1s correct.
25 Q Yeah. Would it be all right it 1 also mark
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1 the Chapter A? 1"m sorry for marking your copies.
2 A Go right ahead.
3 (Plaintiff"s Exhibit Number 2 was marked for
4 identification.)
5 MR. BAIN: Do you want to take a break about
6 now? It"s about 11:00 o"clock.
7 MR. ANDERSON: Can 1 ask him one or two more
8 questions?
9 BY MR. ANDERSON:
10 Q Chapter A is going to be Exhibit 2 to the
11 deposition. And what 1 wanted to ask you before we
12 go out for our break i1s just a couple of quick
13  things.
14 What, if anything, do you know about the
15 health risks associated with these other chemicals in
16 the water, for instance, vinyl chloride? Does that
17 have any health-effect history that you®"re aware of?
18 MR. BAIN: Object to foundation -- lack of
19 foundation.
20 Go ahead.
21 THE WITNESS: 1"m not a toxicologist, and 1
22 could only answer in very generalized terms. Not
23 specific health impacts.
24 BY MR. ANDERSON:
25 Q Right. And 1"m not looking for more than
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1 what you know. [I"m just asking based on what you®ve
2 read in the field that you are in, does vinyl —-- is
3 vinyl chloride iIn the water a good thing? Is that
4 something we want, strive for?
5 A No, no. You do not want vinyl chloride in
6 the water.
7 Q And trichloroethylene, do you want that in
8 the water?
9 A You don"t want any chemical compound in the
10 water.
11 Q So you don"t want trichloroethylene, and you
12 don"t want 1,2-TDCE.
13 A That is correct.
14 Q And obviously you don®"t want all of those
15 things together, right?
16 A You don®"t want any compound contaminants iIn
17  the water.
18 Q Why not?
19 MR. BAIN: Object as to form; lack of
20 foundation.
21 BY MR. ANDERSON:
22 Q Why not?
23 A They have certain compounds that have been
24 shown to be carcinogens.
25 Q And then the last thing I wanted to ask you
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1 so 1 can think about it, frankly, when we"re on our
2 break 1s: How am 1 to understand this data and these
3 tables that we have been discussing? Say, for
4 instance, | was at Camp Lejeune, living In Tarawa
5 Terrace from stress period 350 to stress period 390.
6 Okay?
7 A Okay.
8 Q How do I quantitatively deal with the
9 numbers iIn that box? You would just draw a box
10 around it like I did on my copy. Do you add those up
11 in terms of your exposure? What do you do with that
12 data?
13 MR. BAIN: Object as to form.
14 BY MR. ANDERSON:
15 Q I was there, | drank this water, 1 showered
16 in this water. | want to know how much I was exposed
17 to. Do I get out a calculator and start adding month
18 upon top of month?
19 MR. BAIN: Object as to form.
20 THE WITNESS: You would have to ask really
21 an epidemiologist that specific question because
22 that is not what I do nor what 1 was tasked with
23 doing.
24 Q Okay .
25 A We have provided a similar table like this
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1 on our Web site for anyone to access. And we state
2 there -- it just says the likelihood and the range of
3 what a person may have been -- we use the word, |
4 believe, may have been exposed to in their drinking
5 water at that particular month and day. And that"s
6 all I can say, and that"s all the modeling results
7 presented in this can say.
8 Q Okay. That Web site -- there was a Web site
9 at one time where you could actually go in and put in
10  your physical address. Do you remember that?
11 A Yes.
12 Q And then 1t would tell you how much of these
13 various chemical contaminants were In your water at
14  your house?
15 A That"s correct.
16 Q And then that Web site got taken down.
17 A That"s correct.
18 Q Why?
19 MR. BAIN: Objection; lack of foundation.
20 BY MR. ANDERSON:
21 Q Just tell me what you know. [I"m not asking
22 you for anything you don®"t know. [I*m just getting
23 inside your head and trying to find out what you do
24 know.
25 A It was -- in working with the Department of
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1 Navy, they expressed some reservations that there

2 were insufficient qualifiers on the data, not the

3 table itself. But when somebody just put in an

4  address and got a value out, 1t did not explain to

5 them the limits of the data or the simulated data.

6 And they objected to that -- it was the actual

7 application that got taken off of that.

8 And in working with -- which we want to do

9 working as a -- with a partner, and the Navy being

10 one of them. We decided that the reports were out

11  there. Anyone could grab the reports. We put the

12  table out there. So we took i1t down off that. The

13 Department of Navy requested that that application,

14  you know, be taken off of the Web site.

15 Q When did they make that request

16 approximately?

17 A I really don"t recall, but i1t was after this
18 report was published.

19 Q So recently, 1 mean, within the last couple
20 of years.
21 A Yes, yes.
22 MR. BAIN: Can we take a break?
23 MR. ANDERSON: Just one more, one or two
24 more. 1°m sorry. All right, all right. 1 don"t
25 want to lose my train of thought.
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1 BY MR. ANDERSON:
2 Q When the DON objected to that application
3 and asked that it be taken down, was that objection
4 stated i1In writing?
5 A Not to my knowledge. I never received a
6 written request.
7 Q Who would have received that at the ATSDR if
8 there -- 1T there was a request that that Web site be
9 taken down?
10 A They probably would have communicated to the
11 deputy director or the assistant administrator at the
12  time. It was more discussed. We have monthly
13 conference calls with the Department of Navy and
14 other -- and that may have been discussed at that
15 time. There were several repeated references by DON
16 to that application on the Web site.
17 And, In fact, now that I recall, there
18 probably is a letter where they critiqued the Tarawa
19 Terrace model, or reviewed it. | don"t mean
20 critiqued 1t. But they reviewed the model, and they
21 may have said something to that effect in that
22 letter.
23 Q What is that letter called if | wanted to
24 request it from Mr. Bain?
25 A It"s the Navy"s review of the Tarawa Terrace

Professional Court Reporters LLC

770.952.0604
Case 7:23-cv-00897-RJ  Document 370-6  Filed 04/29/25 Page 82 of 190




Morris L. Maslia P.E., D.WRE, DEE

6/30/2010
Page 82

1 model, and i1t"s dated 2007 or "8, something like

2 that. And we have -- we responded to that letter

3 point by point on --

4 Q I remember.

5 MR. ANDERSON: Okay. Let"s take a break.

6 (A brief break was taken.)

7 MR. ANDERSON: Okay. Let"s go back on.

8 BY MR. ANDERSON:

9 Q Dr. Maslia, before we took a break, we

10 talked about the -- some of the various chemicals

11  that were combined -- chemical contaminants combined
12 in the drinking water at Camp Lejeune. And when we
13 listed those several chemicals, first of all, those
14 were in the finished water that comes through a

15 person®s tap, right?

16 A That 1s correct.

17 Q And you mentioned that in addition to those
18 there was also some benzene in that water.

19 A No. What 1 said was that we had two or
20 three hits at the water treatment plant there. And I
21  just could not say what happened to the benzene
22  because i1t was such low -- low concentrations of it.
23 Q Based on the documents that the government
24 gave you.
25 A That"s correct, yes.
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1 Q And 1f you found benzene at the water

2 treatment plant, is there any reason to think it

3 somehow gets taken out of the water once it leaves

4 the treatment plant and flows to the consumer?

5 A No. It may have been diluted, though.

6 Q Right. Sure. And we don"t know.

7 A That®s correct.

8 Q And then you mentioned also that the study
9 assumed no additional source of TCE on Tarawa

10 Terrace. And just to be clear for the Court, the

11 multi-species, multi-phase model in Appendix A2, when
12 it includes TCE as an assumed breakdown product from
13 PCE, that doesn"t encompass if, in fact, there was

14  another source of TCE like industrial solvents

15 onsite.

16 A That i1s correct. That model, again, uses
17 PCE as the source, the same value we use for the

18 single species. It just let"s it break down through
19 the breakdown process.
20 Q So 1f 1t would be shown by the evidence and
21  from i1ts greater weight that there was actually TCE
22 degreasing done on Tarawa Terrace, that would not yet
23 be taken into account by the multiple chemicals you
24 found 1n the water in your model.
25 A Another source of TCE was not -- a source,
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1 not another one -- a source of TCE was not taken into
2 account because we did not see any evidence of a

3 source like there was for PCE.

4 Q And that, again, as with the benzene, was

5 based on the documents that the government gave you.

6 A That is correct.

7 Q Now, who at the Department of the Navy asked
8 that that Web site for the families to type iIn their
9 addresses be taken down?

10 A It was just in general conversation. Again,
11 we have monthly conference calls, and they also

12 critiqued the Tarawa Terrace model, and 1 cannot put
13 a name, that 1 specifically remember that person said
14 X, Y, and Z, but that definitely Navy and/or Marine
15 Corps staff expressed that sentiment.

16 Q That they expressed their displeasure with
17 that Web site and asked that 1t be taken down.

18 A With that application.

19 Q Okay. The one that allowed family members
20 to type their address in --
21 A Yes.
22 Q -— and find out how many chemicals they had.
23 A That is correct.
24 Q Now, you mentioned that the Department of
25 Navy critiqued your model. You said that.
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1 A That is correct.
2 Q They did that in writing, didn"t they?
3 A Yes, they did.
4 Q And they sent that to you.
) A Yes.
6 Q What is that document called, or how would I
7 ask for i1t to get it from Mr. Bain?
8 A You could ask for 1t in two ways. One, you
9 can see 1t on our Web site. We have our response to
10 it. We have the ATSDR -- 1 think i1t"s called
11 response. |If you go under the water modeling for
12 Tarawa Terrace and go down through all of the
13 publications and stuff, you"ll see something to the
14  effect of ATSDR response to the Department of Navy
15 review of Tarawa Terrace model. And in that, we
16 include their letter because we refer to certain
17 sections of their letter. So you"ll see their letter
18  there.
19 And you could then see the date of their
20 letter and just ask them for the date of that letter.
21  And offhand I do not remember iIf they sent it
22 directly to me or they sent it to Dr. Frumkin who was
23  the assistant administrator of ATSDR at the time. |
24  just don"t recall that.
25 Q Who wrote that attack on your model?
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1 MR. BAIN: Object to form.
2 BY MR. ANDERSON:
3 Q Who wrote it?
4 MR. BAIN: Objection.
5 THE WITNESS: The cover letter was signed
6 by, 1 believe, Mr. Harrison.
7 BY MR. ANDERSON:
8 Q Is he part of the Department of the Navy?
9 A Yes.
10 Q Is he a scientist?
11 A He has a "PE" after his name, so I™m
12 assuming he"s a registered engineer. 1 really would
13 like to look at the letter again, if I can see that.
14 We deal with him and also Richard Mock who is his
15 supervisor.
16 Q Do you have a copy of that with you?
17 A No, 1 do not.
18 Q Well, we can get it on this computer iIn a
19 minute. The -- maybe at our next break so we"re not
20 wasting time. 1711 dig 1t out with your assistance.
21 The critique of your model, was it -- that
22 is the critique peer reviewed?
23 A Their letter or --
24 Q Their letter.
25 A I don"t know. You would have to ask them.

Professional Court Reporters LLC

770.952.0604
Case 7:23-cv-00897-RJ  Document 370-6  Filed 04/29/25 Page 87 of 190




Morris L. Maslia P.E., D.WRE, DEE

6/30/2010
Page 87

1 Q Did you agree with their critique of your
2  model?
3 A We disagreed with many of their points that
4  they made in their letter, and we addressed each one.
5 Q Did you, as a result of going through that
6 process, become convinced that there were problems
7 with the work you had done on Tarawa Terrace?
8 A No. I was convinced even more strongly that
9 we did a scientifically defensible work.
10 Q Why more strongly?
11 A Because we were able to, In addressing some
12 of their critiques, point out where in the literature
13 elsewhere these techniques had been used. And, in
14  fact, some of the critiques that they provided, we
15 were able to show that, in fact, at other locations
16 the Department of Navy used the exact same approach
17  that we had used and it was acceptable to the Navy at
18 that location.
19 Q And did you point that out in your letter?
20 A Yes.
21 Q So that"s available to me on the Web site?
22 A Yes. Yes, It 1Is.
23 Q And those are the same methods and
24  techniques that you utilized In your study.
25 A That is correct.
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1 Q Going back now to the tables indicating the
2 multiple chemicals to which people at Tarawa Terrace

3 were exposed in their drinking water, 1 just want to

4  talk to you for a second about the routes of

5 exposure.

6 Given that these several chemicals are

7 coming out of the tap, is it fair to say, based on

8 your understanding, that people would be exposed to

9 these chemicals through drinking, inhalation, skin

10 absorption?

11 A Yes; all three.

12 Q So 1f somebody was living there on the base
13 in base housing at Tarawa Terrace, they would be

14  exposed whenever they drank, cooked, bathed, washed

15 clothes.

16 A Yes.

17 Q And the routes of exposure would include not
18 only the actual drinking of i1t but inhaling the

19 volatile heated water, for instance, when you"re
20 standing in the shower and all that steam IS in your
21  face?
22 A Yes.
23 Q Or when the washer or dryer Is running?
24 MR. BAIN: Object to lack of foundation.
25 THE WITNESS: 1 really could not answer that
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1 specific question.
2 BY MR. ANDERSON:
3 Q Skin absorption when you®re washing
4 dishes --
) A Yes.
6 Q -— and have your hands in the hot water,
7 steam coming up, inhalation?
8 A Yes.
9 Q And best of your understanding based on the
10 work you did, that would have been day in and day
11 out, right?
12 A Yes.
13 Q Are these chemicals additive In the adipose
14  tissue?
15 MR. BAIN: Objection; lack of foundation.
16 THE WITNESS: This is outside of my area of
17 expertise.
18 BY MR. ANDERSON:
19 Q You don*"t know iIf they are bioaccumulators?
20 A No.
21 Q Do you know whether these chemicals are
22 interactive, that is, whether vinyl chloride in the
23  context of PCE interacts?
24 MR. BAIN: Objection; lack of foundation.
25 THE WITNESS: I have no expertise in that

Professional Court Reporters LLC

770.952.0604
Case 7:23-cv-00897-RJ  Document 370-6  Filed 04/29/25 Page 90 of 190




Morris L. Maslia P.E., D.WRE, DEE

6/30/2010
Page 90

1 area.

2 BY MR. ANDERSON:

3 Q So when 1t comes to just how toxic this

4 chemical cocktail i1s, you couldn®"t say.

5 MR. BAIN: Objection for lack of foundation.

6 THE WITNESS: That"s, again, outside my area

7 of expertise.

8 BY MR. ANDERSON:

9 Q And you“ve talked now about the routes of
10 exposure. What is your understanding about who was
11 exposed?

12 A Anyone who was living In Tarawa Terrace
13 housing, because the water distribution system

14 provided water to Tarawa Terrace housing. So that
15 would be, you know, children, adults, workers. In
16 other words, If there"s a restaurant or whatever on
17 base or shopping center, people who -- you know,
18 there is a swimming pool there. People who went
19 swimming.

20 Q Marines?

21 A Yes.

22 Q Their wives?

23 A Yes.

24 Q Their children?

25 A Yes.
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1 Q Pregnant wives of Marines?
2 A Yes.
3 Q Infants?
4 A Yes.
5 Q Pouring this water in an infant formula and
6 so forth.
7 A I have no knowledge of the feeding practices
8 back then. So --
9 Q Or through the breast milk.
10 A Yes.
11 Q Now, in terms of these tables, you know, now
12  the DON has got that site taken down, and the
13  families can™"t go on there anymore and type in their
14 address. But they can get ahold of your study. And
15 if they want to -- if they do find your study and
16 want to read about their exposure -- let"s just go to
17  that, 1Tt you would, stress period 349 again, January
18 of 1980, when Laura Jones -- actually February 1980,
19 350 stress period when Laura Jones came on base.
20 She could look and she could see her
21  exposure to total PCE and then the other chemicals
22 that you listed as breakdown products. For that
23 month, you see under stress period 350, and she would
24 know she had those exposures in that month. 1Is that
25 how we read this?
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1 A That would be her average exposure.

2 Q In that particular month.

3 A That is correct.

4 Q So each day of that month on average, she

5 would have been exposed to that much of those

6 chemicals; is that the understanding?

7 A No, no. 1 would say over a month period,

8 the average exposure would be this value. We cannot
9 go down -- the model does not go down to a day.

10 Q No, I understand that, Morris. But I™m

11 asking -- what I*m asking -- 1 want to make sure that
12 the record is clear. You"re saying and you already
13 told me it would be each and every day that this

14 exposure occurs.

15 What I*m asking you is: You"re saying here
16 on average In February of 1980, she®"s exposed to

17  these chemicals throughout the month.

18 A No, no. 1°m saying the average exposure

19 which is different than on average.
20 Q Okay. The average exposure per month.
21 A Yes.
22 Q Okay. So this i1s a monthly value?
23 A That is correct. That is correct.
24 Q Okay. So the average exposure per month for
25 February 1980 is this series of numbers.
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1 A That is correct.

2 Q Okay. And then let"s say she stays for

3 stress period 351. Then the next month the average

4 per month i1s, she®"s exposed to the next set of

5 values.

6 A That is correct.

7 Q And so on and so forth throughout the entire
8 time she"s there.

9 A That is correct.

10 MR. ANDERSON: Let"s go off the record for a
11 second.

12 (Brief discussion ensued off the record.)

13 BY MR. ANDERSON:

14 Q And just for final clarification on the

15 issue of exposure, if there is another source of TCE,
16 she would have been exposed to that iIn addition to

17 what you have here.

18 A Not unless it got in through the water

19 treatment plant.
20 Q Right.
21 A Okay. And, again, that really would be
22  speculating based on here, because our model is based
23 on only one source and that®"s PCE and degraded TCE.
24 Q Right. And that"s the only one you know
25 about.
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1 A That i1s correct.
2 Q And If It were shown from the evidence that
3 there was another source that got into the water,
4 then that would be In addition to what is reflected?
5 A IT 1t got into the supply well and then into
6 the water treatment plant, then that would be an
7 addition. But it would be -- you could not defend
8 just taking that value and adding it to this model,
9 because then the model would not have incorporated
10 that other source. We would have to rerun the model
11  to do that.
12 Q Understood. And the same would be true i1f
13  there was a significant source of benzene. You would
14 have to rerun the model.
15 A We would have to rerun the model with a
16 caveat that if we could assume i1t was dissolved, low
17  enough concentration, iIn other words, not floating
18 above the water table but just dissolved like these
19 were, then you could rerun the same model that we
20 had. 1f, 1n fact, i1t is substantial enough that iIt"s
21  fTloating on top of the water table, then you have an
22 entirely different complicated model. You could not
23 use these models.
24 Q And 1f, 1n fact, you were running a model
25  for TCE or PCE and you were about finished with the
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1 model years into 1t and somebody told you, Hey,
2 there®s a million gallons of benzene that have not
3 previously been accounted for, would that mean you
4 would have to start a lot of work over?
5 A It means you would have to look at what
6 assumptions the model that you have developed thus
7 far -- what assumptions you have made and see if, In
8 fact, you could include that, or, in fact, you would
9 have to bring in a more complicated model.
10 You would have to evaluate that because
11 benzene also has -- even iIf it"s dissolved, it has
12 different, what we would call, retardation factors,
13  the speed or lack thereof that i1t moves once it"s
14 mixed with water. It would move at a different rate
15 than PCE would. So you would have to rerun the model
16 and take that into account, and there would be some
17  time involved in doing that.
18 Q He"s asking -- Mike Pangia wants me to ask
19 you: |If, in fact, there was found to be benzene in
20 this water, does that mean that your -- the work you
21 did and the model you ran is inaccurate?
22 A No, not at all.
23 Q Now, stepping back again from the data
24 itself and so forth to the subject of your model more
25 broadly with regard to Tarawa Terrace, did you check
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1 the results of your simulations against any actual

2 data points, that is, known data like you described

3 doing in Georgia?

4 A Yes, we did.

5 Q Were they -- were your simulation results

6 consistent or inconsistent with the known levels of

7 contamination?

8 A We were very consistent.

9 Q What did that tell you?

10 A It told us that we had a reliable and, more
11 importantly, what we believe is a scientifically

12 defensible product.

13 Q All right. So that gave you added assurance
14  of the accuracy of your results because of the fit

15 between the study results and the known levels of

16 contaminants.

17 A That 1s correct.

18 Q Were there any other checks on

19 methodological reliability that you did after you had
20 run your simulations?
21 A Well, Chapter I, which is the probabilistic
22 and sensitivity analysis, iIs another check because,
23 again, it demonstrated that the range of values were
24 fairly narrow, were within acceptable limits for the
25 epidemiologist to use. And we felt that they showed
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1  that our results were consistent over time.
2 Q So that was another confirmation of the
3 reliability.
4 A Yes.
5 Q And then you®ve already told us you had the
6 study peer reviewed.
7 A Yes.
8 Q You mentioned that the Department of the
9 Navy had criticized your study. Has the study been
10 criticized by anybody else?
11 MR. BAIN: Objection to the form. The word
12 used was critiqued.
13 MR. ANDERSON: All right. Well, I™m not
14 going to get into that level of semantics.
15 BY MR. ANDERSON:
16 Q By whom?
17 A The National Research Council.
18 Q All right. Tell me about that.
19 A About the council or about --
20 Q About the criticism or critiquing of your
21 model by the National Research Council.
22 A Okay. They produced a report in June of —-
23 is 1t 2009 or 2010? 1 forget the year. And they
24 spent an entire -- Chapter 2 i1s what they referred to
25 as their exposure assessment chapter, and they spent
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1 the entire chapter critiquing the modeling approach,
2  the model that we used.

3 One of their biggest critiques that they

4 made -- not only did we disagree with but the data

5 contradict their critique -- is that we did not

6 analyze the VOCs as DNAPL, which are dense

7 non-aqueous phase liquids, which means they have a

8 density of greater than one or they are denser than
9 water. And they indicated that that was a severe

10 limitation. That was one.

11 They also critiqued in a different

12 chapter -- Chapter G, 1 think -- we do a vapor

13 analysis, look at the vapor of the different

14  constituents going into the soil above the water

15 table. And they critiqued that by comparing it to
16 vapor intrusion in a dry cleaner iIn New York City.

17 And, again, we were baffled as to why they would

18 compare soils, sandy limestone soils in North

19 Carolina with an urban dry cleaner in New York, but
20 that"s the comparison they made. And, again, we
21 addressed all of their -- internally we addressed all
22 of their critiques. But they critiqued it.
23 Q When you addressed these internally, were
24  there documents generated that -- where you addressed
25 these critiques?
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1 A I generated a document and sent It to my

2 branch chief and division director as an e-mail

3 attachment.

4 Q Who i1s that person?

5 A My branch chief is Susan Moore, M-0-0-r-e;
6 and my division director is Dr. William Cibulas,

7 C-i-b-u-l-a-s.

8 Q And so you attached that response to the

9 National Research Council and gave it to your

10  superior.

11 A That"s correct.

12 Q How did you deal with the i1ssue of your

13  supposed failure to treat the contaminants as dense,
14 nonaqueous-phase liquids?

15 A well, in fact, they used data that we

16 published 1n Chapter E, which 1s the water quality

17 chapter. And I think the highest value was 20,000

18 micrograms per liter. And what we said was, all that
19 is Is an indication of a source but there"s no other
20 data anywhere near there and so they could not prove
21  that that was DNAPL. In other words, that does not
22 prove there®s DNAPL there. And so they used the data
23  that we published.
24 That was one of our -- if you want to call
25 it -- complaints about -- internally our senior
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1 leadership i1s that they took data that we published,

2 misinterpreted it, and then put it out there for the

3 public as scientific gospel, because they are the

4  National Research Council.

5 Q Who are they anyway? |1 mean, you know, who
6 are those people?

7 A National Research Council is an independent
8 agency that is contracted out by any -- typically by

9 any agency within the U.S. Government. If they want,
10 you know, high-level scientific work or analysis,

11  they do many types of different analyses.

12 Q So they are paid for hire, available to be
13 hired by some agency, for instance, the Department of
14 Navy?

15 MR. BAIN: Object as to form.

16 THE WITNESS: The Department of Navy did pay
17 for the National Research Council review. My

18 understanding is that they were mandated to do so
19 by Congress in one of the defense authorization
20 bills.
21 BY MR. ANDERSON:
22 Q Do you know who introduced that --
23 A No, 1 don"t.
24 Q -— amendment to the legislation?
25 A No, 1 do not.
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1 Q That"s interesting. In expressing your
2 concerns internally about the fact that, as you put
3 it, the DNR -- or DRC -- excuse me -- let me start
4 over.
5 In expressing your concerns here internally
6 about the fact that the National Research Council
7 had, In your words, misinterpreted our data and
8 represented it to the public as scientific gospel,
9 did you and others within the ATSDR write e-mails and
10 memos about that subject, discussing iIt?
11 A We wrote a formal -- at my level, response.
12 I did it for my particular chapter of interest which
13 is the Chapter 2. 1 know Dr. Bove did the toxicology
14 and epidemiology. And, like I said, | sent mine by
15 e-mail. But we had numerous discussions with agency
16 leadership -- at that time, Assistant Administrator
17 Dr. Howard Frumkin and Deputy Director Dr. Tom Sinks
18 -- and we were told on several occasions in no
19 uncertain terms that the agency would not respond the
20 NRC report.
21 Q Why?
22 A They said these were scientists of national
23 repute, okay, and that the agency was not going to
24 respond to the NRC report.
25 Q So you were ordered not to respond.
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1 MR. BAIN: Object as to form.
2 BY MR. ANDERSON:
3 Q Were you ordered not to respond?
4 A I was told the agency would not respond.
5 Q Did you have any choice? Did you have a
6 choice to respond anyway?
7 A I wrote -- I wrote my document and sent it
8 by e-mail to my branch chief and division director,
9 and that"s as far as I could go --
10 Q So if you —-
11 A -- as an employee of ATSDR.
12 Q So the public only sees one side of the
13 story. They see what the National Research Council
14 has misinterpreted from your data --
15 MR. BAIN: Object as to form.
16 BY MR. ANDERSON:
17 Q -— but they don"t see your response; Is that
18 the truth?
19 A The public has not seen my response as an
20 official ATSDR response to that section of my
21 expertise in the NRC report.
22 Q How about Bove®s response to the NRC"s
23  toxicology stuff: Has the public seen that?
24 A No, they have not.
25 Q So the public has seen one side of the story
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1 and not your side of the story?
2 MR. BAIN: Objection as to form;
3 argumentative.
4 BY MR. ANDERSON:
5 Q I"m just asking: What is the truth? Is
6 that the truth?
7 A Our internal scientific response to the
8 document -- both epidemiology, toxicology, and
9 exposure assessment -- was not released -- were not
10 released as ATSDR responses to the NRC report.
11 Q Were they released in any form to the
12 public?
13 A The agency did release a -- 1T you want to
14 call i1t a work plan, okay, or a plan going forward.
15 And in it, they did not subscribe to all of the NRC"s
16 recommendations. Okay. In other words, however, we
17 always felt from the technical and scientific
18 standpoint that that significantly watered down our
19 work because i1t did not, you know, go point by point.
20 But the agency did put forth a plan going forward iIn
21 which the agency did not accept all of the
22 recommendations of the NRC.
23 Q And 1 believe you said that the NRC
24 misinterpretation was funded by the Department of the
25 Navy?
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1 A The NRC work -- the work the NRC interprets
2 or cites, there"s a committee there, and they do what
3 they do to get the ball running. In other words, to
4 get funding to look at the water contamination at

5 Camp Lejeune, that product was -- my understanding --
6 was funded through authorization in one of the

7 defense authorizations.

8 Q And that was by the Department of Navy,

9 right?

10 A I"m not clear if it"s the Department of

11 Defense or Department of Navy. In other words, 1

12 don"t recall specifically.

13 Q One or the other or both.

14 A Right, that"s correct.

15 Q When you read what the National Research

16 Council had come up with about your model, did you

17 come away from that feeling that your model was

18 invalid in some ways, or did you come away from that
19 convinced of your model*"s validity?
20 A Neither. 1 was convinced there was
21 significant misunderstanding and misinterpretation of
22 information and, in fact, lack of understanding of
23  the whole Camp Lejeune issue on the part of the NRC
24 committee and specifically those people on the
25 committee who were responsible for doing, say, the
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1 exposure assessment part.
2 Q Why do you say that?
3 A I had several e-mails back and forth from
4 one particular individual on the committee.
5 Q Who was that?
6 A Dr. Prabhakar Clement. Last name 1is
7 C-l-e-m-e-n-t. And I think he"s out of Auburn
8 University. Early on when -- i1n 2007, 2008, asked
9 me -- asking me about what -- what particular
10 approaches we were using and, for example, how we
11  were treating the PCE source and the model, what
12 option in the model we were using. 1"m putting this
13 in layperson®s terms, if that"s okay.
14 Q I appreciate it.
15 A And 1 explained and all of that. And, in
16 fact, | have an e-mail from him saying, Boy, this is
17 great. You know, the public is lucky to have an
18 agency like -- ATSDR is doing such a good job and all
19 that sort of stuff.
20 And then somewhere along the line i1n 2008,
21 2009 -- 1t was after we published these results for
22 Tarawa Terrace -- | didn"t hear anything, but then
23  the NRC came back. And it was like totally opposite
24 of what we had been communicating in an e-mail, and I
25 wasn"t sure where the change -- and, of course, the
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1 reports -- a committee report. And somewhere In -- 1
2 think 1t was 2008 or so -- I had sent an e-mail to
3 the chair -- oh, not the chair of that committee but
4 the NRC staff person who oversees the committee.
5 Q Who i1s that?
6 A Susan Martel.
7 Q M-a-r-t-e-17?
8 A M-a-r-t-e-1. Susan.
9 Q Okay. Keep going.
10 A Suggesting that it would be good for the
11 committee or for us to meet with the committee again
12 because 1 thought there were political budget and
13 scientific i1ssues that perhaps the committee needed
14  more clarification on.
15 And so I sent her that e-mail. We met once
16 with the NRC committee. They had a public meeting iIn
17 Washington. | forget the date of 1t. That"s public
18 record. And, you know, I presented a 20-minute
19 presentation of what we were doing with Florida
20 modeling. Dr. Bove presented 20 minutes on the EPI
21 side. The Marine Corps -- one Marine Corps
22 general -- 1 do not recall his name, but I have got
23 the -- there®"s a an agenda of who spoke -- got up and
24 stated what the Marine Corps was hoping to get out of
25 the NRC committee and all of that sort of stuff.
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1 And so the rest of it -- that"s the only

2 time we presented details of what we were doing. The
3 rest of these are through e-mail requests of the

4 results or whatever or data that we had. And, as 1

5 said, as things progressed, 1 felt that the —-- 1 felt
6 personally or professionally -- professionally that

7 the -- it was a lack of understanding, as | said, of
8 the politics, the complexity, budget issues, and

9 approaches that we were using and that it would

10 behoove the committee just to hear from ATSDR on

11  those subjects. And 1 sent that e-mail to Susan

12 Martel .

13 Q What was the response?

14 A Her response was that she would forward my
15 e-mail to the chair of the NRC committee but it would
16 be up to the chair of the NRC committee to make a

17 decision if they wanted additional information from
18 ATSDR or additional -- I don"t know if 1t"s called

19 testimony or not but, you know --
20 Q And what happened after that?
21 A Nothing.
22 Q You mean, you -- so you never heard back
23  from the chair of the --
24 A No.
25 Q -- NRC?
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1 Who was it that told you that the rebuttal
2 that you had produced to the NRC interpretation could
3 not be made public?
4 A We were told that ATSDR was not going
5 publicly rebut, and that was Dr. Sinks, Dr. Tom
6 Sinks, as well as my division director and the
7 division of health studies director, which is
8 Dr. David Williamson. They are obviously one level
9 bureaucratically below Dr. Sinks.
10 Q So he was the top man responsible for that
11  decision?
12 A I couldn™t say i1f he was personally
13 responsible or not. [I"m not involved iIn those
14  discussions at that high level. But he was the -- at
15 the time, assigned to oversee the whole Camp Lejeune
16 health study, and that"s what we were told on several
17  occasions.
18 Q The question that comes to mind is this, you
19 know, the government spent a lot of money to allow
20 you to do the study that we have talked about, and
21 it"s printed in these beautiful reports. First of
22 all, how much money -- how much money did your study
23 cost?
24 A It"s been averaging about 1.5 to 1.8 million
25 per year.
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1 Q How long has i1t been going on?
2 A Since 2004.
3 Q So the -- and the government is paying for
4 that, the taxpayers are paying for that study,
5 correct?
6 A That is correct.
7 Q So the government -- help me understand --
8 the government spends many millions of dollars to
9  support your work because you guys are the experts.
10 A That is correct.
11 Q And they fund you. And now the Department
12 of the Defense or the Department of the Navy comes
13 along and gets another organization. This -- uses
14  another organization also funded by the government,
15 funded by the taxpayers, to attack the work that you
16 did, funded by the taxpayers, right?
17 MR. BAIN: Object to form.
18 Q Is that true?
19 MR. BAIN: Objection.
20 THE WITNESS: They used another scientific
21 body to critique our work. That"s fine. And our
22 work is public information, so anybody can
23 critique it, whether 1t"s an individual or
24 consulting company or any other organization. |
25 believe 1t"s scientifically defensible. And what
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1 I asked for and what my colleagues at ATSDR and,
2 in fact, our cooperators like Georgia Tech
3 requested, that we be allowed to defend it on the
4 same playing field.
) BY MR. ANDERSON:
6 Q And that was the request that was denied.
7 A That"s correct.
8 Q I mean, you know, just kind of
9 simplistically, if, say, Toyota did this, you know,
10 they fund a study of their gas pedals and then they
11 hire -- they also fund a study to critique their
12 study of their gas pedals, that would be nonsensical.
13 How does it make sense that we"re paying, as
14  taxpayers, for a multimillion dollar study by you
15 guys who are the experts and then we"re also paying
16 for the National Research Council to come along and
17 critique that? How does that make sense?
18 MR. BAIN: Object to form; lack of
19 foundation.
20 THE WITNESS: 1 haven"t got an answer for
21 that.
22 BY MR. ANDERSON:
23 Q In reviewing the documents that cover the
24 known data regarding the actual contamination that
25 were provided to you by the Department of the Navy,
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1 were you relying on the Department of the Navy to

2 provide you with everything that they had?

3 A Yes.

4 Q And what documents did you see?

5 A We saw anything from handwritten notes to
6 lab reports to engineering reports to remedial

7 investigation reports to unidentified slips of paper.
8 Q Did you see these documents that were

9 attached to our lawsuit. 1[1"m going to show you

10 exhibit pages E, F, G, also known as CLW4306, 438,

11  443. Did you use those as known data points?

12 A These are -- actually what these are -- CLW,
13 we have termed -- and 1t"s in our reference section
14 as Came Lejeune water document, and they are all

15 listed, not necessarily in sequential order, all in
16  the DVDs.

17 Q Right.

18 A And what these particular ones -- let"s

19 looks at CLWO436. At the time, this is 1980. And
20 this i1s how the volatile organic compounds were
21 actually discovered at Camp Lejeune. Because at the
22  time they were looking for trihalomethane
23 constituents, and that"s what"s listed here: CHCL3;
24  CHCVR 1s the bromide; and so on and so forth.
25 Because they were -- these were byproducts of --
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1 disinfection byproducts, and they were concerned
2 about high levels. And so they --
3 MR. BAIN: Excuse me. You got to listen to
4 his question, and answer. He"s just asking you
5 iT you saw these and used these.
6 THE WITNESS: Oh, okay, okay. Well, I was
7 getting to why we did not -- sorry -- it"s
8 elongated -- why we did not use as data i1n our
9 model. So the answer to your question, we did
10 not use these particular documents as data in our
11 model .

12 BY MR. ANDERSON:

13 Q Okay. Go ahead and tell me why not, just in
14  the interest of hearing that.

15 A Because they relate to trihalomethanes and
16 this i1s infection of byproducts. They do not relate
17  to volatile organic compound contamination. However,
18 they were having difficulty with the analytical

19 methods iIn there, and they had indicated possible or
20 likely VOC interference.

21 Okay. So while 1t does not give us a value
22  to put in or compare the model with, it does tell us
23  that iIn 1980 there were most likely high levels of

24 VOCs 1n the water. And, in fact, the model confirms

25 from a quantitative standpoint. So we used them
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1 indirectly in our model.
2 Q And they were consistent with what you
3 found.
4 A Yes.
5 Q Okay. And I guess that document, that first
6 one there, says: Water is highly contaminated with
7 low molecular weight halogenated hydrocarbons of
8 strong interference, et cetera, et cetera.
9 Do you know who prepared these documents,
10 these -- I guess it says William Neal, chief of
11 laboratory services.
12 A It was prepared by the laboratory section of
13 Camp Lejeune. And Elizabeth Betz was a chemist whose
14 name you will see many times on such documents.
15 Q So these documents in 1980, which you
16 indicate reflect high levels of volatile organic
17  compounds in the water, also reflect an awareness, a
18 knowledge, on the part of the Department of the
19 Navy"s staff, Marine Corps staff, of the presence of
20  those chemicals as of that time; i1s that true?
21 A Let me put 1t this way: | don"t know how
22  the Department of Navy handled its internal
23 communications. They indicate that a lab analysis
24  was done and a chemist provided an information sheet
25 to someone in their environmental management
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1 division. That"s all 1 can say from that document

2 and their repeated references to interference with

3 VOCs.

4 Q Right. But, |1 mean, these documents --

5 CL436, 438, and 443 -- based on your knowledge, your
6 training, and your experience, these were documents

7 generated by the Department of the Navy.

8 A No, no.

9 Q Or the Marine Corps.

10 A Marine Corps.

11 Q Right there at the base --

12 A That 1s correct.

13 Q -- in 1980.

14 MR. BAIN: Do you want to look at all of the
15 pages that he referenced to see --

16 THE WITNESS: Yeah --

17 MR. ANDERSON: Yeah, and then give me the
18 answer after you look at them all.

19 THE WITNESS: Yeah, these are -- these are
20 all part of the CLW documents. CLW number was
21 put on subsequent to -- probably during the time
22 that we started our health study. These
23 particular documents were prepared locally at
24 Camp Lejeune.
25 BY MR. ANDERSON:
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1 Q And so they"re government documents; they"re
2 documents of the United States Government?

3 A Yes.

4 Q An agency of the government.

) A Yes.

6 Q Is the Marine Corps a part of the Department
7 of the Navy?

8 A Yes.

9 Q And just to come back to my question because
10 it got a little interfered with, ironically, those

11 documents reflect that the Marine Corps knew as of

12 1980 that there were high levels of volatile organic
13  compounds in the water at Camp Lejeune.

14 MR. BAIN: Object to form; lack of

15 foundation.

16 BY MR. ANDERSON:

17 Q Isn"t that the truth?

18 MR. BAIN: Same objection.

19 THE WITNESS: The chemist and the person
20 that she provided these documents were made aware
21 of 1t.

22 BY MR. ANDERSON:
23 Q They knew it.
24 A Where 1t went -- 1 mean, | cannot speak for

25 the entire Marine Corps or the Navy.
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1 Q But some agent of the Marine Corps knew as
2 of 1980 that there were high levels of volatile
3 organic compounds in the water.
4 MR. BAIN: Object as to form and lack of
5 foundation.
6 BY MR. ANDERSON:
7 Q Answer?
8 A They -- they were told that there was
9 interference with their mass spectrometer on there.
10 Q Did you tell me before that this indicates
11 high levels of volatile organic compounds?
12 A High level of VOC that"s interfering with an
13 analytical test. It i1s not a direct confirmation
14  that there are VOCs in the water.
15 Q But it ended up being consistent with what
16 you found.
17 A That is correct.
18 Q Which was high levels of VOCs in the water.
19 A That"s correct.
20 Q So some agent of the Marine Corps knew 1in
21 1980 that there were high levels of VOCs interfering
22 with their samples at Camp Lejeune.
23 A That is true.
24 MR. BAIN: Object as to form and lack of
25 foundation. The document speaks for itself. He
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1 wasn"t --
2 MR. ANDERSON: Let"s have him testify here.
3 I want this on the record.
4 BY MR. ANDERSON:
5 Q Is that the truth, sir?
6 A Could you repeat the question.
7 Q Yeah, yeah. Some agent or agents of the
8 Marine Corps working in their lab iIn 1980 knew from
9  these documents that there were high levels of
10 volatile organic compounds in the water interfering
11  with their sampling.
12 MR. BAIN: Object as to form and lack of
13 foundation.
14 Go ahead and answer 1t.
15 THE WITNESS: That is correct.
16 BY MR. ANDERSON:
17 Q That"s i1s the truth, isn"t I1t?
18 MR. BAIN: Objection, same objection.
19 BY MR. ANDERSON:
20 Q Simple.
21 A I wouldn®"t phrase i1t as truth or not. 1°d
22 say the facts based on those --
23 Q All right. That"s the facts.
24 A That is what those sheets or those lab
25 results are showing. That is that chemist"s

Professional Court Reporters LLC

770.952.0604
Case 7:23-cv-00897-RJ  Document 370-6  Filed 04/29/25 Page 118 of 190




Morris L. Maslia P.E., D.WRE, DEE

6/30/2010
Page 118

1 interpretation.

2 Q An interpretation which was subsequently

3 borne out by what you studied and what you concluded.
4 A That 1s correct.

5 Q And peer reviewed.

6 A That is -- yes, it was peer reviewed, yes.

7 Q Did you also review the Grainger report from
8 August of 1982 iIn connection with the review of the

9 known data points?

10 A Yes.

11 Q And was that one of the data points that you
12 use as a check on your simulation?

13 A Yes.

14 Q And were those data points consistent with
15 what your simulation discovered?

16 A Yes.

17 Q And it indicates here Bruce Babson had

18 prepared that Grainger report and sent it to the

19 commanding general of Camp Lejeune.
20 Did 1 read that correctly?
21 A That"s how all we even address things to the
22 commanding general.
23 Q Did 1 read it correctly?
24 A Oh, yeah, you read i1t correctly. It says
25 it"s sent to the commanding general.
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1 Q Does this document also indicate that,

2 again, now, two years later, the Marine Corps is

3 aware of high levels of volatile organic compounds in
4 the drinking water at Tarawa Terrace and now even the
5 quantities of some of these?

6 A Yes.

7 Q Did you see documents contemporaneous to

8 this document indicating any knowledge on the part of
9 the Marine Corps of the health risks associated with
10 exposing the Marines and their wives and children to
11  these chemicals at that time?

12 A The Grainger letter iIn the fTirst paragraph
13 or second -- I don"t have it in front of me, so —-

14 Q Now you do.

15 A Okay. Thank you. Yeah, what I said -- what
16 brought this particular letter to our attention is

17  their statement in there basically stating that the
18 Marine Corps should not be so much concerned with the
19 earth environmental issues but with the health
20 issues, because i1t said in here, these appeared --
21 meaning the concentrations of the -- albeit high
22 levels -- and, hence, more important from a health
23 standpoint than the total THM content. Okay?
24 And so that"s what caught -- from both my
25 standpoint and the epidemiologist™s standpoint is
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1 that the -- a lab -- I assume this is a contract lab
2 to the Marine Corps -- had informed them of in the

3  first paragraph of that.

4 Q Of the health risks; is that right?

5 A Well, the health concerns. They did not

6 quantify. We tend to talk in terms of risks in

7 quantifiable numbers. They did not quantify that, so
8 I would say that"s, you know, health concern.

9 Q Right. And they said that the interferences
10 which were thought to be chlorinated hydrocarbons

11 hindered the quantification of certain

12 trihalomethanes: These appear to be at high levels
13 and, hence, more important from a health standpoint
14  than the total high trihalomethane content. For

15 these reasons, we called the situation to the

16 attention of Camp Lejeune personnel.

17 Is that what we"re talking about?

18 A That"s what 1 just read from.

19 Q Okay. So bottom line, again, here, the
20 folks at Camp Lejeune are being put on notice that
21 not only are there high levels of volatile organic
22 compounds iIn the water but that these raise human
23  health concerns?
24 A That 1s how we iInterpreted -- or interpret
25 that.
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1 Q All right. And I just want to put these

2 documents into the record so that the record is

3 complete.

4 (Plaintiff Exhibit Numbers 3, 4, 5, and 6

5 were marked for identification.)

6 BY MR. ANDERSON:

7 Q I"m going to put in as Exhibit 3 the CLW436;
8 Exhibit 4 to your deposition, CLWA438; Exhibit 5 to

9 your deposition, CLW443. And Exhibit 6 is a two-page
10 document, CLW5177 and 5178, the Grainger report,

11 G-r-a-i-n-g-e-r.

12 And you mentioned Elizabeth Betz. And in
13  August of 1982, she, in the course of reviewing the
14  Grainger letter that we just saw, remarked, did she
15 not, on some of the health -- human health effects of
16 exposure to this group of chemicals?

17 A I need to look at the particular document.
18 Q Who was Elizabeth Betz?

19 A She was the base chemist. That"s how 1
20 refer to her. |1 don"t know her exact title. Okay?
21 But that"s in the documents that 1°ve seen. She was
22 always dealing with the water quality analyses.
23 Q She worked for the Marine Corps and was an
24 employee of the United States Government?
25 MR. BAIN: Object to form; lack of
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1 foundation.
2 THE WITNESS: 1 really could not say. 1°ve
3 just seen her name on internal Marine Corps
4 documents. 1 do not know If she was a contract
5 employee or a civilian government employee.
6 BY MR. ANDERSON:
7 Q Okay. But in whatever specific capacity she
8 worked, she was working on behalf of the Marine
9 Corps, correct?
10 A That is correct.
11 Q And she was working over there at the base,
12  from what i1t looks like in these documents.
13 A That is correct.
14 Q And she in August 1982, showing you
15 Exhibit 7, remarked upon the health risks to human
16 beings of exposure to some of these chemicals that
17 you found were, In fact, iIn the water and that the
18 Grainger report had found in the water.
19 A That is correct.
20 Q She found things like liver damage, kidney
21 damage, central nervous system disturbances in
22  humans, correct?
23 MR. BAIN: Can you refer where you"re
24 referring.
25 MR. ANDERSON: Paragraph 5.
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1 THE WITNESS: That"s what she reports and

2 reports about, suggested guidances and things of
3 that nature.

4 BY MR. ANDERSON:

5 Q So the answer was yes?

6 A She stated what she -- I mean, what she

7 states in the letter is what she stated.

8 Q Well, she, working on behalf of the Marine
9 Corps i1n 1982, stated in her report that these

10 chemicals can cause in humans liver and kidney damage
11 and central nervous system disturbances, correct?

12 A That"s what she says iIn here.

13 Q Do you know of anything that would refute
14  that, say that is not true?

15 A You would have to ask a toxicologist.

16 Q And then that, for the record, was CLW606
17 and 607, which Is now Exhibit 7.

18 (Plaintiff"s Exhibit Number 7 was marked for
19 identification.)
20 BY MR. ANDERSON:
21 Q So this, again, reflects, you know, iIn 1982,
22  the knowledge of at least some agents over there at
23  the Marine Corps, of the risk of allowing families --
24 children, infants, neonates -- to be exposed to these
25 chemicals, doesn"t 1t?
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1 MR. BAIN: Objection to form.

2 THE WITNESS: Again, it expresses their

3 concerns --

4 BY MR. ANDERSON:

5 Q All right.

6 A -— of health risks, but it does not quantity
7 the risk.

8 Q Right. They knew there was a risk.

9 A I would say that"s correct.

10 Q When you reviewed the documents that you

11 reviewed from the time that these people knew there

12 was a risk and knew there were volatile organic

13 compounds and knew they posed a threat to human

14 health, from that time forward, did you see any

15 evidence that the Department of the Navy or the

16 Marine Corps took action to protect the Marines and

17  their families from these contaminants?

18 MR. BAIN: Objection to form.

19 THE WITNESS: We were not reviewing the
20 documents to assess what the Marine Corps did or
21 did not do. We reviewed documents to see if they
22 contained pertinent or relevant data or
23 information to use for developing the water --
24 from the water model.
25 BY MR. ANDERSON:
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1 Q Did you review a lot of documents?
2 A Yes.
3 Q In the course of your review, did you happen
4 to see any documents that showed what action showed
5 them taking action to protect the families?
6 A There were some memos where there were
7 instructions on how to operate the distribution
8 system.
9 Q When were those memos?
10 A I would say around 1985 or so.
11 Q So five years after the -- Exhibit 3 and
12 three years after Betts"s acknowledgment of human
13 health effects.
14 A Be approximately correct.
15 Q Did you, in the course of reviewing all of
16 those thousands of pages that your -- that you
17 reviewed, find the Department of the Navy or the
18 Marine Corps taking any step in those intervening
19 years to protect the Marines and their wives and
20 children from these chemicals?
21 MR. BAIN: Object to form.
22 THE WITNESS: There were internal memos
23 about replacing certain wells and not operating
24 certain wells.
25 BY MR. ANDERSON:
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1 Q In "85.

2 A Again, right around "85.

3 Q I*"m asking you before that. Between 1980

4 and "85, did you see them take steps, action -- take
5 action to protect the families?

6 MR. BAIN: Objection to form.

7 THE WITNESS: 1 really did not review the

8 documents for what action, again, the Marine

9 Corps took. But, rather, did it provide -- in

10 other words, If they were to take an action where
11 they were to turn on a well or turn off a well,
12 that would have implications for the water --

13 BY MR. ANDERSON:

14 Q Right. And you told me that happened in

15 "85.

16 My question is: Do you know -- can you tell
17 me any action that you know of that the government

18 took to protect the people -- the wives, the

19 children, the Marines -- from this water and its
20 contaminants between 1980 and 1985? Do you know of
21 any?
22 MR. BAIN: Objection to form; asked and
23 answered.
24 MR. ANDERSON: It"s not been answered.
25 BY MR. ANDERSON:
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1 Q I want to know what you know --
2 MR. BAIN: He"s answered it.
3 BY MR. ANDERSON:
4 Q I want to know 1If you know of any action
5 that they took to protect the families.
6 MR. BAIN: He answered it. He didn"t review
7 it for that reason. That"s what he answered.
8 MR. PANGIA: Does that mean he doesn®"t know?
9 MR. BAIN: He"s already answered the
10 question.
11 THE WITNESS: Again, 1 reviewed the
12 documents to see particularly, as an example, did
13 they turn a well on and off and when did they do
14 it. We did not have any indication if a well was
15 in existence, that they turned it off, except for
16 maintenance, In other words.
17 BY MR. ANDERSON:
18 Q Okay. So let me come at it from that
19 standpoint.
20 Did you see where after they knew that this
21  water was highly contaminated and they knew about the
22 risks to human heath, that they shut the contaminated
23 wells down and didn"t let anybody drink any more of
24 it? Did you see that?
25 A At "85 and afterwards, they shut down the
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1 wells.
2 Q But what about in "81: Did they do it then?
3 A No.
4 Q Did they do i1t in "82?
) A No.
6 Q Did they do it in "83?
7 A No.
8 Q Did they do it in "84?
9 A No.
10 Q So all of those years, based on what you

11 know, the families were drinking this highly

12 contaminated water.

13 A Water contaminated with volatile organic

14  compounds that we described In our analyses were, iIn
15 fact, being delivered to the residential housing and
16 other locations at Tarawa Terrace.

17 Q Did you review the BUMEDs, B-U-M-E-D-s?

18 A I know what they are. Only after they were
19 brought to our attention in a congressional hearing
20  June of 2007, 1 believe, June 13th.

21 Q That was the first time you became of aware
22 of that.

23 A Yes.

24 Q Did you learn of the base order at that time

25 with respect to the water?

Professional Court Reporters LLC

770.952.0604
Case 7:23-cv-00897-RJ  Document 370-6  Filed 04/29/25 Page 129 of 190




Morris L. Maslia P.E., D.WRE, DEE

6/30/2010
Page 129

1 A Yes.

2 Q But not before.

3 A Not before.

4 Q What did they require?

5 MR. BAIN: Objection as to form; calls for a

6 legal conclusion.

7 BY MR. ANDERSON:

8 Q You can answer.

9 A I did not review the BUMEDs i1n detail. We
10 felt they were, for the water modeling, not pertinent
11 because they spoke about water quality onboard ships,
12 and also some of the levels or standards that they
13 described in there having to do with pesticides and
14  things of that nature that we were not analyzing for.
15 And so we -- again, we reviewed documents to
16 extract data and information specifically to develop
17 and calibrate the groundwater flow and fate and
18 transport model. And they were brought to our
19 attention after we had concluded that. And we looked
20 at them and said that does not change the results or,
21 in fact, the assumptions of our model.

22 Q All right. They had to do with keeping the
23 water from having contaminants, didn"t they?

24 A That 1s correct.

25 Q During those years that they kept pumping
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1 this water to the Marines and their families there at
2 Tarawa Terrace, did the government -- did you see

3 anywhere where the government gave notice to those

4 people that they were drinking water that had these

5 contaminants iIn i1t?

6 A There®s a CLW document -- and 1 do not

7 recall the number on it -- from, I believe, the base
8 commander, and 1 think that was In 1985 where they

9 were having water shortage. And going over how they
10 were going to conserve water. But assured residents
11  that there were only minute or trace amounts of

12 contaminants iIn the water and 1t was safe to drink.
13 Q And that wasn"t true, was i1t?

14 A There were not minute amounts in the water.
15 Q And that document is Exhibit 8, isn"t it?
16 A Yeah. This i1s the one I"m thinking of, yes.
17 Q And he told him, Go ahead and drink it and
18 go ahead and swim in it.

19 A And this was actually just for the record,
20 because 1 don"t see a CLW document. This is one of
21  the CERCLA administrative records files, and I™m
22  trying to see the number on it. But it doesn"t have
23 a CLW stamp on it, but there®"s probably a similar one
24 with a CLW in these documents. But looking at the
25 number on top, 1 can tell you that"s a CERCLA
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administrative record file.

Q And that"s the document you were talking
about.

A Yes.

Q And told them, Go ahead and drink it and go
ahead and swim in it.

MR. BAIN: Objection as to form. The

document speaks for itself.
BY MR. ANDERSON:

Q These are minute quantities.

A It was minute quantities that caught our
attention. 1 think they used the word ''trace
amounts."

Q And that caught your attention?

A Yes.
Q Why?
A Well, to us, a trace amount would be less

than the MCL which would be less for PCE, less than
5 micrograms per liter.
Q So that document Is not accurate, iIs not
true.
MR. BAIN: Object as to form.
THE WITNESS: It contradicts what has
been -- what was measured, and It contradicts

what the model shows.
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1 BY MR. ANDERSON:
2 Q And it even contradicts the Grainger
3 report, doesn"t it?
4 A It does, yes.
5 Q Which was three years before.
6 A That 1s correct.
7 Q Other than that misleading notice that you
8 indicated was given in 1985, Exhibit 8, did you, iIn
9 your review, see anywhere during those intervening
10 years that the government was sending this poisonous
11 water to the people any notice of the true situation?
12 MR. BAIN: Object as to form.
13 THE WITNESS: 1 do not recall any -- any
14 documents that I have -- 1 have reviewed or my
15 staff have reviewed to that effect.
16 BY MR. ANDERSON:
17 Q Now, I understand that there was a
18 memorandum of understanding -- 1 believe 1t was in
19 1991 -- between the ATSDR and the Department of the
20 Navy so that the ATSDR would have access to all of
21  the relevant documents for i1ts water model.
22 Is that my --
23 A That i1s correct.
24 Q Did the ATSDR rely upon base personnel to
25 provide all of the relevant documents?
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1 A Yes.
2 Q Did the ATSDR ever have trouble getting
3 information out of the Department of the Navy or the
4 Marine Corps?
5 MR. BAIN: Object to lack of foundation.
6 MR. ANDERSON: [I"m just asking.
7 MR. BAIN: Well, you haven"t established
8 that he speaks on behalf of the ATSDR.
9 MR. ANDERSON: Come on.
10 BY MR. ANDERSON:
11 Q Did you ever have trouble getting documents
12 from the Marine Corps or the Department of Navy?
13 MR. BAIN: Can you limit it to him, then?
14 MR. ANDERSON: Okay.
15 BY MR. ANDERSON:
16 Q Are you aware -- 1"m not going play games --
17 are you aware of the ATSDR and its agents, to include
18 yourself, having any trouble getting documents you
19 needed to do your work here from either the
20 Department of the Navy or the Marine Corps?
21 A We have had difficulty in the Marine Corps
22 and Navy identifying documents that we need.
23 Q Tell me about that.
24 A We have provided -- since we became involved
25 in the health -- with the health studies in the
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1 summer of 2003 and forward -- the types of data and

2 types of documents that we needed, we have requested
3 inventories or a list. And when we specifically

4 identify, for example, we want a lab report by a

5 certain name, then they will go and look for it.

6 Okay?

7 But if -- in our general -- our approach is
8 to say -- since they are the experts with their

9 documents and not us -- we want documents for

10 geohydrology, water quality documents that anybody

11  who is trained In environmental engineering or

12 dealing with base documents in their environmental

13 management program, that we believe should know what
14  those are. We have had difficulty and -- until we

15 have specifically identified we want X, Y and Z of

16 obtaining those documents.

17 Q Has there been correspondence about those
18 difficulties?

19 A Yes.
20 Q Is 1t correct that you maintain a file of
21 e-mails and letters that you®ve sent trying to obtain
22 information you needed for your studies?
23 A Yes.
24 Q What would that file be called?
25 A well --
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1 Q How would we describe it to request 1t?

2 A I have e-mail files specific to underground
3 storage tanks, okay, because that one 1 have

4 specifically put together because that has come up

5 most recently. And also the fact that the agency is
6 going to a different e-mail system, | thought 1-°d

7 better preserve it in a different way.

8 And so I have a chronology of e-mails back
9 and forth to the Marine Corps, requesting these types
10 of documents. In this case i1t happened to be

11 underground storage tank documents and information.
12 Q All right. And you -- have you maintained
13 also other documents relating to request for

14 information that didn"t have to do with simply the

15 underground storage tank issue?

16 A Yes. There are official letters wherein the
17 head -- or Dr. Frumkin or Dr. Sinks have written

18 letters to their equivalent, which would be the --

19 like deputy or assistant commandant of logistics and
20 installation at Marine Corps headquarters, and we
21  would present what information we were looking for.
22 We would say, What happens if we don"t get the
23 information? And there are a series -- or two --
24 two, you know, back and forth; our letter, their
25 response, our letter, back and forth.
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1 Q Have you got copies of those?
2 A Yes, | do.
3 Q Let me show you -- this problem of getting
4 information from the Department of the Navy and the
5 Marine Corps goes back quite a ways, doesn"t it?
6 A Yes, 1t does.
7 Q The memorandum of understanding was found in
8 1991. I"m showing you one document that 1 just
9 pulled out as an example from 1994. Reading from the
10 second full paragraph, it says -- second sentence
11 says: You are aware we have had much difficulty
12 getting the needed documents from MCB Camp Lejeune.
13 We have sent MCB Camp Lejeune several requests for
14 information. And In most cases, the responses were
15 inadequate, and no supporting documentation was
16 forwarded. For example, ATSDR does not have any of
17  the remedial iInvestigation documents.
18 Did 1 read all of that correctly?
19 A That®s correct.
20 Q It goes on to say: The situation -- and
21  this i1s the last sentence of that paragraph: The
22 situation at MCB Camp Lejeune is also somewhat
23 complicated, in that several of our public health
24 request questions could not be answered with
25 information from the Rl reports, for example, lead in
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1 the drinking water.

2 Did 1 read that correctly?

3 A That"s correct.

4 Q And then the next paragraph, the second

5 sentence: For an ATSDR public health assessment to

6 be useful, it is important that all pertinent

7 information be provided for evaluation.

8 Is that correct?

9 A That"s correct.

10 Q And we must rely on the base personnel to

11 identify and provide the documentation; is that

12 correct?

13 A That"s correct.

14 Q Do you agree with those statements in this
15 letter, Exhibit 11.

16 A I was not at -- well, that"s 1994. 1 was at
17 ATSDR, but I was not involved in any way with Camp

18 Lejeune at the time.

19 Q All right. But you know that these problems
20 with getting documents from the Department of the
21 Navy and the Marine Corps continued, don®"t you? You
22 know those problems continued.
23 A We had similar requests in the tone or
24  verbiage in the letters that we officially wrote --
25 I say officially, meaning our agency leadership
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1 wrote -- contained a similar message to this.

2 Q And those are the letters that you have in
3 that file of yours.

4 A That"s correct.

5 Q And 1 misspoke before. 1 described this as
6 Exhibit 11. 1t was actually Exhibit 10. 1"m going

7  to show you Exhibit 11 which is another letter

8 probably in that file of yours, December of 2005.

9 (Plaintiff®"s Exhibit Number 11 was marked
10 for i1dentification.)

11 BY MR. ANDERSON:

12 Q This 1s to the Department of Navy,

13 Lieutenant General Kramlich. 1°m reading the first
14 paragraph. It says: The Agency for Toxic Substances
15 and Disease Registry iIs conducting an epidemiologic
16 case control study of the children whose mothers were
17  pregnant while living on base. ATSDR staff briefed
18 Lieutenant General Kelly and other headquarters

19 Marine staff on the status of the study, including
20 the water modeling, in August 2005. The purpose of
21  this letter i1s to seek your assistance in resolving
22 outstanding issues that delay ATSDR"s ability to
23 complete the current health study on time. ATSDR has
24 experienced delays in obtaining requests for
25 information and data pertaining to water quality
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1 sampling data and site remedial investigation
2 reports. ATSDR has recently been made aware of the
3 existence of a substantial number of additional
4 documents previously unknown and not provided to
5 ATSDR staff. These documents are designated as CLW
6  documents.
7 Did 1 read that right?
8 A Yes. 1 wrote the letter.
9 Q Oh, I"m sorry.
10 A I drafted the letter.
11 Q Right. It was signed by Frumkin.
12 A Yeah, but I drafted the letter.
13 Q All right. Fair enough.
14 So you were well aware of these problems.
15 A Yes.
16 Q So am 1 to understand that as of December of
17 2005, you had not been provided the CLW documents?
18 A We had not been provided some of the CLW
19 documents, or we had not been provided all of their
20 CLW documents. We had been provided some of them.
21 Q But not all of them.
22 A But we were aware, from making trips to Camp
23 Lejeune and some inventory that they were doing, that
24 I had noticed that we had not -- we did not have 1In
25 our possession some additional CLW documents that
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1 some went on base and shown me.
2 Q A substantial number. That"s what you
3 wrote.
4 A Yes.
5 Q Who on base showed you the additional -- the
6 existence -- who revealed the existence of the
7 additional CLW documents in 20057
8 A It was not -- when you say "revealed the
9 existence,” we really did not operate in that manner.
10 We would come up there occasionally. And I was up
11 there in November 2005, and they were inventorying.
12 They were inventorying the base, and they were
13  showing me the CLW documents that were had, because 1
14 raised the issue at a meeting, asking if their
15 inventory company was going to inform us of any
16 water-related documents. And that®s when I found out
17  that they had this whole listing or drawing, if you
18 want to call 1t, of CLW documents.
19 And 1 could tell by the numbers that they
20 had shown me In 2005 that they had exceeded the
21  numbers, the CLW numbers, that we had In our
22 possession at ATSDR. And so that"s when | expressed
23 my concern to both my division director and our
24 agency leadership, concern that we might -- those
25 additional documents might contain information that
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1 we were calibrating the model with and not be aware

2 of.

3 Q Who at the base was present when you found
4  out about that?

5 A That was Scott Williams.

6 Q Scott Williams. And where does he work?

7 A He"s assigned to Marine Corps headquarters.
8 He"s our point of contact at headquarters, and that"s
9 currently.

10 Q And you said that there was something about
11 the numbering that let you know that there were

12 documents that had not been provided to you.

13 Do you recall how high your Camp Lejeune

14  water documents went to, Bates-number-wise, before

15 you got the additional documents in 20067

16 A I seem to recall that ours went up to the
17 3,000s, and 1 had seen documents when 1 went on base
18 in the four, five, six, and seven thousands. Again,
19 we recognized they were not sequential. 1 think
20 that"s important to say. But all 1 knew is that they
21  were not document numbers I had ever seen before.
22 Q And you mentioned that there were a
23  substantial number missing. That would be in the
24  order of thousands of pages, wouldn®"t i1t?
25 A Potentially, yes.
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1 Q well, 1 mean, iIn fact, you later found out
2 it was on the order of thousands of pages.

3 A Yes.

4 Q And that was a discovery you made in 2005,
5 years after your water model had begun on Tarawa

6 Terrace.

7 A Our water model had -- it was probably in

8 the -- probably been going on for about a year and a
9 half.

10 Q This is the end of 2005.

11 A Right, right. We did field testing for a
12 good part of 2004, from the spring through the fall
13 of 2004, and did not really begin water modeling

14  activities until 2005.

15 Q And these documents that had not been

16 provided previously, they were actually stamped "CLW"
17  for Camp Lejeune water?

18 A Yes.

19 Q Would it be too simplistic to say that in
20 all likelithood something called a CLW, Camp Lejeune
21  water document, might well be relevant to a Camp
22 Lejeune water model?
23 A Would be pertinent, yes.
24 Q You went on on the second page to talk about
25 the fact that you needed all documents immediately.
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1 Did 1 read that correctly?
2 A We requested timely sharing of these
3 documents.
4 Q "To attempt to meet our project completion
5 timeline, we must be provided all documents that
6 relate to base-wide water issues immediately.”™ First
7  full paragraph.
8 A Oh, okay. Okay. I mean, I wrote -- drafted
9 the letter, so yes.
10 Q And that was true.
11 A That i1s correct.
12 Q You indicated that discovery of this
13 documentation must not rely on specific requests from
14  our staff but on our shared goal of ensuring the
15 scientific accuracy of our study and DOD"s
16 responsibility to provide the information.
17 A That 1s correct.
18 Q You went on to say that a thorough review
19 and assessment of such a large volume of additional
20 documents at this late date and the incorporation of
21 related information into a nearly complete model may
22 require additional funding to review these documents
23 and modify our model i1If necessary.
24 Did 1 read that correctly?
25 A That i1s correct.
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1 Q "Completion of this assessment and required
2 modifications to our model extend the timeline for

3 six months to a year.™

4 A That 1s correct.

5 Q Have there been additional problems getting
6 documents from the Department of the Defense and the
7 Marine Corps since then?

8 A It would be similar of the i1dentification

9 issue. When we specifically mention a document

10 number or document type, they will provide it. But
11 if we say we need -- as we did, you know, just

12 underground storage tank documents, It -- the process
13 is elongated.

14 Q So the answer is, yes, there have been

15 continued problems.

16 A Yes.

17 Q A lot of those problems had to do with the
18 underground storage tanks and the benzene; is that

19 correct?
20 A That 1s correct.
21 Q I thought that the Department of the Navy
22 and the Marine Corps were supposed to be a partner.
23  You were supposed to be partners.
24 A We are partners. That"s the purpose of the
25 memorandum of understanding.
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1 Q Now, we"ve been talking about a lot of
2 e-mails and so forth that are on your computer and
3  folders and things. And you mentioned that there"s
4 going be a new e-mail system at the ATSDR. And 1°d
5 like to state on the record that we want them
6 preserved no matter what happens to the computer
7 system. |If you have to go home today and burn it
8 onto a CD, every document that we"ve talked about
9 during this deposition, we intend to request. He has
10 been making a list of them. So I don®"t want to hear
11 -— and I don"t think the federal judge is going to
12 want to hear -- that we had a change iIn e-mail
13 systems and all of it got gone.
14 MR. BAIN: Well, we have to have, as we
15 mentioned, a Rule 26 conference, a reasonable
16 scope of request that you produce to us, which
17 was agreed to iIn our joint status conference
18 report. We still have not received that scope of
19 preservation yet. We have taken steps through
20 the agencies to preserve information that we
21 believe is related. But until you identify what
22 the scope is, you need to do that.
23 Also, 1 should say at this point, we did
24 receive the notice of deposition for Mr. Maslia“s
25 deposition on Sunday, which should include an
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1 attachment requesting certain documentation. We
2 did not bring any documentation with us in

3 response to that today, other than the report on
4 Tarawa Terrace which Mr. Maslia has brought,

5 because, for one, i1t was produced on Sunday which
6 was not a reasonable time to comply with the

7 request. Secondly, it was overbroad iIn that it
8 requested basically everything that could, you

9 know, under the sun, could be related to his

10 work. And finally, it likely requested

11 information that would be subject to privilege.
12 So for that reason, we did not bring anything in
13 response to that today.

14 MR. PANGIA: Well, that"s fair enough. 1
15 just hope that the Justice Department doesn"t

16 play the same game that the Department of Navy
17 has been playing with the ATSDR.

18 MR. ANDERSON: Why don*"t we take a break.
19 (A brief break was taken.)
20 BY MR. ANDERSON:
21 Q Based on the information available to you,
22 what kind of an area is Tarawa Terrace? 1Is it mostly
23 housing.
24 A It"s mostly housing.
25 Q Is there shopping, swimming, bowling,
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1 movies, other resources of entertainment there, to
2 your knowledge?
3 A There®s a shopping center. There®s a
4  school. I don"t know about bowling specifically at
5 Tarawa Terrace.
6 Q Is the movie theater over at Hadnot Point.
7 A Yeah. There®s a movie theater and bowling
8 at Hadnot Point.
9 Q And there®s a shopping center at Hadnot
10 Point.
11 A It"s the exchange.
12 Q Yeah. So the answer i1s yes?
13 A Yes.
14 Q IT a person was living at Tarawa Terrace and
15 wanted to have access to those resources, they would
16 obviously have to travel over to Hadnot Point i1f they
17 wanted to go bowling without going off the base, for
18 instance.
19 A That i1s correct.
20 Q And 1n the course of going over to Hadnot
21  Point, a person who lived at Tarawa Terrace would
22 have had exposure to the Hadnot Point water supply
23 had they, say, for example, ordered a Coke at the
24 Hadnot Point theatre or a drink from the supermarket
25 water fountain.
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1 A IT they drank from the supermarket water
2  fountain, yes, that would have been Hadnot Point
3 water at that point.
4 Q Or 1f they swam in the Hadnot Point pool.
) A Yes.
6 Q And those exposures obviously would be in
7 addition to any exposure that they had at Tarawa
8 Terrace.
9 A That is correct.
10 Q So you would have to add those exposure on
11  top of the figures that iIs we saw in Exhibits 1
12 and 2.
13 A That is correct.
14 Q Now, I understand that these days you"re
15 working on a water model for Hadnot Point.
16 Is that right?
17 A Hadnot Point and Holcomb Boulevard.
18 Q Okay. And you®ve not finish that yet?
19 A No.
20 Q You started that some years ago, didn"t you?
21 A We just recently this past year started the
22 actual model. We"ve been iIn a -- putting databases
23  together for the model since about 2007.
24 Q 2007. And what does that involve, putting
25 data bases together? Gathering data?
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1 A Again, 1t is going through disparate types
2 of documents, pulling out pertinent data --
3 geohydrologic, hydraulic, water quality
4 information -- and then putting -- conducting QA/QC
5 on the data before you -- and then developing
6 databases that are appropriate for the model that
7 you"re going to use.
8 Q Okay. And so you"ve been gathering the
9 documents relating to the Hadnot Point, slash,
10 Holcomb Boulevard water model since 2007.
11 A That is correct.
12 Q Were you provided all of the appropriate and
13 necessary information for the Hadnot Point/Holcomb
14 Boulevard water model in a timely fashion?
15 A We were provided documents when we
16 specifically asked for a specific document type or --
17 a document type.
18 Q So if you knew something existed
19 specifically and you were able to ask for it, you
20 would get i1t?
21 A Yes.
22 Q But if you just asked for all documents
23 relating to the water, that"s where you would run
24 into trouble.
25 A Again, we made that request several times,
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1 and we still obtained additional documents after
2  those requests.
3 Q Had supposedly been fulfilled.
4 A Say that again.
5 MR. BAIN: Objection to the form.
6 BY MR. ANDERSON:
7 Q And this is now having to do with the -- the
8 next model at Hadnot Point/Holcomb Boulevard.
9 A Right.
10 Q So same thing again.
11 A Uh-huh.
12 Q Well, let me ask you this: Was the contents
13 or even the existence of the underground storage
14  tank, electronic portal disclosed to you when you
15 began your study at Hadnot Point and Holcomb
16 Boulevard?
17 A No.
18 Q Why not?
19 MR. BAIN: Objection; foundation, form.
20 THE WITNESS: I have no answer for that.
21 BY MR. ANDERSON:
22 Q Because you don"t know.
23 A I can"t answer. 1 mean, you"d have to ask
24 the Marine Corps or the Navy.
25 Q You don*t know why they weren®t disclosed.
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1 A No.
2 Q Did that impact your study?
3 A Yes.
4 Q How?
5 A Well, we had completed a review of what is
6 referred to as the Installation Restoration Program
7 sites, IRP sites, and that is described in an
8 ATSDR-approved report. We call it Chapter C for
9 Hadnot Point. And the data is very voluminous even
10 for that, and so we were under the Impression that we
11  had all of the information that we needed to start
12 preparing the databases for the model.
13 And when we started QA"g/QC"g our own
14 report, we realized that had there were substantial
15 documents, underground storage tank documents, that
16 existed that we did not have possession of nor did we
17 know the quantity or volume of those documents.
18 Q How did you make that discovery?
19 A During our QA/QC process -- approximately in
20 January through March of 2009, we were QA/QC"g the
21 Chapter C report. And in checking, for example, we
22 made list of reference iIn the text. Okay. You want
23  to make sure that you got that reference in the
24 reference section. Okay. So it jives. We came
25 across mention of these particular documents that we
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1 had never seen before, okay, iIn reading that. And so
2 our contractor sent a request, requesting a half a
3 dozen of these documents.
4 Q Was that Bob Fay?
5 A That was Bob Fay. Bob Fay. And he asked me
6 if he could just do it. And I say, Yeah, you don"t
7 need to go through me. Just go inform me of what
8 you"re doing. So he sent an e-mail request to the
9 folks at -- actually, Scott Williams who was at
10 headquarters. And he sent that request down to the
11 environmental management division folks at Camp
12 Lejeune. And, again, 1t"s because we i1dentified half
13 a dozen, say, documents. They turned out to be UST
14  documents that we mad mentioned or had reports on but
15 we had never seen, the actual document.
16 And so they sent them, one or two. And then
17 I see these e-mails going back and forth. Well, this
18 document is too large to send by e-mail. Do you have
19 an FTP site? Back and forth. And can you burn it on
20 a CD? And 1t became apparent that the person Mr. Fay
21 was in contact with was not excited about having to
22 do document after document -- you know, send it by
23 e-mail or figuring out a way to either hard -- print
24 it off and mail 1t or whatever.
25 So she said, Why don®"t I just give you
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1 access to a Web portal, okay, and you can download

2 whatever you want. And that"s the first -- and that
3 was right around March of 2009. That"s the first

4 that we had heard of a Web portal specifically

5 dedicated towards -- for underground storage tank

6 documents and information.

7 Q Did you ever come to learn why you weren®t
8 told about those benzene documents until then?

9 A No.

10 Q The existence of leaking underground storage
11  tanks, did that have, you know, an Impact on your

12 work in terms of your modeling the exposure

13  assessment?

14 A Not on the -- at this point, not on the

15 modeling. And we"re talking about March 2009?

16 Q Uh-huh.

17 A At that point, not on the modeling work.

18 Q It was more the data collection.

19 A It forced us to now put Chapter C as only
20 the installation restoration program sites and make
21 another Chapter D of underground storage tank.
22 Q And did it ultimately add to the complexity
23 of the model by virtue of the fate and transport
24  characteristics of benzene?
25 A Would not add to the complexity of the
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1 model. It would make the model take into account all
2 information that"s available.

3 Q Now, I understand that you concluded that
4 approximately 1.2 million gallons of fuel i1s or may
5 be missing, having leaked out of various tanks at

6 Hadnot Point and Holcomb Boulevard.

7 Is that accurate?

8 A That 1s not our conclusion.

9 Q What is that based on? Whose conclusion is
10 that?

11 MR. BAIN: If I can object at this point.
12 And preliminary for purposes of whether 1t -- a
13 certain privilege. Has there been a conclusion
14 reached about that?

15 THE WITNESS: No. No conclusion has been
16 reached.

17 MR. BAIN: So to the extent that you"re

18 asking him about a conclusion about that, 1 m
19 going to object and instruct him not to answer
20 because 1t"s a deliberative process.
21 MR. ANDERSON: Okay. [I"m not sure 1
22 understand the basis for a claim of privilege.
23 But let me just ask a few questions and try to
24 trench around 1t a little bit and see 1f I need
25 to worry about i1t.
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1 BY MR. ANDERSON:
2 Q Are you telling me that you all are still
3 studying how many gallons of fuel may be missing?
4 A Yes.
5 Q Okay. Is part of the reason why you don"t
6 know that yet, the fact that the Department of the
7 Defense and the Marine Corps didn*t tell you all
8 about the new electronic portal until March of 2009?
9 A That i1s part of 1It.
10 Q When do you expect to have an answer to how
11  much benzene was -- how much fuel and how much
12 benzene got into the water for those folks?
13 A We are projecting or estimating at this
14 point that our water modeling will be complete
15 between December of 2011 and March 2012.
16 Q Well, when do you think you®ll have an
17 answer for how much fuel was lost?
18 A The same time.
19 Q Is benzene a known human carcinogen?
20 A Yes.
21 Q How does the fact of leaking underground
22 storage tanks affect your exposure assessment? Does
23 it affect it beyond what we have already talked
24  about?
25 A You mean the data itself?
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1 Q Well, just the fact that over at Hadnot

2 Point and Holcomb Boulevard you now have a

3 substantial quantity of benzene apparently that"s

4 going be found in the water, does that affect your

5 assessment of people®s exposure and their --

6 A That would be for the epidemiologist to

7 address.

8 Q Is Camp Lejeune a Superfund site?

9 A Camp Lejeune is a Superfund site, an NPL
10 site -- NPL site.

11 Q National Priority List?

12 A National Priority List site.

13 Q Is that the same thing as what people call
14  Superfund?

15 A Yes.

16 Q And what does it mean exactly to be on the
17 National Priority List?

18 A Well, EPA conducts an analysis to evaluate
19 the hazard and looks at different pathways, and
20 they"ve got some scoring mechanism. And then a site
21  has to be proposed for inclusion on the NPL list or
22 Superfund site. They announce it in the federal
23 register, and then it"s either put on or not put on.
24 Q It has to be bad enough to be put on 1t?
25 A It has to have a certain hazard ranking.
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1 Q Is 1t true that CERCLA applies to those

2 sites?

3 A To NPL sites?

4 Q Yeah.

) A Yes.

6 Q And, to your knowledge, does CERCLA require

7  that any documents regarding a release of

8 contaminants at an NPL site be made public?

9 MR. BAIN: Objection; lack of foundation.
10 THE WITNESS: 1°m not CERCLA expert, legal
11 expert.

12 BY MR. ANDERSON:

13 Q You don®"t know the answer?

14 A I don"t know.

15 Q Have the benzene documents on that

16 electronic portal been released to the public?

17 A Be more specific, | guess.

18 Q Sure. You told me before that in March 2009
19 Bob Fay became aware of the existence of an

20 underground storage tank, electronic portal, and that
21 contained substantial documents previously not

22 disclosed to the ATSDR in the course of its review.
23 Have those documents been made public?

24 A Not -- a substantial number of them have

25 not -- a substantial number of them have not.
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1 Q Why?
2 A Well, we were provided documents by the Navy
3 or Marine Corps under what they call, for official
4 use only, classification, which means we can use them
5 as we warrant. But iIn order to release them, either
6 as references in a report like this or to the public,
7 we have to ask the Navy or Marine Corps to allow us
8 to release them.
9 Q Have you asked to be allowed to release
10 those documents?
11 A Yes, we have.
12 Q What was the response?
13 A The response was that they would have to
14  assign somebody to review the documents and see what
15 they needed to or not needed to redact and that they
16 would get back to us.
17 Q Why would they want to redact stuff from the
18 benzene-related documents?
19 MR. BAIN: Objection; lack of foundation.
20 THE WITNESS: 1°"m not a lawyer. That gets
21 into the legal --
22 BY MR. ANDERSON:
23 Q You don"t know?
24 A I don"t know.
25 Q You don*t know what part of it that they
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1 want to hide?
2 MR. BAIN: Objection.
3 MR. ANDERSON: Well, that"s what redacting
4 is, Isn"t 1t? You block -- look at this one.
5 Look at this. You block this out, right? Isn"t
6 that what 1t 1s?
7 MR. BAIN: Or following the law, the Privacy
8 Act, et cetera.
9 MR. PANGIA: So nobody sees it.

10 BY MR. ANDERSON:

11 Q You don®"t know which part of it they want to
12 redact.

13 A They have not indicated what they plan to or
14 plan not to redact.

15 Q You just know it"s going to take a while.

16 A They said -- they asked us back iIn January
17 when we needed them by. We said August of 2010. And
18 I sort of checked on that request a couple of months
19 ago, and they said August 2010. So we are assuming

20 that 1s what they are going to stick by.

21 Q So you told me before, you know, you

22 can"t -- you can"t cite documents in your report

23 until they have been made public.

24 So presumably until you get those documents

25 redacted and given to you, you can®"t come out with
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1 your report; is that fair?
2 A We can come out with the report. The issue
3 is on scientific integrity. Anyone has the right to
4 ask us for any of the reference material, and we need
5 to be able to produce i1t so they can reproduce our
6 analysis or whatever. And so if we can"t use a
7 reason, well, we"re not allowed to release a certain
8 document that from a scientific -- as | said --
9 integrity standpoint, that does not hold to the --
10 any, you know, water. No pun intended.
11 Q So, you know, your report -- your report
12 can"t come out until they review their documents and
13 redact whatever they“re going to redact.
14 A The Chapter D report, which is UST, and the
15 model, the Chapter C report, which is the
16 installation/restoration program sites, i1s, in fact,
17 in the process of being published. That"s using a
18 different set of files that are public.
19 Q All right. But the other reports can"t be
20 published until --
21 A That is correct.
22 Q -- the documents are reviewed, redacted, and
23  finally furnished.
24 Has anybody besides the ATSDR been asking
25  for those documents to be released to the public?
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1 A Yes.
2 Q Who?
3 A The community assistance panel. The CAP,
4  the Camp Lejeune committee assistance panel.
5 Q And that"s a group of citizens who are
6 involved in the ongoing study of Lejeune?
7 A They are not involved in the study itself.
8 They are a citizens group made up by former or past
9 Marines. And they -- at times, we look to them to
10 advise either -- or provide input to us, direction of
11  the study or questions we may have specific to
12 Lejeune. Since obviously the former Marines have
13 been at Lejeune, they may have specific questions
14  about that.
15 Q Are you aware of any senators demanding the
16 release of those documents to the public?
17 A I*m aware of discussions with Senators Burr
18 and Hagan. 1°m not aware of a specific order or
19 letter or -- that.
20 Q Just to clarify, are we to understand that
21 as of now the ATSDR has some of the documents from
22  that electronic portal that have not been made
23 public?
24 A We have all of the documents listed In an
25 index provided to us this year in March 2010, that
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1 lists all of the documents, and we have all of the

2 UST documents in that portal.

3 Q Okay. And can you describe for me the types
4 and categories of documents that are on that list,

5 that you"re aware of.

6 A They are consulting reports assessing

7 different points of contamination actually all over

8 the base, not just what i1s relevant to us, in other

9 words, of all of Camp Lejeune.

10 Q Including Tarawa Terrace?

11 A Yes.

12 Q Okay. Those are documents you were not --
13 obviously were not aware of at the time you completed
14  your Tarawa Terrace model?

15 A No. Actually on the DVDs and in Chapter E,
16 there are underground storage tank documents for

17 Tarawa Terrace specifTically; 30 or so, maybe, 50.

18 And they"re on the DVDs. At the time, though, we did
19 not make the connection and we were not informed that
20 they were taken from an underground storage tank
21 portal. We just asked about underground storage tank
22 documents.
23 We work on Tarawa Terrace specifically
24 because of the benzene hits that we saw, and they
25 provided us some of these documents. They were never
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1 identified as coming from an underground storage tank
2 Web portal or a possible --

3 Q And the index with all of the documents for
4 that portal, that"s something that you currently

5 possess.

6 A Yes. We received that in March of 2010.

7 Q And looking through those benzene-related

8 electronic portal documents yourself, i1s there

9 anything that you see that seems to be missing from
10 what you"ve gotten?

11 A We are still going through that because, as
12 I said, that portal provides documents not just for
13 Hadnot Point, Holcomb Boulevard, and Tarawa Terrace,
14 but also other areas of the base like the air

15 station, the rifle range, and all that. So we first
16 have had to separate out those that are pertinent to
17 our area.

18 Q So the answer is: At this point, we don"t
19 know whether anything is missing or not.
20 A We have a complete set for the portal.
21 Q Let me give you a for instance.
22 A Okay.
23 Q For example, you know, the contractor
24 progress reports for the firm Environmental Science
25 and Engineering?
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1 A Right.
2 Q Did you notice that some of those are
3 missing, that is, the progress reports from August
4 "84 on? Have you found those?
5 A I"m really not aware of such things as
6 progress reports. Again, we are still
7 inventorying -- our contractor is still iInventorying
8 all of the documents. So --
9 Q You don"t know what®"s missing?
10 A I don"t know what -- other than the
11  technical consulting-type reports, annual monitoring
12 reports, things like that. When you get down to
13 progress reports, I"m not specifically aware that, iIn
14  fact, they were even part of that or that -- you
15 know, how many there should be or should not be.
16 Q Yeah, there were monthly reports from a firm
17 called Environmental Science and Engineering. And,
18 you know, 1"m aware that the report dated July 6th,
19 1984, states that the firm had sampled and was to
20 test immediately thereafter Hadnot Point Well 602.
21  And the August report, if you look at the earlier
22 reports, the way i1t worked was, they sample one month
23 and report the next.
24 The August 1984 result -- report would have
25 shown the results of that Hadnot Point 602 test
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1 which, you know, based on what you know as you sit
2 here now, i1t would have shown benzene, right?
3 A Yes.
4 MR. BAIN: Objection.
) BY MR. ANDERSON:
6 Q The answer was yes, wasn"t it?
7 MR. BAIN: Same objection.
8 MR. ANDERSON: Did you get his answer?
9 Okay .
10 BY MR. ANDERSON:
11 Q And so, you know, I"m puzzled to learn that
12 the August 1984 progress report and actually all of
13  the subsequent progress reports from Environmental
14  Science and Engineering are missing from the set. 1
15 just want -- my only question is: Have you noted
16 that at this point?
17 A I personally have not noted that.
18 Q You"re not aware. This i1s the first time
19 you"re hearing it.
20 A Yes.
21 Q All right. Failr enough.
22 Now, there were yearly summaries you
23 mentioned a minute ago. There was one Camp Lejeune
24 water CLW dock, 1406, which I"m now going to mark out
25 of sequence as Exhibit 9 because 1 skipped a number
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1 earlier and our good court reporter told me that.

2 (Plaintiff"s Exhibit Number 9 was marked for
3 identification.)

4 BY MR. ANDERSON:

5 Q This i1s CLW1406. It"s Exhibit 9, and it"s a
6 yearly summary that showed benzene at 2500 parts per

7 billion as of November 1985, on the second page

8 there, CLW1407. Shouldn"t there be data sheets

9 associated with this document?

10 A Yes.

11 Q Okay. Have you found those?

12 A No.

13 Q And then I noted on the cover letter, it

14  says that these enclosures indicate no immediate

15 concern.

16 Did 1 read that correctly?

17 A That is correct.

18 Q And then i1t goes on to talk in paragraph 3
19 about the cost. It says: The cost of analysis of
20 the sampling shown on these enclosures was
21  approximately -- looks like 20 to 30 thousand. 1
22 can"t read it -- funding by the Atlantic provision.
23 Naval facilities engineering command of this analysis
24 is anticipated to end not later than the end of this
25 fTiscal year. And, of course, we"re iIn 1986 here.
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1 NREAD has entered 120,000 in the 1988 POM to reflect
2  the overall loss of funding for laboratory analysis.
3 And then iIn paragraph 4: It is apparent
4  that careful planning will be required to absorb this
5 additional cost and to hold actual sampling to the
6 essential minimum.
7 Did 1 read that correctly?
8 A Yes.
9 Q And then 1t goes on to say iIn the next
10 paragraph: Accordingly, the environmental engineers
11 required to -- and then it"s blanked out with a pen
12 and redacted.
13 Have you seen an unredacted copy of this?
14 A Not this specific document.
15 Q I mean, do you know what it says underneath?
16 A No, I do not. |1 do not.
17 Q And at -- you know, at 2500 parts per
18 billion of benzene human carcinogen, is that of
19 concern to you?
20 MR. BAIN: Objection to form.
21 THE WITNESS: That would really -- again, a
22 toxicologist would --
23 BY MR. ANDERSON:
24 Q Could convey about this.
25 A Yeah.
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1 Q Go ahead.
2 A I was going to say, these are -- this is a
3 CLW, but it"s actually also a CERCLA document. We
4  have no unredacted CERCLA documents. In other words,
5 what they provided us iIs what we published.
6 Q And It"s redacted.
7 A Okay.
8 Q So, again, your data i1s only what you get
9 from the -- from the defendant at Department of the
10 Navy and the Marine Corps.
11 A That"s right.
12 Q I mean, you"re relying on them.
13 A That is correct.
14 Q Right. We talked before about the 10,000-
15 gallon underground storage tank that was near one of
16  the Tarawa Terrace -- near the school over there.
17 And I just -- 1 forgot to ask you at the time we were
18 talking about it.
19 But when the children went to school at
20 Tarawa Terrace, they drank the same water from that
21 same Tarawa Terrace water system the whole time they
22 were at school, right?
23 A That is correct.
24 Q So that water would have had the same
25 contaminants that are listed iIn your reports?
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1 A That is correct.
2 Q Did you see where the Department of the Navy
3 or the Marine Corps took any step between 1980 and
4 1985 to make sure that the school kids received
5 bottled water instead of continuing to drink the
6 water that the Marine Corps was aware had these
7 contaminants?
8 A Give the same answer | did that you asked
9 before, of the only thing we note is the memo.
10 Q Claiming it was a trace amount.
11 A Of that. And no wells were shut down.
12 Q So the answer would be, no, you saw no
13 bottled water brought into the school.
14 A well, 1 have no knowledge of any mention of
15 bottled water.
16 Q With regard to the Tarawa Terrace water
17 system, water treatment system, have you ever heard
18 of people claiming that there were pipes for that
19 water system that used vinyl linings inside of
20 asbestos pipes, linings that had been glued 1In with
21 glue that had been thinned by PCE?
22 A No, 1 have not.
23 Q Did you ever investigate how the pipes were
24  constructed?
25 A Do you mean the materials that the pipes are
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1 made of?
2 Q Yes.
3 A well, yes. We did that when we did the
4  water distribution system model, and that"s the water
5 that distributes from the water treatment plant.
6 Through the pipes, we classify the types by what
7 types of materials. We need that information to
8 assign certain properties In the -- for the
9 distribution model. And they -- so we do have that
10 information.
11 Q And, in fact, the pipes were not using vinyl
12 linings, were they?
13 A The pipes were made from both cast iron and
14 PBC.
15 Q Oh, so there was probably vinyl chloride
16 piping In --
17 A The newer pipelines -- they replaced
18 pipelines -- as they replaced older cast iron, they
19 tend to replace them with -- sometimes with PBC.
20 Q Did you consider that as a potential source
21  of additional contamination?
22 A No.
23 Q Did you consider the glue that would be used
24  to glue those pipes together as a potential source?
25 A No.
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1 Q Regarding the design of the Tarawa Terrace
2 treatment plant itself, if you had a sample showing

3 contaminated water coming out of the treatment plant,
4  what would that tell you about the contamination?

5 A It would tell you that that"s the same

6 amount that anyone within Tarawa Terrace within a

7 week would have received, because at Tarawa Terrace

8 all of the wells are mixed and then it goes into

9 the -- mixed In a raw water tank and then i1t goes

10 into the treatment process.

11 So if you have a sample after the treatment
12 process of a certain concentration, we, in fact, iIn
13 Chapter 1 show the model results that after a week or
14 so, the concentration stabilizes throughout the

15 entire distribution system to equal the concentration
16 at the water treatment plant.

17 Q So if the water coming out of that water

18 treatment plant is contaminated, as you found, in

19 order to figure out where the contamination was
20 coming from, you would have to go back behind the
21 water treatment plant to the individual wells for
22  testing.
23 A That i1s correct.
24 Q Do you know why that wasn"t done in 19807?
25 MR. BAIN: Objection; lack of foundation.
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1 THE WITNESS: Be more specific.
2 BY MR. ANDERSON:
3 Q Was it done iIn 19807
4 A At Camp Lejeune?
5 Q Yes.
6 A In 1980, throughout North American, people
7 were not specifically testing for volatile organics
8 anywhere.
9 Q After they were alerted to them.
10 A Oh, okay, okay.
11 Q And alerted that these things were iIn the
12  finished water.
13 To know the source and know which well or
14 wells was causing the contamination to be brought
15 into the treatment plant, you would have, would you
16 not, to test individual wells?
17 MR. BAIN: Objection; lack of foundation.
18 BY MR. ANDERSON:
19 Q Isn"t that logical?
20 MR. BAIN: Objection.
21 THE WITNESS: You would have to ask the
22 folks at Camp Lejeune because that would be part
23 of the, say, environmental management division or
24 order of quality branch.
25 BY MR. ANDERSON:
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1 Q I would have to ask them why they didn"t do
2 certain things.
3 A Yes.
4 Q But in terms of knowing where that
5 contamination was coming from, your model proves
6 beyond any doubt that if we want to know, we have to
7 look back of the treatment plant in the system
8 because all of the wells go In there and mix
9 together. We have to look at individual wells, don"t
10 we?
11 MR. BAIN: Objection to form; lack of
12 foundation.
13 Go ahead.
14 THE WITNESS: 1 would say first that the
15 model presents evidence within the reliability of
16 the model, that certain wells were contaminated
17 and that i1s what drove the contamination at the
18 water treatment plant.
19 MR. ANDERSON: Okay. |If we can just have a
20 few minutes and maybe we can go off the record
21 for a second.
22 (A brief break was taken.)
23 BY MR. ANDERSON:
24 Q Dr. Maslia, if there were another source of
25 trichloroethylene beyond what you®"re aware of with
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1 the ABC Dry Cleaners as a breakdown product of PCE of
2 substantial quantities, is that something that you

3 would want to know about?

4 A Yes.

5 Q Do you know of any other source -- have you
6 been told about any other source of substantial

7 quantities of trichloroethylene in the Hadnot Point/
8 Holcomb Boulevard area?

9 A In the Hadnot Point?

10 Q Yeah.

11 A Oh, okay. Because you said ABC Cleaners.
12 MR. BAIN: Are you talking about Tarawa

13 Terrace?

14 BY MR. ANDERSON:

15 Q It"s a different question now.

16 A Okay. Well, we know about sources of

17  trichloroethylene at Hadnot Point.

18 Q What do you know?

19 A Well, there is an entire industrial area.
20 And as with any industrial area, there®s going be,
21  you know, industrial solvents, TCE being one of them,
22 PCE being another. They may, in fact, have used --
23 because there was an on-base dry cleaner near in the
24 Hadnot Point area, they may have used both compounds,
25 both industrially and in the dry cleaners too. So we
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1 are aware of TCE at the Hadnot Point. And there®s
2 obviously a source or sources for that, and that"s
3 what we -- we"ll be relying on the model to help
4 refine that understanding.
5 Q Are you aware of disposal of contaminated
6 used -- trichloroethylene solvents in the Hadnot
7 Point area?
8 A Yes. There is a landfill there as well, and
9 they used disposable practices at the time to dispose
10 of, you know, industrial waste and stuff like that.
11 Q What disposable practices are you aware of
12 with respect to the solvents at Hadnot Point?
13 A well, all 1 know in a general sense iIs that
14  that landfill was used to dispose of, you know,
15 solvents and things of that nature.
16 Q Are you talking about the volatile organic
17 compounds?
18 A Yes.
19 Q And you talking about pouring drums of used
20 trichloroethylene solvents into a hole In the ground?
21 What are you talking about?
22 A It could be just -- because there"s a -- in
23  that area, they, you know, repair vehicles and all of
24  that and all of the military equipment. So it could
25 be just waste from that, and they needed to dispose
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1 of 1t. How they disposed of it, we don"t know. It"s
2 a complexity of challenge, unlike the Tarawa

3 Terrace -- or the ABC Dry Cleaners where we know

4 there was like a sledge pit and that"s where they put
5 it Iin there. We don"t have specific documentation as
6 to the actual practice of, you know, from point A to
7 point B to point C of what they did with the -- with
8 the waste product.

9 Q So as far as Hadnot Point goes, as you sit
10 here today, you don®"t know anything about a sledge

11 pit for TCE waste.

12 A No.

13 Q And have you asked for documents that would
14 have revealed the existence of that -- such a pit?

15 A We have asked for all documents related to
16 Hadnot Point/Holcomb Boulevard and to assist us to

17 reconstruct historical concentrations.

18 Q Have you been advised, as you sit here

19 today, about efforts to spray the used
20 trichloroethylene waste Into the trees along the edge
21  of the base?
22 A I have not heard that previously.
23 Q How about burning of the trichloroethylene
24 sledge waste?
25 A There are some burn pits that I"m aware of,
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1 just iIn the documents.
2 Q You have seen documents that confirm the
3 presence of those burn pits, haven"t you?
4 A Yes.
5 Q Have you seen documents that confirm the
6 burning of trichloroethylene waste?
7 A Not myself personally, | have not.
8 Q Have people described to you such documents?
9 A Former -- not documents. They have
10 described activities. Members of the camp have.
11 Q Okay. And how do you know about that?
12 A Well, just iIn general discussions. As we
13 were formulating our approach to Hadnot Point and
14  what areas we should or should not consider, we had
15 selected three areas to look at in our water model
16  for the Hadnot Point/Holcomb Boulevard area. And
17  there are multiple contamination sites In those
18 general areas. And we had to limit our analyses both
19 because of time and funding and to try to get the
20 epidemiological study concluded. So we limited i1t to
21  three major areas that we felt would address the
22 epidemiological study and the historical exposures.
23 Q What three areas?
24 A The Hadnot Point industrial area, HPIA; the
25 Hadnot Point landfill; and then what we were
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1 referring to as the HP645 area, which is actually at
2 Holcomb Boulevard. 1t"s Building 645, associated

3 with Water Supply Well 645.

4 Q Why there?

) A Benzene.

6 Q You said you were aware of burning of -- 1
7  think you said you were aware of burning of

8 trichloroethylene sledge from people at the camp, iIn
9 conversations or something.

10 A No. I was just aware that they used a,

11 quote, burn pit to dispose of waste products. 1

12 don®"t have -- I have not read specific documents, and
13 I have no specific knowledge of specific practices.
14 Q Have you seen the burn pits?

15 A I have not, no.

16 Q The funding for the ATSDR studies -- who

17 controls what funding you guys get for what studies?
18 A We put in a request along with our Division
19 of Health studies because we are basically technical
20 consultants. My division iIs. And so they put iIn how
21 much total money the agency needs. And then we put
22  that iIn each years what we call annual plan of work,
23  the APOW. Okay? It"s what it"s called. And we list
24  what we are going to do in general terms.
25 You know, we"ve got a water modeling
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1 component. We"ve got a health study component. And

2 that"s what we request from the Department of -- now

3 it"s the Department of Navy. At one point, it was

4 the Marine Corps. It switches back and forth.

5 Q So you -- what you get to study and how much
6 money you get to study is actually controlled by the

7 Department of the Navy?

8 A Not necessarily what we get to get. But

9 they either approve our budget or don"t approve our

10 budget. But, yes, we have to ask -- the money comes
11  through the Department of Navy.

12 Q Are your analyses of any of the Holcomb

13 Boulevard and Hadnot Point areas that you have told

14 me you"re studying -- is any part of that work now

15 complete, complete enough to tell me about?

16 A No, no. Not -- it"s iIn draft or -- 1 forget
17  the exact label or term for it. But it"s -- what 1

18 would consider in draft form, has not gone through

19 any kind of review.
20 Q Peer review?
21 A Peer review, agency policy clearance review,
22 or anything like that.
23 Q All right. Do you anticipate that you will
24 personally look through the documents that we
25 discussed today about Hadnot Point/Holcomb Boulevard
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1 are, for instance, documents having do with burning

2 TCE and all that kind of thing?

3 A Now that you mentioned it, I will look at

4  them.

5 Q And the documents relating to pouring it

6 into the ground, will you look at those too?

7 A It"s really a generalized term only

8 because -- | say that because, again, we did not --

9 we do not have specific documentation of their

10 operational practices, In other words. So i1t"s hard
11  to ask for information or go in and search and say,
12 you know, pour in TCE into the ground.

13 You"re not going to find -- even with the
14  documents we have, it"s more of a discovery process
15 of reading documents and saying -- or if It"s brought
16 to our attention -- | say former Marine -- that this
17 is what happened, then we may try to find a document
18 that supports that type of operation.

19 Q IT you searched for TCE and pit, can you run
20 a search like that?
21 A We can run a search on the available CERCLA
22 administrative record documents that"s on the DVD in
23 Chapter A.
24 Q Okay. You mentioned that 1f a Marine told
25 you that they were disposing of this by pouring it iIn
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sledge pits, then you could go and look for

documentation to support that report.
What have you done to interview about that
issue?

A About the sledge pit?

Q Yeah.

A 1°d really have to ask my other staff if
they"ve had conversations with the -- with the former
Marines, only because we"re not at the stage of
looking at the transport of contaminants at Hadnot
Point. We are still working on the actual -- just a
groundwater flow model part.

Q I understand.

A And when we get to that part, it would be
important to identify how and when sources originate,
because we have to tell the model where the source 1is
or the frequency of the source to do that. So we"re
not at that point yet.

Q But you will get there, and that information
would be important.

A That information would be important.

MR. ANDERSON: Okay. Anything else?
MR. BAIN: 1 just have a few questions of
you, Mr. Maslia.

EXAMINATION

Professional Court Reporters LLC
770.952.0604

Case 7:23-cv-00897-RJ  Document 370-6  Filed 04/29/25 Page 182 of 190




Morris L. Maslia P.E., D.WRE, DEE

6/30/2010
Page 182

1 BY MR. BAIN:

2 Q First of all, counsel gave you this notice
3 to the residents of Tarawa Terrace, which is Exhibit
4 Number 8, and asked you about the description in

5 here. 1 think the word that was used was minute

6 quantities of the contaminants.

7 Do you remember that?

8 A Yes. | remember that conversation.

9 Q And counsel asked you whether that was

10 correct or not. And I believe you said it was not
11 correct based upon the maximum contaminant levels for
12 those contaminants. 1Is that right?

13 MR. ANDERSON: Object to form.

14 THE WITNESS: Yeah. 1 think we used the
15 word "‘trace amounts,' and I said I would not

16 consider that a trace amount.

17 BY MR. BAIN:

18 Q And that was based upon what the maximum
19 contaminant levels were for those chemicals; is that
20 right?
21 MR. ANDERSON: Object to form.
22  BY MR. BAIN:
23 Q That was the basis for your answer?
24 A Yes.
25 Q And as of the date of this particular
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1 document, 1985, had a maximum contaminant level been

2 establish for either trichloroethylene or

3  tetrachlorethylene?

4 A No.

5 Q Okay. Another subject that I want to ask

6 you about was, there was a lot of discussion about

7  the documents that had been provided you by the

8 Marine Corps and the Department of the Navy.

9 Have there ever been any situations where
10 you were aware of a particular document or a set of
11 documents and requested it from the Navy or the
12 Marine Corps and they refused to provide it to you?
13 A No. They have never refused to provide us
14  documents that we have specifically requested.

15 Q And finally, counsel just asked you about
16 documentation of past practices with respect to the
17 Hadnot Point industrial area, of that area.

18 And you“"re aware, aren"t you, that that area
19 has been studied as part of the CERCLA process; is
20 that right?

21 A That"s correct.

22 Q And that would include a review of

23 documentation and, 1If necessary, interviews with

24 people?

25 A Right, yes.
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1 Q And that i1s something that you would rely

2 upon In looking into that question for the purposes

3 of your model at the Hadnot Point area?

4 A Yes. It would be i1n, say, remedial

5 investigation reports and/or feasibility studies,

6 that they typically would go back through

7 historically and describe what practices may have

8 occurred or did not occur and document that.

9 Q Those documents which were produced as part
10 of the CERCLA process or, as the military called it,
11  the installation/restoration program, those are made
12 part of the administrative record; is that right?

13 A That is correct.

14 Q And as you mentioned previously, that record
15 is publicly available.

16 A Yes.

17 MR. BAIN: Okay. That"s all of the

18 questions that 1 have.

19 MR. ANDERSON: I just have one or two more
20 last questions.

21 FURTHER EXAMINATION

22 BY MR. ANDERSON:

23 Q Would you consider the amounts that were

24 reported In the Grainger report to be a trace?

25 A The concentrations of -- 1 just look at this
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1 letter again just to make sure we are -- the ones
2 where you have an indication of less than one or one
3 would be considered trace amounts.
4 Q And the others?
5 A And the others would not be considered trace
6 amounts.
7 Q And what was the date of the Grainger
8 document?
9 A The date i1s August 10th, 1982.
10 Q And what was the date of the memo saying it
11 was a trace?
12 A April 1985. 1 can"t read the exact date on
13 here.
14 MR. ANDERSON: Thank you. That"s it.
15 MR. BAIN: The last thing I would like to --
16 you have an opportunity read and sign the
17 deposition, and 1 would request that you do that.
18 THE WITNESS: What?
19 MR. BAIN: Read the deposition and sign it.
20 THE WITNESS: Oh, sure.
21 (Deposition concluded at 1:50 p.m.)
22 *ooxx
23
24
25
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CERTIFICATE

I hereby certify that the foregoing
transcript was reported, as stated in the caption;
that the witness was duly sworn and elected to
reserve signature in this matter; that the
colloquies, questions and answers were reduced to
typewriting under my direction; and that the
foregoing pages 1 through 186 represent a true,
correct and complete record of the evidence given.

The above certification is expressly
withdrawn and denied upon the disassembly or
photocopying of the foregoing transcript, unless said
disassembly or photocopying is done under the
auspices of Professional Court Reporters, LLC,
Certified Court Reporters, and the signature and
original seal is attached thereto.

Pursuant to Article 10B of the Rules and
Regulations of the Board of Court Reporting of the
Judicial Council of Georgia, 1 make the following
disclosure: That 1 am a Georgia Certified Court
Reporter, here as an independent contractor for
Professional Court Reporters, LLC; that I was
contacted by the offices of Professional Court
Reporters, LLC to provide court reporting services
for this deposition; that I will not be taking this
deposition under any contract prohibited by Georgia
law; and that 1 am not disqualified as a reporter for
a relationship of interest under the provisions of
0.C.G.A. 9-11-28(c).-

This, the 20th day of July, 2010.

AMY L. DUNNING, B-2079
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ERRATA SHEET

Pursuant to Rule 30(e) of the Federal Rules
of Civil Procedure and/or 0.C.G.A. 9-11-30(e), any
changes 1n form or substance which you desire to make
to your deposition testimony shall be entered upon
the deposition with a statement of the reasons given
for making them.

To assist you in making any such
corrections, please use the form below. If
supplemental or additional pages are necessary,
please furnish same and attach them to this errata
sheet.

I hereby certify that I have read the
foregoing deposition and that said transcript is true
and accurate, with the exception of the following
changes noted below, 1f any:

Page /Line /Should Read:
Reason:
Page /Line /Should Read:
Reason:
Page /Line /Should Read:
Reason:
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1 Page /Line /Should Read:
2
3 Reason:
4
Page /Line /Should Read:
5
6
Reason:
7
8 Page /Line /Should Read:
9
10 Reason:
11
Page /Line /Should Read:
12
13
Reason:
14
15 Page /Line /Should Read:
16
17 Reason:
18
19 Page /Line /Should Read:
20
21 Reason:
22
Page /Line /Should Read:
23
24
Reason:
25
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1 Page /Line /Should Read:
2
3 Reason:
4

Page /Line /Should Read:
5
6

Reason:
7
8 Page /Line /Should Read:
9
10 Reason:
11

Page /Line /Should Read:
12
13

Reason:
14
15 Page /Line /Should Read:
16
17 Reason:
18
19

MORRIS L. MASLIA, P.E., D.WRE, DEE

20
21

Sworn to and subscribed before me,
22 , Notary Public.
23 This day of , 2010.
24 My Commission Expires: .
25
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Analyses of Groundwater Flow, Contaminant Fate and Transport,
and Distribution of Drinking Water at Tarawa Terrace and Vicinity,
U.S. Marine Corps Base Camp Lejeune, North Carolina:
Historical Reconstruction and Present-Day Conditions

Response to the Department of the Navy’s Letter on:
Assessment of ATSDR Water Modeling for Tarawa Terrace
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Front cover: Historical reconstruction process using data, information sources,
and water-modeling techniques to estimate historical exposures

Maps: U.S. Marine Corps Base Camp Lejeune, North Carolina; Tarawa Terrace area
showing historical water-supply wells and site of ABC One-Hour Cleaners

Photographs on left: Ground storage tank STT-39 and four high-lift pumps used to
deliver finished water from tank STT-39 to Tarawa Terrace water-distribution system

Photograph on right: Equipment used to measure flow and pressure at a hydrant
during field test of the present-day (2004} water-distribution system

Graph: Reconstructed historical concentrations of tetrachloroethylene {PCE) at selected
water-supply wells and in finished water at Tarawa Terrace water treatment plant
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March 10, 2009

Brian P. Harrison, M.P.A., P.E.
Department of the Navy

Naval Facilities Engineering Command
1322 Patterson Avenue, SE

Suite 1000

Washington Navy Yard, D.C. 20374-5065

Dear Mr. Harrison:

I am writing this letter in response to the Department of Navy’s (DON) letter dated June 19,
2008. In that letter you reiterated the DON’s continued support for working with the Agency for
Toxic Substances and Disease Registry (ATSDR) and brought to my attention issues of concern
to the DON regarding ATSDR’s current health study. This health study uses results of water-
modeling analyses to reconstruct historical levels of contaminants in base housing drinking-water
supplies during the health study period of 1968—1985.

I have requested ATSDR technical staff working on the current health study at Camp Lejeune to
compile responses to the scientific and technical issues you describe in your letter. These
responses are enclosed. As a particular response warrants, the response is supported with
additional technical and scientific documentation. Technical points of contact for responses to
the DON letter are listed below:

Health study/epidemiology, Dr. Frank J. Bove, (770) 488-3809, (hove.cdec.gov
Historical reconstruction/modeling, Mr. Morris L. Maslia, (770) 488-3842, mmasli

1970080 oM
1as11a(,CAC. 20V,

ATSDR appreciates the DON’s support and commitment to working with us on this scientifically
complex and technically challenging project. One of the benefits to the public from a complex
project of this type is a demonstration of how two independent Federal Government agencies can
work together for the betterment of public health.

Sincerely,

ATy )

Thomas H. Sinks, Ph.D.

Deputy Director

National Center for Environmental Health/
Agency for Toxic Substances and Disease Registry
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Page 2 — Mr. Brian P. Harrison

Enclosure

cc:
H. Frumkin, NCEH/ATSDR/OD

C. Aloisio, NCEH/ATSDR/OFAS

M. Campbell, NCEH/ATSDR/OFAS

J. Masone, NCEH/ATSDR/OFAS

G. David Williamson, ATSDR/DHS

Bill Cibulas, ATSDR/DHAC

Susan Moore, ATSDR/DHAC

F.J. Bove, ATSDR/DHS

P. Z. Ruckart, ATSDR/DHS

M. L. Maslia, ATSDR/DHAC

R. Mach, DON/ASN(E)

K. Brown, DON/NAVFACHQ

D. Waddill, DON/NAVFAC ATLANTIC
M. Simmons, DON/NMCPHC

C. Rennix, DON/NMCPHC

C. Sakai, USMCHQ

S. Williams, USMCHQ
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RespoNsE 1o THE DEPARTMENT oF THE Navy’s LETTER oN AsseSSMENT oF ATSDR WATER
MobELING FOR TARAWA TERRACE

INTRODUCTION

The Agency for Toxic Substances and Disease Registry (ATSDR) has used the following referencing
format in responding to the Department of the Navy (DON) comments contained in their letter of June 19,
2008. A comment is identified in the DON letter by a number (e.g., 1.1, 2.1, 3.1, etc.), and the ATSDR
response to that particular comment is identified with a sequential number (e.g., 1.2, 2.2, 3.2, etc.). To
facilitate comparison of DON comments with ATSDR responses, DON comment identifiers (e.g., 1.1,
2.1, 3.1, etc.) have been placed in the margins of the DON letter. This “marked up” letter is provided as a
reference and is identified herein as Attachment 1.

BACKGROUND

This ATSDR response and related attachments are part of a continuing effort on the part of ATSDR to
maintain a high level of communication between ATSDR and other agencies responsible for the current
health study at Camp Lejeune. To reiterate those efforts, Attachment 2 presents information pertinent to
previous meetings, presentations, and conversations between ATSDR and the Department of Defense
(DOD), the DON, and the U.S. Marine Corps (USMC). Since ATSDR proposed using the historical
reconstruction approach as part of the current health study during October 2003, ATSDR staff have
kept the DOD, DON, and USMC fully informed, at the highest levels of command, regarding ATSDR’s
work plans, activities, progress, and results. Attachment 2 provides a complete chronology of meetings,
presentations, and publications related to the historical reconstruction of contaminated drinking water at
Tarawa Terrace and vicinity. Three examples, we believe, are noteworthy:

(1) On October 8, 2003, ATSDR presented its proposed modeling approach to support the current
health study—historical reconstruction—during a meeting at ATSDR headquarters. Attending
the meeting were representatives from the DOD, DON, and USMC (headquarters and Camp
Lejeune). A copy of the meeting sign-in sheet and sample presentation slides also are provided in
Attachment 2.

(2) On August 26, 2005, ATSDR health study and water-modeling staff met with Lt. General Kelly
and his staff at USMC headquarters and presented initial water-modeling results indicating
tetrachloroethylene (PCE) had reached Tarawa Terrace water-supply wells as early as 1960.

(3) On June 11, 2007, ATSDR health study and water-modeling staff met with Lt. General Kramlich
and his staff at USMC headquarters and presented final water-modeling results. These results
indicated that PCE dissolved in groundwater had reached Tarawa Terrace water-supply wells as
early as November 1957. ATSDR also presented Lt. General Kramlich and his staff with printed
copies of the Executive Summary report (Maslia et al. 2007a) that would be publicly released the
following day (June 12, 2007).
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Response to the Department of the Navy's Letter on Assessment of ATSDR Water Modeling for Tarawa Terrace
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RESPONSE TO SPECIFIC COMMENTS

1.1 DON Comment/Statement

During a Technical Information Meeting with the Marine Corps and Navy on March 26, 2008,
the ATSDR presented their water modeling efforts in a summary report entitled “Exposure

to Volatile Organic Compounds in Drinking Water and Specific Birth Defects and Childhood
Cancer at U.S. Marine Corps Base Camp Lejeune, North Carolina.”

1.2__ATSDR Response

During the aforementioned meeting on March 26, 2008, in Atlanta, ATSDR presented water-
modeling results for Tarawa Terrace and vicinity. Staff and technical representatives from
ATSDR, DON, and USMC headquarters attended the meeting. ATSDR presented a summary of
published results and a list of Tarawa Terrace chapter reports to be completed. Attendees were
provided with a copy of the ATSDR PowerPoint® presentation that was used during the meeting.

Note that all reports of technical analyses and water-modeling results pertinent to historical
reconstruction of exposure to volatile organic compounds (VOCs) at Tarawa Terrace and
vicinity published to date by ATSDR have been available on the agency’s Camp Lejeune

Web site (http://www.atsdy.cde.govisites/lejeune/watermodeling. html) since June 2007. For
example, the Executive Summary (Maslia et al. 2007a) and Chapter A (Maslia et al. 2007b)
reports were released publicly during June and July 2007, respectively. As agreed upon with
USMC headquarters staff, ATSDR provided Camp Lejeune and USMC headquarters staff with
advanced electronic copies (508-compliant PDF® files) of the aforementioned reports 24 hours
prior to their public release.

2.1 DON Comment/Statement

Monthly PCE concentrations are required for the ATSDR health study, which will examine
births that occurred from 1968 (when North Carolina computerized its birth certificates) to
1985 (when the contaminated water supply wells were removed from service).

2.2 ATSDR Response

In general, ATSDR is in agreement with this statement. Specifically, however, historical and
water treatment plant (WTP) operations records indicate that only the most contaminated wells
were removed from continuous service during 1985. For example, water-supply wells TT-26
and TT-23 were removed from continuous service during February and May 1985, respectively.
Remaining Tarawa Terrace water-supply wells continued to operate continuously and
intermittently until the Tarawa Terrace WTP was permanently shut down during March 1987
(Maslia et al. 2007b, Table A6). Thus, ATSDR is not in agreement with the DON statement in
parentheses that incorrectly describes the schedule for the removal of water-supply wells from
service at Tarawa Terrace.
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3.1 DON Comment/Statement

Due to lack of measured concentrations, the ATSDR used groundwater flow and contaminant
transport modeling in a historical reconstruction process to simulate PCE concentrations in the
drinking water on a monthly basis from 1952 to 1987.

3.2 ATSDR Response

To reconstruct monthly concentrations of PCE in drinking water, ATSDR used three types of
models: (1) groundwater flow, (2) contaminant fate and transport, and (3) simple mixing based
on the concepts of continuity and mass balance. The mixing model was necessary to account for
the mixing of uncontaminated and contaminated water-supply wells contributing to the water
supply at the Tarawa Terrace WTP. The mixing model provided the final “mixed” drinking-water
concentrations on a monthly basis, and these are the values that are available on the ATSDR Web
site and published in the Chapter A report (Maslia et al. 2007b).

4.1 DON Comment/Statement

Ligure 1 shows the simulated concentrations of PCE versus measured concentrations in
finished water from the WTF. Significantly, measured concentrations of PCE are available only
in 1982 and 1985, near the end of the overall time period. Thus, the majority of the simulated
concentrations cannot be compared to measured data.

4.2 ATSDR Response

ATSDR agrees that there 1s a lack of historical contaminant concentration data. That is why
ATSDR applied the historical reconstruction process to reconstruct (or synthesize) water levels,
groundwater concentrations, and drinking-water concentrations of PCE for historical periods
(months) when data were not available. Note that data used to calibrate the model(s) in the
historical reconstruction process can either be historical data (as was the situation for Tarawa
Terrace), or present-day data obtained through a field-test program—as was the case for the
water-distribution system model developed by ATSDR for the Dover Township (Toms River),
New Jersey, childhood cancer cluster investigation (Maslia et al. 2000).

5.1 DON Comment/Statement

Furthermore, all of the measured concentrations were used during model calibration, leaving no
data available for model validation. As a result, the larawa Terrace model was not validated.

5.2 ATSDR Response

A number of terms have been used throughout the published literature that reference the
adequacy of model simulation to reliably reproduce real-world conditions based on the fidelity
of the model and its intended use. Many groundwater modelers and hydrologists have abandoned
the use of terms such as model verification and validation for the terms of history matching and
post audits (Bredehoeft and Konikow 1993, Oreskes et al. 1994). However, ATSDR understands
that the DON comment was intended to express the DON’s concern that the calibrated Tarawa
Terrace models were not compared to multiple independent sets of measured data (water levels
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and concentrations) as part of ATSDR’s model calibration process and strategy. To address this
concern, definitions of terms such as “verification” and “validation” should be agreed upon, and
the consequences of undertaking a useful “validation” program for Tarawa Terrace should be
completely understood by ATSDR and the DON. Model verification requires that multiple sets
of field data be available for model calibration. These sets of field data should be sufficiently
large in quantity and distribution and of sufficient quality to provide at least two equally useful
calibration data sets. Each data set also should be sufficiently separated in time so as to represent
significantly different water-level and contaminant conditions within the model domain. The
field data set at Tarawa Terrace used for model calibration was not of sufficient quantity and was
too compressed in time to implement a verification procedure. To appropriately calibrate the
Tarawa Terrace models, all available field data were required for a single calibration data set and
effort. This is consistent with and follows ASTM D5981-96, Standard Guide for Calibrating a
Ground-Water Flow Model Application (1996, Note 4), that states: “When only one data set is
available, it is inadvisable to artificially split it into separate ‘calibration’ and ‘verification’ data
sets. It is usually more important to calibrate to data spanning as much of the modeled domain
as possible.”

To meaningfully validate the Tarawa Terrace models (or more appropriately, to conduct a

post audit), sufficient time should elapse between individual sets of field data to ensure that
significant changes in field conditions have occurred compared to calibrated conditions. At
Tarawa Terrace, such changes, by necessity, would require the migration of the contaminant

mass to a completely new location and for contaminant concentrations to change significantly
when compared to calibrated conditions. Additionally, at Tarawa Terrace, validation (a post audit)
would require the collection and analyses of substantial quantities of additional field data, similar
to Weston’s Operational Units 1 and 2 (Roy F. Weston, Inc. 1992, 1994).

Note, once an acceptable calibration was achieved (using a four-stage calibration strategy
described in Maslia et al. [2007a], Faye and Valenzuela [2007], and Faye [2008]), the calibrated
models were used to reconstruct historical monthly PCE and PCE degradation by-product
concentrations in groundwater and drinking water (Jang and Aral 2008). This is standard practice
in the modeling community—using a calibrated model to “predict” (in ATSDR’s situation,
“reconstruct”) results for a period of time when data are not available or cannot be obtained. An
example using this same approach is the application of fate and transport modeling to chlorinated
organic compounds at Operable Unit 1, U.S. Naval Air Station, Jacksonville, Florida (NASJF),
conducted by Davis (2007, Figures 28—-31). At this site, the earliest water-quality data that are
available were collected during 1992, but the fate and transport model simulations reconstruct
concentrations as far back as 1945.

6.1 DON Comment/Statement

For PCE detections, the ATSDR chose the calibration standard to be *“+1/2-order of magnitude
of the observed valued,” such that the higher value in the calibration target range is 10 times
greater than the lower value ... In other words, a model-derived PCE concentration can be
approximately 3 times higher or 3 times lower than the measured concentration and still fall
within the calibration range.
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6.2 ATSDR Response

ATSDR generally is in agreement with this statement. For model calibration, ATSDR
established, a priori, calibration “targets” that were based on the reported accuracy of the
available water-level and water-quality measurements. This is in keeping with, and following,
the ASTM Standard Guide for Calibrating a Ground-Water Flow Model Application (ASTM
1996). Note, however, that published or accepted groundwater-flow or contaminant fate and
transport model calibration standards are currently not established. The lack of model calibration
standards is further emphasized by Anderson and Woessner (1992) who state: “To date, there is
no standard protocol for evaluating the calibration process, although the need for a standard
methodology is recognized as an important part of the quality assurance in code application
(National Research Council 1990).” In thoroughly reviewing the published literature for
contaminant fate and transport model applications, ATSDR did not find any examples wherein
calibration targets were established @ priori and then were followed by a comparison of model
simulation results to the calibration targets, as was done in the ATSDR analyses (Maslia et al.
2007b, Faye 2008). For example, at another DON site—the NASJF—contaminant fate and
transport simulations of selected chlorinated organic solvents were accepted by the DON, but the
simulations did not include any a priori contaminant fate and transport calibration targets (Davis
2003, 2007).

7.1 DON Comment/Statement

However, all comparisons did not fall within the calibration range. At the WIF, 12% of the
simulated PCE concentrations failed the calibration standard .... at the water supply wells, a
majority (53%) of the simulated concentrations fell outside the calibration standard....

7.2 ATSDR Response

ATSDR will address three issues pertinent to the aforementioned DON statement:

(1) ATSDR acknowledges that several simulated head and concentration data fall outside
of the range of the ATSDR established calibration targets. As discussed above, ATSDR
used available data provided by the U.S. Environmental Protection Agency (USEPA),
U.S. Geological Survey (USGS), USMC, and DON, and based on these data, established
calibration targets a priori, as prescribed in ASTM D5981-96 (1996, Section 6).
Furthermore, ATSDR clearly identified and conveyed to the reader (and the public) those
data that met and did not meet calibration targets by providing illustrations comparing
observed (measured) data, nondetect data, and simulated results with calibration targets
for water-supply wells and the Tarawa Terrace WTP. These illustrations are designated as
Figures A1l for water-supply wells and A12 for the WTP of the Chapter A report and are
located on pages A30 and A31, respectively (Maslia et al. 2007b).

(2) Note, as well, that ATSDR did not discard any nondetect data, as is done in many
environmental analyses (Helsel 2005). Rather, ATSDR clearly identified the nondetect
data on the aforementioned illustrations so the reader could judge for themselves
the usefulness of these data and their relation to the calibration targets. This is very
much in keeping with the approach stated by Helsel (2005): “Deleting nondetects,
concentrations below a measured threshold, obscures the information in graphs and
numerical summaries.”
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(3) ATSDR maintains that the models (flow, transport, and mixing) are sufficiently
calibrated, given the quantity and accuracy of data provided and the intended use of
the simulated historically reconstructed concentrations. Although the DON is correct
in pointing out that some simulated results did not meet the calibration target, ATSDR
believes that the DON should assess these results in terms of: (1) similar peer-reviewed
reports, (2) currently established model calibration practices, and (3) the intended use
of the modeling results by the epidemiological study. That is, are the ATSDR analyses
within the accepted norm of current-day modeling practices, are the ATSDR analyses
an exception to this norm, and will there be sufficient reliability for an epidemiological
study?

To possibly answer the first two questions, ATSDR looks forward to discussing with the
DON the results of other modeling studies of contaminant fate and transport similar to
the ATSDR study at Tarawa Terrace and comparing the results of other studies to the
calibration targets used by ATSDR at Tarawa Terrace. For example, the results of the
ATSDR fate and transport simulations at Tarawa Terrace were compared to results of a
similar study of the fate and transport modeling of chlorinated solvents at the NASJF,
reported by Davis (2003). The report by Davis (2003) was peer reviewed and published
by the USGS, and the published results were subsequently deemed totally acceptable to
the DON. No calibration targets for contaminant concentrations were established during
the NASIJF study. Therefore, to directly compare Tarawa Terrace and NASJF simulation
results, the ATSDR calibration targets of =1/2-order of magnitude were applied to data
and simulation results reported in Davis (2003, Figure 34). Attachment 3 shows this
comparison along with similar results reported by Maslia et al. (2007b, Tables A9 and
A10). The percentage of NASJF simulation results that fell within the calibration target
range (passed the calibration target test) is 56% compared with 59% for the ATSDR
study (44% of the NASJF results failed the calibration test compared with a failure

rate of 41% for ATSDR results). Furthermore, the root-mean-square of concentration
difference for the NASJF analysis 1s 329 pg/L compared with 337 pg/L for the ATSDR
analysis. (Data used to conduct these comparisons also are included in Attachment 3.)
Thus, one can conclude that the ATSDR analysis is comparable to and of the same order
of accuracy and quality as the NASJF analysis that was accepted by the DON.

To address the issue of the intended use of the water-modeling results by the current
ATSDR epidemiological study, the DON should be advised that a successful
epidemiological study places little emphasis on the actual (absolute) estimate of
concentration and, rather, emphasizes the relative level of exposure. That is, exposed
individuals are, in effect, ranked by exposure level and maintain their rank order of
exposure level regardless of how far off the estimated concentration is to the “true”
(measured) PCE concentration. This rank order of exposure level is preserved regardless
of whether the mean or the upper or lower 95% of simulated levels are used to

estimate the monthly average contaminant levels. It is not the goal of the ATSDR health
study to infer which health effects occur at specific PCE concentrations—this is a task
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for risk assessment utilizing approaches such as meta-analysis to summarize evidence
from several epidemiological studies because a single epidemiological study is generally
insufficient to make this determination. The goal of the ATSDR epidemiological
analysis is to evaluate exposure-response relationships to determine whether the risk

for a specific disease increases as the level of the contaminant (either as a categorical
variable or continuous variable) increases.

8.1 DON Comment/Statement

It seems reasonable to conclude that the accuracy of the historically reconstructed PCE
concentrations would be less than the calibration standard of +1/2-ovder of magnitude.

Thus, the historical reconstructions may be viewed as rough estimates of actual exposure
concentrations, with model-derived PCE concentrations representing a relatively wide range of
possible exposures. It is essential that this concept be expressed clearly and consistently to all
stakeholders.

8.2 ATSDR Response

ATSDR is in disagreement with DON’s assessment and interpretation as expressed in the first
two sentences above. As previously discussed, there are no established calibration targets or
standards that are universally accepted or used by the contaminant fate and transport modeling
community. With respect to the Tarawa Terrace models, the failure of a percentage of data to
conform to a designated calibration target is more a commentary on the accuracy and variability
of field data used for model calibration than the model’s ability to accurately simulate true

field conditions. These issues are thoroughly discussed in the “Discussion” sections of the
Tarawa Terrace Chapter C and F reports (Faye and Valenzuela 2007, Faye 2008) For example,
note on Attachment 3 of this letter the radical changes in PCE concentration at well TT-26
during the approximately 1-month period between January 16 and February 19, 1985. Ofthe
four comparisons of measured PCE concentrations with simulated PCE concentrations, three
comparisons failed the calibration target test of +£1/2-order of magnitude while the field data
varied by as much as 2.5 orders of magnitude. The two analyses recorded for February 19, 1985,
are duplicative but were nonetheless counted as two failures with respect to computing a
percentage of comparisons that failed the calibration target test. Furthermore, ATSDR is not
aware of any other published report that establishes, a priori, contaminant fate and transport
calibration targets. ATSDR based its calibration target of +1/2-order of magnitude on the
assumption that very restrictive or “tight” control on model calibration was desired. With 59% of
the water-supply well and water treatment plant paired data points meeting these targets, ATSDR
believes it met its model calibration goals.

ATSDR i1s in disagreement with the DON statement that the historical reconstruction results of
PCE concentrations are “rough estimates” and represent a “relatively wide range of possible
exposures.” Results presented in the Chapter A report (Maslia et al. 2007b) demonstrate just
the opposite. ATSDR meticulously followed accepted modeling standards (ASTM 1996, Hill
and Tiedeman 2007) for both deterministic (single-valued mput and output) and probabilistic
(distributed-value input and output) modeling analyses. Results obtained are accurate on

a monthly basis within the variability bands indicated, given the quality and quantity of
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available data, and the uncertainty and variability of input data, pumping and water treatment
plant operations, and quantity of mass released. The monthly resolutions of simulated PCE
concentrations are sufficiently refined for the intended use of the epidemiological case-control
study. Furthermore, as shown in Figures A25 and A26 (Maslia et al. 2007b), ATSDR clearly
described and communicated that reconstructed (simulated) PCE concentrations for a specified
month do have a range of values. A tabular listing of these values is provided in the Chapter

I report (Maslia et al. 2009) and will be made available to the public on the ATSDR Web site.
These tabular values also are provided herein as Attachment 4. A review of Attachment 4
indicates that during the period of interest to the epidemiological study (1968-1985), when
water-supply well TT-26 was pumping, the range of 95% of the Monte Carlo simulated PCE
concentration values differ by a factor of about 2 when pumping uncertainty is not considered
(e.g., for January 1968, P = 76.43 g/l and P, = 38.91 ug/L). PCE concentration values
differ by a factor of about 2.5 when pumping uncertainty is considered (e.g., for January

1968, P, . =9822 g/l and P, = 40.60 ug/L). These ranges are, in fact, very narrow and
provide both quantitative and qualitative indications of the precision of the ATSDR historically
reconstructed PCE concentrations in drinking water.

ATSDR is in agreement with the DON statement that “/7 is essential that this concept be
expressed clearly and consistently to all stakeholders.” Upon the release of the Chapter I report
(Maslia et al. 2009), ATSDR intends to revise the Camp Lejeune water-modeling Web site to
include a listing of ranges of PCE concentrations for a given month and year of interest. When a
person queries the ATSDR Web site, they will be provided with a mean exposure concentration
and the 95% Monte Carlo simulated range of values.

9.1 DON Comment/Statement

For example, the public needs to understand that the model-derived PCE concentrations
represent a range of possible exposures . . . . The usefulness of the website would be enhanced if
it accurately conveved the degree of uncertainty in the model-derived concentrations.

9.2 ATSDR Response

ATSDR is in agreement with this DON statement. As stated above, ATSDR has revised the
Camp Lejeune water-modeling Web site to include a listing of ranges of PCE concentrations
for a given month and year of interest. When a person links to the ATSDR Web site, they will
be provided with a mean exposure concentration and the 95% Monte Carlo simulated range of
values.
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10.1 DON Comment/Statement

Other concerns with model calibration include the simulation of contaminant mass loading

and groundwater flow. With Dense, Non-Aqueous Phase Liquids (DNAPLs) such as PCE, mass
estimation is always quite difficult and subject to very high uncertainty due to irregular movement
and distribution of DNAPL in the subsurface.

10.2 ATSDR Response

In principle, ATSDR is in agreement with the DON statement that DNAPL movement and
distribution makes it difficult to estimate contaminant mass. However, water-quality data obtained
from the USEPA for the unsaturated zone in the vicinity of ABC One-Hour Cleaners and in the
Upper Castle Hayne aquifer at Tarawa Terrace (Roy F. Weston, Inc. 1992, 1994; Faye and Green
2007) indicated that measured PCE concentrations in water-quality samples were significantly
below the solubility limit of PCE in water. Typical solubility limits for PCE in water reported in the
scientific literature range from 150-210 mg/L (Schwille 1988, Pankow and Cherry 1996, ATSDR
1997, Lawrence 2007). Reported concentrations of PCE in all water-quality samples made available
to ATSDR were less than 20% of the solubility limit and most concentrations were in the range of
less than 1% to 5% of the solubility limit (Faye and Green 2007). Thus, with PCE concentrations
well below their solubility limit, the movement of PCE-contaminated groundwater would not be
subjected to the complexities and difficulties encountered with estimating mass of density-driven
flows. This concept is further borne out by Schwille (1988) who states, in referring to chlorinated
hydrocarbons (CHCs): “In most cases, the concentrations near all CHC spill sites are very low—
usually far below the saturation values. This indicates that it may be assumed that density-affected
Sflow will be the exception in real-world situations.”

In addition, mass computations similar to those described in Pankow and Cherry (1996) were
accomplished for the saturated and unsaturated zones in the vicinity of ABC One-Hour Cleaners,
using hydrocone and well data made available to ATSDR by USEPA and USMC (Roy F. Weston,
Inc. 1992, 1994; Faye and Green 2007). These mass computations provided a lower-limit estimate
for dissolved PCE mass in groundwater needed for simulating the contaminant fate and transport

of PCE at Tarawa Terrace. Furthermore, the calibration of the Tarawa Terrace fate and transport
model is additionally corroborated by comparing the computed mass residing in the saturated zone
from December 1991 to April 1992 (1.5 x 10° grams) to the simulated mass residing in the saturated
zone during February 1992 (1.0 x 10° grams) (Faye 2008). The mass computation method described
in Pankow and Cherry (1996) and similar to that used by Faye and Green (2007) has been further
refined. As explained in Ricker (2008): “this method is applicable to any contaminant dissolved in
ground water.” A copy of the paper by Ricker (2008) is provided as Attachment 5.

11.1 DON Comment/Statement

For Tlarawa Terrace groundwater, the difference between observed and simulated elevations is 5 to
10 feet at many times during the 1970% and 19805. This is a significant disparity because the total
change in groundwater elevation from the source area to the receptor wells is approximately 10 to
12 feet.
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11.2 ATSDR Response

This DON approach to evaluating model calibration applies a generalized “rule of thumb” to
the Tarawa Terrace groundwater-flow models and is possibly based on wording found in ASTM
Guide D5981-96, Standard Guide for Calibrating a Ground-Water Flow Model Application,
(ASTM 1996, section 6.4.1): “the acceptable residual should be a small fraction of the
difference between the highest and lowest heads across the site.” ATSDR is not in agreement
with this approach to evaluate model calibration. A careful review of ASTM D5981-96 in

its entirety indicates that the DON’s comment, as stated, is totally removed from the context
of Section 6 of the ASTM Standard Guide as well as the context of the accuracy of field data
used to calibrate the Tarawa Terrace groundwater-flow model, as described in the Chapter C
report (Faye and Valenzuela 2007). For example, in Section 6.4, ASTM D5981-96 states: "“the
magnitude of the acceptable residual depends partly upon the magnitude of the error of the
measurement or the estimate of the calibration target and partly upon the degree of accuracy
and precision required of the model s prediction.” Furthermore, Note 2 of ASTM D5981-96
states: “Acceptable residuals may differ for different hydraulic head calibration targets within
a particular model. This may be due to different ervors in measurement.” The Tarawa Terrace
Chapter C report (Faye and Valenzuela 2007, p. C24) provides a comprehensive discussion of
water-level measurement errors arising from the use of airlines and pressure gages to measure
water levels. Faye and Valenzuela also point out that this is consistent with the discussions of
LeGrand (1959) who described problems associated with the use of airlines to measure water
levels at Camp Lejeune as far back as 1959. As pointed out in Faye and Valenzuela (2007,

p. C24): “Iypically, reported water levels [at supply wells] vary in excess of 20 ft during the
period of measurement, and frequently 10 fi or more from month to month.... Such variability
also may indicate leaking or damaged airlines or pressure gages.”

Faye and Valenzuela (2007, p. C24) also provide detailed discussions as to the rationale for
selecting two calibration target ranges for the transient groundwater-flow model. At wells where
water-level measurements were obtained using airlines and pressure gages, the calibration
target was selected as an absolute difference of 12 ft between simulated and measured water
levels. This target was based on well-known disadvantages of using pressure gages and airlines
to obtain accurate water-level measurements. Where water-level measurements were obtained
using the more highly accurate tapes and similar devices at monitor wells, the calibration

target was selected as an absolute difference of 3 ft between simulated and measured water
levels. This target was based on the least accurate of these water-level measurements where
topographic maps were used to estimate the altitude of a measuring point.

Evaluating model calibration using the “rule of thumb,” as the DON has suggested, also
assumes that no other information is available to determine calibration targets. When
information is available, such as direct knowledge of methods of water-level measurements and
information characterizing the measurement device(s), the calibration targets should be based
on these data, not on a “rule of thumb.” Faye and Valenzuela (2007) provide detailed listings of
measured water levels in supply and monitor wells throughout Tarawa Terrace (Appendix C5).

The calibration of the Tarawa Terrace groundwater-flow and contaminant fate and transport

models and the computation of related calibration metrics are described in great detail in
published ATSDR reports (Faye and Valenzuela 2007, Maslia et al. 2007b, Faye 2008). The
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calibration approach used by ATSDR closely follows published guidelines for model calibration
(National Research Council 1990;Anderson and Woessner 1992; ASTM 2004, 2006, 2008). Nowhere
in these publications could we find any reference to the “rule of thumb” for model calibration found
in ASTM (1996) and subsequently promoted by the DON. The use of hydraulic head change over

a model domain to define an acceptable residual for groundwater model calibration is not found

or discussed in any of the aforementioned references. Anderson and Woessner (1992) and ASTM
D5940-93 (2008) provide several metrics for evaluating the calibration process and comparing
groundwater-flow model simulation to site-specific information. Among these metrics are the use of a
scatter diagram and the computation of the mean error, the mean absolute error, the root-mean-square
(RMS) of error, and standard deviation of error.! In conformance with these metrics, the calibration
of the ATSDR groundwater-flow models was evaluated using scatter diagrams (Figures C9 and C20
in Faye and Valenzuela [2007] and Figure A10 in Maslia et al. [2007b]) and by computing the mean
absolute error of the differences between simulated and observed head at all known observation

and water-supply wells within the model domain as well as the RMS and standard deviation of

these differences (Table C10 in Faye and Valenzuela [2007] and Table A8 in Maslia et al. [2007b]).
Attachment 6 to this letter, the scatter diagram from Maslia et al. (2007b), and Attachment 7,

Table A8 from Maslia et al. 2007b, describe the computation of the absolute error (head difference)
and related RMS and standard deviation. The calibration of the ATSDR Tarawa Terrace groundwater-
flow and contaminant fate and transport models was based on available water-level and water-quality
data to determine calibration targets and closely adheres to accepted model calibration standards and
evaluation procedures, such as those described in the aforementioned publications.

12.1 DON Comment/Statement

In addition, model results suggest that the simulated PCE concentrations at the WIP depend
significantly on the pumping rates at the various water supply wells. The degree to which simulated
well operations match actual operations is a concern. The Navv/Marine Corps would welcome the
opportunity for further technical discussion with ATSDR on these issues.

12.2 ATSDR Response

ATSDR is in agreement with the DON that PCE concentrations at the WTP are dependent on

the pumping rates assigned to water-supply wells. This dependency is based on the principles of
continuity and conservation of mass. The PCE concentration in finished water at the WTP is a
function of individual water-supply well pumping rates and their simulated PCE concentrations

for a given historical month (stress period)—also referred to as a flow-weighted average PCE
concentration (Faye 2008). ATSDR shares the DON'’s concern that simulated operations may not
match historical operations. Thus, when monthly pumpage data were available, ATSDR used these
data in the transient groundwater-flow model (for example, Table C8 in Faye and Valenzuela [2007]
and Table 116 in Maslia et al. [2009]). To address issues of missing pumping operational data and the
effect of uncertain pumping rates on simulated PCE concentrations, ATSDR conducted additional
and complex analyses that described in detail: (1) issues of pumping schedule variation on the arrival
of PCE at water-supply wells and the WTP (Wang and Aral 2008) and (2) assessment of uncertain

'The term “error” as used in Anderson and Woessner (1992) and some other references is defined in the ATSDR analyses
as “head difference” and refers to the difference between measured and simulated potentiometric heads or water levels.
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pumping rates by conducting a probabilistic analysis wherein pumping rate was defined as an
uncertain model parameter (Maslia et al. 2009, Figure 125).

13.1 DON Comment/Statement

... certain combinations of input parameters resulted in wells drying out, so only 510
physically viable realizations were produced. Thus, 330 out of 840 realizations were not viable,
raising concerns about the representativeness of the input parameter distributions.

13.2 ATSDR Response

The issue that should be addressed is not how many realizations produced physically plausible
solutions, but rather, are the 510 realizations that were successfully produced sufficient to
represent an infinite number of random solutions? The metric that determines whether or not
this question is answered in the affirmative is the relative change in stopping criteria between
successive model simulations. If this relative change is small within a predetermined range,
then additional simulations are redundant and do not statistically contribute to an improvement
of the representativeness of the overall results with respect to the statistical distributions. The
Chapter I report (Maslia et al. 2009) describes in detail the criteria used to determine when a
sufficient number of realizations have been achieved. Three stopping criteria were used to halt
the Monte Carlo simulation: (1) relative change in the arithmetic mean of PCE concentration

in finished water at the Tarawa Terrace WTP,AC ; (2) relative change in the standard deviation

of PCE concentration in finished water at the Tarawa Terrace WIP, Ao, ; and (3) relative
change in the coefficient of variation of PCE concentration in finished water at the Tarawa

Terrace WTP,AC, . Mathematical formulae and definitions of the aforementioned stopping
criteria metrics are listed in Table 113 of the Chapter 1 report (Maslia et al. 2009). In applying
the stopping criteria to the Monte Carlo simulations, an upper and lower bound of 0.25% was

used for each metric. When the computed relative change (AC ,Ac,., and AC, ) was within the
aforementioned bounds and the total number of realizations was 500 or more, the Monte Carlo
simulation process was halted. Examples of the stopping criteria for each metric are shown
graphically in Attachment 8 (Maslia et al. 2009, Figure 126). As can be seen from the stopping
criteria, insignificant change (much less than 2.5%) occurs after 300 realizations. Therefore, 510
realizations were more than sufficient to represent an infinite number of random solutions.

14.1 DON Comment/Statement

Although a summary of the probabilistic analysis is presented in Chapter A of the ATSDR
modeling report, the details will be in Chapter I, which is not yet available. The Navy/Marine
Corps feels that additional information on this matter would likely help our understanding.

14.2 ATSDR Response

An electronic version (508-compliant PDF®) of the Chapter I report (Maslia et al. 2009) was
provided to the DON and USMC on February 13, 2009, and is now available on the ATSDR
Web site. Printed copies of the report are expected to be available around March 20, 2009. The
Chapter I report describes in detail the Monte Carlo simulation process and how this process
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was incorporated into Tarawa Terrace groundwater-flow and contaminant fate and transport models.
Additionally, details pertaining to generating uncertain parameter distributions using Monte Carlo
and sequential Gaussian simulation are discussed. Note, however, results presented in the Chapter I
report do not change or alter results and interpretations presented in the Chapter A report.

15.1 DON Comment/Statement

The usefulness and applicability of the model-derived PCE concentrations for Tarawa Terrace are
affected by the following ...

15.2 ATSDR Response

ATSDR has responded in detail to the items numbered in the Summary Section of the DON letter of
June 19, 2008. To summarize, ATSDR used data and information that were provided by the USEPA
and the USMC. In addition, other data sources from the USGS also were used. This formed the basis
for the conceptual models of groundwater flow and contaminant fate and transport applied to the
Tarawa Terrace area.

Calibration targets were selected based on the quality and availability of water-level and water-
quality data provided to ATSDR. Model analyses and calibrations were conducted by following
accepted and published standards for groundwater-flow and contaminant fate and transport models
(ASTM 1996, 2004, 2006). It must be emphasized, however, that model calibration standards or
targets for groundwater-flow and contaminant fate and transport modeling analyses do not exist, as
stated in Anderson and Woessner (1992): “To date, there is no standard protocol for evaluating the
calibration process, although the need for a standard methodology is recognized as an important
part of the quality assurance in code application (National Research Council 1990).” Thus, ATSDR
maintains that the models (flow, transport, and mixing) are sufficiently calibrated, given the quantity
and accuracy of data provided and the intended use of the simulated historically reconstructed
concentrations for the epidemiological study, previously discussed above in the last paragraph of
section 7.2.

The concept behind the historical reconstruction process is as follows: (1) when data are limited

or unavailable for a certain time period, the data that are available are used to calibrate a model (or
models), and (2) the missing data are “reconstructed” or “synthesized” using the calibrated model(s).

16.1 DON Comment/Statement

Groundwater modeling studies are always subject to a high degree of uncertainty, and in this sense,
the Tarawa Terrace water model is no exceplion .... Any use of reconstructed concentrations must
take into account the inherent uncertainty in the model results.

Case 7:23-cv-00897-RJ  Document 370-7  Filed 04/29/25 Page 18 of 65

CLJA_WATERMODELING_01-09_0000033279



Confidential — Contains Information Subject to Protective Order: Do Not Disclose to Unauthorized Persons

Response to the Department of the Navy's Letter on Assessment of ATSDR Water Modeling for Tarawa Terrace
Page 14

16.2 ATSDR Response

ATSDR is not in agreement with the DON that there is a “high degree of uncertainty”
associated with the Tarawa Terrace models. ATSDR acknowledges that uncertainty and
variability exist in model input parameter values and in model output (simulated water levels
and PCE concentrations). However, ATSDR has quantified the uncertainty and variability
through the use of probabilistic analyses that apply Monte Carlo and sequential Gaussian
simulation methods to the Tarawa Terrace groundwater-flow and contaminant fate and transport
models. The probabilistic analyses, summarized in Chapter A and described in detail in Chapter
I, indicate that for 95% of the Monte Carlo simulations, there is a PCE-concentration range

of about 2 when pumping is not an uncertain input parameter and a factor of about 2.5 when
pumping is an uncertain parameter. This is well within acceptable confidence limits for the
intended use of the reconstructed PCE concentrations needed by the epidemiological case-
control study. As previously discussed in section 7.2 of ATSDR’s response, the ATSDR health
study is not trying to infer at what specific PCE concentration effects are seen. Instead, the
epidemiological analysis is trying to evaluate an exposure-response relationship in which the
exposures are categorized levels, not absolute values.

17.1 DON Comment/Statement

Recommendations

{. Improve communication ..., 2. Convene an expert panel ..., 3. Finalize remaining sections ...,
4. Apply all lessons learned from the larawa Terrace modeling efforts to the scoping of the
approach for Hadnot Point.

17.2 ATSDR Response

1. ATSDR water-modeling and health study staff will be meeting with the ATSDR Office of
Communications to develop effective methods to communicate results of the historical
reconstruction analyses and the uncertainty associated with reconstructed concentrations.
ATSDR has removed the Web application that provides a “single” value estimate of historical
PCE concentration in Tarawa Terrace drinking water. This Web application has been replaced
with Figure 129 and Appendix I5 (Maslia et al. 2009).

b

. ATSDR is in the process of organizing an Expert Panel for the Hadnot Point and Holcomb
Boulevard areas. The panel is scheduled to meet on April 29 and 30 at ATSDR headquarters.
Initial information packets have been mailed to the 13 panel members and panel chair, and a
courtesy packet has also been provided to USMC headquarters staff.

3. Chapter I is complete and was released to the DON and USMC on February 13, 2009. Printed
copies should be available after March 20. Chapters J (water-distribution modeling) and K
(Supplemental Information) are anticipated to be final during June 2009.

4. ATSDR agrees and is in the process of applying lessons learned from the Tarawa Terrace
analyses as work progresses on the Hadnot Point and Holcomb Boulevard areas.

Case 7:23-cv-00897-RJ  Document 370-7  Filed 04/29/25 Page 19 of 65

CLJA_WATERMODELING_01-09_0000033280



Confidential — Contains Information Subject to Protective Order: Do Not Disclose to Unauthorized Persons

Response to the Department of the Navy's Letter on Assessment of ATSDR Water Modeling for Tarawa Terrace
Page 15

CONCLUSIONS

ATSDR appreciates the DON’s continued support for the agency’s current health study and
completion of water-modeling activities. The issues of concern and recommendations contained

in the DON’s assessment of water-modeling analyses at Tarawa Terrace and vicinity have been
carefully considered and fully addressed in ATSDR’s responses. The online release of Tarawa Terrace
Chapter I report (Maslia et al. 2009) on February 13, 2009, provides additional confidence that the
historically reconstructed PCE concentrations determined by Faye (2008) are reasonable, conform
well to field observations, and are reliable for their intended use in the epidemiological study.
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Attachment 1: Department of the Navy Comments, June 19, 2008

Assessment of
ATSDR Water Modeling for Tarawa Terrace

The purpose of this assessment is (1) to document the Navy/Marine Corps’ current
understanding of the ATSDR water modeling for Tarawa Terrace and (2) to serve as a basis for
additional technical discussions between the Navy/Marine Corps and ATSDR.

Background

During a Technical Information Meeting with the Marine Corps and Navy on March 26, 2008,
the ATSDR presented their water modeling efforts in a summary report entitled “Exposure to
Volatile Organic Compounds in Drinking Water and Specific Birth Defects and Childhood
Cancer at U.S. Marine Corps Base Camp Lejeune, North Carolina,” (March 26, 2008). The
report indicates that the following specific information is needed in order to conduct a health
study on these birth defects:

1. When did contaminated groundwater reach water supply wells? month and year
2. What was the timing, level, and duration of maternal or infant exposure to contaminated
drinking water:
a. In which months did exposure occur?
b. What was the monthly average level of contamination?
c. For how many months did exposure occur?

Thus, extensive data are required in order to conduct the proposed health study. Since no
measured concentrations of PCE (perchloroethylene) are available prior to 1982, the ATSDR has
used modeling to simulate these concentrations at Tarawa Terrace, and proposes a similar
modeling approach for Hadnot Point. The results of the Tarawa Terrace modeling are being
documented in the ATSDR modeling report entitled “Analysis of Groundwater Flow,
Contaminant Fate and Transport, and Distribution of Drinking Water at Tarawa Terrace and
Vicinity, U.S. Marine Corps Base Camp Lejeune, North Carolina: Historical Reconstruction and
Prescnt-Day Conditions” (ongoing, but initial chapters published in 2007 and 2008).

In general, the usefulness of a groundwater flow and contaminant transport model depends on an
accurate estimate of numerous model parameters that describe site geology, groundwater
velocity, well pumping rates, and contaminant properties. Many of these parameters are highly
varitble and difficult to estimate directly. Therefore, model calibration and validation are
essential steps in the modeling process. Model calibration involves adjusting the initial
parameter values until simulated model concentrations match measured concentrations. Ina
second step, the calibrated model is validated by comparing simulated concentrations to
additional measured concentrations that were not used during calibration. During validation, the
model is “put at risk,” and it may be judged unsuccessful if the simulated and measured
concentrations do not match.

farpwa lerrace Water Modeiing
The Tarawa Terrace housing development at Camp Lejeune was constructed in 1951, and the

1953. The only documented source of contamination at Tarawa Terrace is ABC One-Hour
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Cleaners, which began operations during 1953, using the chlorinated solvent PCE in its dry
cleaning process. PCE concentrations were measured at the WTP in 1982 and 1985, and no
measured concentrations of PCE are available prior to 1982.

births that occurred from 1968 (when North Carolina computerized its birth certificates) to 1985
(when the contaminated water supply wells were removed from service). Due to lack of

measured concentrations, the ATSDR used groundwater flow and contaminant transport 3.1
modeling in a historical reconstruction process to simulate PCE concentrations in the drinking [ ~*
water on a monthly basis from 1952 to 1987.

Monthly PCE concentrations are required for the ATSDR health study, which will examine
2.

Figure 1 shows the simulated concentrations of PCE versus measured concentrations in finished
4.1 ] water from the WTP. Significantly, measured concentrations of PCE are available only in 1982
" ) and 1985, near the end of the overall time period. Thus, the majority of the simulated
con¢entrations cannot be compared to measured data. Furthermore, all of the measured
con¢entrations were used during model calibration, leaving no data available for model } 5 1
validation. As a result, the Tarawa Terrace model was not validated.

During calibration, model parameters were adjusted to cause the simulated concentrations at the
Water Treatment Plant (WTP) to meet the calibration standard to the degree possible. For PCE
detcctions, the ATSDR chose the calibration standard to be “+ 1/2-order of magnitude of the
obscrved valued,” such that the higher value in the calibration target range is 10 times greater
than the lower value. For example, at the WTP in May 1982, the calibration target range was 25
to 253 ug/L, based on the measured PCE concentration of 80 ug/L. The simulated concentration
of 148 ug/L fell within this range. As another example, at supply well TT-26 in January 1985, 6.1
the calibration target range was 500 to 5,000 ug/L based on the measured PCE concentration of )
1,520 ug/L. In this case, the range was quite large because it was calculated from a relatively

high measured concentration. The simulated concentration of 804 fell within the range, near the
lower end. In summary, based on the chosen calibration standard, the calibration process was
viewed as “successful” over a range that spanned a factor of 10. In other words, a model-derived
PCI concentration can be approximately 3 times higher or 3 times lower than the measured
concentration and still fall within the calibration range. —

Thus, if all comparisons had fallen within the calibration range, the chosen calibration standard
would give an idea of the accuracy, or degree of fit, between simulated and measured
concentrations. However, all comparisons did not fall within the calibration range. At the WTP,
12% of the simulated PCE concentrations failed the calibration standard (p. F42 in the ATSDR
7.1 { modeling report). It should be noted that these failures involved non-detects or very low
concentrations. More significantly, at the water supply wells, a majority (53%) of the simulated
concentrations fell outside the calibration standard (p. F33 in the ATSDR modeling report).
Graphs of simulated versus observed concentrations of PCE in water supply wells RW2, TT-23,
TT-25, TT-26, and TT-54 are shown below in Figures F13 through F17 (p. F34 and F35 of the
ATSDR modeling report). The graphs show that only a few observed PCE concentrations are
available, and there are substantial differences between observed and simulated concentrations.
Mode! performance at the supply wells raises concerns about the degree to which the model
calibration was successful. it seems reasonable to conclude that the accuracy of historicaily

8.1
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reconstructed PCE concentrations would be less than the calibration standard of + 1/2-order of
magnitude. Thus, the historical reconstructions may be viewed as rough estimates of actual
exposure concentrations, with model-derived PCE concentrations representing a relatively wide
range of possible exposures. It is essential that this concept be expressed clearly and consistently
to all stakeholders.

For example, the public needs to understand that the model-derived PCE concentrations
represent a range of possible exposures. This concept should be expressed more clearly on the
Camp Lejeune website (http://www.atsdr.cdc.gov/sites/lejeune/watermodeling.html). Currently
the website has a section that says: "Find Out PCE Levels During Your Tour; Find out the levels
of PCE and PCE degradation by-products in the drinking water serving your home in Tarawa
Terrace by entering the dates you lived in Tarawa Terrace housing from 1952 to 1987."
Following a disclaimer, a search engine produces contaminant concentrations, reported to 4
significant digits, for any or all months between January 1952 and February 1987. With no error
bars or ranges included, this webpage conveys a sense of certainty that is not justified. The
usefulness of the website would be enhanced if it accurately conveyed the degree of uncertainty
in the model-derived concentrations.

Other concerns with model calibration include the simulation of contaminant mass loading and
groundwater flow. With Dense, Non-Aqueous Phase Liquids (DNAPLs) such as PCE, mass
estimation is always quite difficult and subject to very high uncertainty due to irregular

movement and distribution of DNAPL in the subsurface. For Tarawa Terrace groundwater, the
difference between observed and simulated elevations is 5 to 10 feet at many times during the 199
1970’s and 1980°s. This is a significant disparity because the total change in groundwater g
elevation from the source area to the receptor wells is approximately 10 to 12 feet. In addition,

model results suggest that the simulated PCE concentrations at the WTP depend significantly on

the pumping rates at the various water supply wells. The degree to which simulated well

operations match actual operations is a concern. The Navy/Marine Corps would welcome the
opportunity for further technical discussion with ATSDR on these issues.

The ATSDR performed a sensitivity analysis to determine the relative importance of individual
model parameters. In addition, a probabilistic analysis was performed to assess variability and
uncertainty associated with the model results. Both approaches are standard practice. Chapter A
of the ATSDR modeling report describes the probabilistic analysis, during which input
parameters such as hydraulic conductivity, recharge, and dispersivity were chosen from
distributions of possible values. The model was run 840 times to produce “realizations™ that
form a distribution of simulated PCE concentrations, rather than a single result (pp. A52 — A61
of the ATSDR modeling report). However, certain combinations of input parameters resulted in
wells drying out, so only 510 physically viable realizations were produced. Thus, 330 out of 840
realizations were not viable, raising concerns about the representativeness of the input parameter
distributions. Although a summary of the probabilistic analysis is presented in Chapter A of the
ATSDR modeling report, the details will be in Chapter I, which is not yet available. The
Navy/Marine Corps feels that additional information on this matter would likely help our 14.1
understanding,.
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Overall, it is important to keep in mind that both the sensitivity analysis and the probabilistic
analysis were performed entirely within the “model world,” not the “real world.” These methods
provide valuable insight into the behavior of the model, but they are not a substitute for real,
measured PCE concentrations. Again, the Navy/Marine Corps looks forward to additional
discussion and clarification of our understanding of these issues.

Summary
The usefulness and applicability of the model-derived PCE concentrations for Tarawa Terrace
are affected by the following:

1. Model simulations provide monthly concentrations from 1952 to 1987, but measured
concentrations for model calibration are available only in 1982 and 1985. Thus, the
majority of the simulated concentrations cannot be compared to measured data.

15.1 2. Simulated concentrations did not fall within calibration targets for a majority of the
measured PCE concentrations at the water supply wells, suggesting that the “accuracy” of
the model is less than the chosen calibration standard of + 1/2-order of magnitude.

. Due to lack of measured PCE concentrations, the Tarawa Terrace model was not
validated. Therefore, the model was not “put at risk,” and it is difficult to judge the
accuracy of the simulated PCE concentrations beyond the limited times when calibration

— data are available.

133

Groundwater modeling studies are always subject to a high degree of uncertainty, and in this
sense, the Tarawa Terrace water model is no exception. However, the goal of the Tarawa
Terrace model is to reconstruct PCE concentrations on a monthly basis over approximately 30
16.1 yeais in order to conduct a health study. This is an extremely difficult goal since measured PCE
concentrations are not available prior to 1982, and the historical reconstruction of monthly
exposure concentrations must go back to the 1950’s. Any use of reconstructed concentrations
mus! take into account the inherent uncertainty in the model results.

Recommendations

[ As a starting point for further discussions, the Navy/Marine Corps proposes the following
recommendations:

1. Improve communication with the public and other stakeholders by developing a method
for presenting the uncertainty in the model-derived PCE concentrations. The method
should be clear and readily understood, perhaps using error bars or presenting a
concentration range rather than a single number. The method should be applied
consistently whenever concentrations are discussed or presented in model reports,

17.1 websites, public meetings, etc.

rD

Convene an expert panel to examine the model results and determine the best use for the
data. Overall, the panel should develop a path forward that is scientifically sound and
will best meet the critical concerns of the public.

2)

. Finalize the remaining sections of the Tarawa Terrace water modeling report.

4. Apply all lessons learned from the Tarawa Terrace modeling efforts to the scoping of the
approach ior Hadnot Point.
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Attachment 2. Chronology of meetings, presentations, and publications related to the historical reconstruction of contaminated drinking water at U.S. Marine Corps
Base Camp Lejeune, North Carolina.

[ATSDR, Agency for Toxic Substances and Disease Registry; DOD, Department of Defense; USN, U.S. Navy; USMC, U.S. Marine Corps; USMCHQ; U.S. Marine
Corps Headquarters; CL, Camp Lejeune; EMD, Environmental Management Division; GT, Georgia Institute of Technology; AHE, AH Environmental Consultants;

USGS, U.S. Geological Survey; PPT, Power Point presentation; N/A, not applicable]

ATSDR site visit to Camp

ATSDR: Morris Maslia, Jason Sautner
CL/EMD: Thomas Burton, Brynn Ashton,

ATSDR staff described use of
water modeling for historical

Sakai, et al.
USMC/CL: Scott Williams, Brynn Ashton

# July 2003 Lejeune Camp Lejeune, NC Scott Brewer reconstruction approach,
CL/Water Utilities: Mack Frazelle requested data and information
ATSDR: Morris Maslia, Jason Sautner,
Fr:?m.k Bovss e are o David Copies of presentation provided
. : Wi at meeting including CD-ROM
Ritieh tioy | [TEEERIATSn OTATER S water ATSDR, Atlanta, G | G Mustafa Aral containing PPT presentation.
modeling approach USMHQ: Nick Ta B ey
i See attached meeting sign-in
Iy TonBan sheet and presentation title slide
USN: Kim Parker-Brown
DOD: T. Michael White
ATSDR: Morris Maslia, Jason Sautner,
Frank Bove, Claudia Valenzeula
USMC/CL: Scott Brewer, Scott Williams,
Presentation of ATSDR’s water Brynn Ashton, Thomas Burton, Mack Copies of presentation provided to
11 Mar modeling approach to USMC/ Camp Lejenne, NC Frazelle, Danny Hill, CAPT Kevin Slates meeting attendees. See attached
2004 CL, USMCHQ staff, and ’ (AC/S 1&E) meeting sign-in sheet, and
USMC contractor USMCHQ: MAJ Harold Graef presentation title slide
CONTRACTORS: Robert Faye (ATSDR),
AHE (USMC)
Expert Peer Review Panel USMC representative sitting on
28 Mar to review ATSDR’s water- ! panel-Dr. Peter Pommerenk of
2005 modeling activities at Camp AIADR A, G Fanchnemiets = Sesalchicd et AHE. See Maslia (2005) for
Lejeune peer panel report
ATSDR: Tom Sinks, Frank Bove, Perri ATSDR presents results of arrival
Ruckart, Morris Maslia of PCE at TT-26 (May 1960)
26 Aug Meeting with and presentation to | USMCHQ, Washington, | USMCHQ: Lt. Gen. Kelly and staff, Carla and TT-23 (Summer 1984)
2005 Lt. General Kelly DC Lucchino (ADC/I&L), Kelly Dryer, Craig above 5 ppb level. See meeting

agenda and talking points
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Attachment 2. Chronology of meetings, presentations, and publications related to the historical reconstruction of contaminated drinking water at U.S. Marine Corps
Base Camp Lejeune, North Carolina—continued

ATSDR presents approach to
water modeling and summary
ATSDR: Tom Sinks, Frank Bove, Perri of water-modeling results
Ruckart, Morris Maslia for Tarawa Terrace area,
18 May Meeting with and presentation to USMCHQ, Washington, | USMCHQ: Lt. Gen. Kelly and staff, Carla including graph showing PCE
2006 Lt. General Kramlich DC Lucchino (ADC/I&L), Kelly Dryer, Craig concentrations in well TT-26
Sakai, et al. and at Tarawa Terrace water
USMC/CL: Scott Williams, Brynn Ashton treatment plant. Copies of
presentation including CD given
to Lt. Gen. Kramlich and staff
ATSDR summary of FINAL
ATSDR: Tom Sinks, Frank Bove, Perri Tarawa Terrace water-modeling
ik ating vtk pissntiion Ruckart, Morris Maslia resqlts. Provides USMC with
11 Tuiie v T4 Ceneral Kranilichi— USMCHQ, Washington, USMCHQ. Lt. Gen. Kelly and staff, Carla. copies gf Tarawa Terrace
2007 Hivi] Tatsioes Tortans resnits DC Lucghmo (ADC/1&L), Kelly Dryer, Craig Executlye Summary report (to
(Bxecutive Summary teport) Sakai, et al. 1 be pubhcallly released 12 J}me
USMC/CL: Fred Cone, Scott Williams, 2007). Copies of presentation
Brynn Ashton given to Lt. Gen. Kramlich and
staff
Public release of final Tarawa Chapter A (Summary of Findings)
July 2007 — Terrace Chapter Reports (A-H) released July 2007. Chapter F
Feb 2008 in hard copy and on ATSDR A G A B (Fate and Transport) released
Web site February 2008.
ATSDR: Morris Maslia, Jason Sautner, ;
Frank Bove, Bill Cibulas, Susan Moore, AISIR. greseals sutmiaty details
i, of all Tarawa Terrace water-
G s A T
26 Mar Technical information meetin, ERG: Robert Faye :
2008 with USN and their consultants | ATSPR-Atan@ GA | Gevi e b Wiliams SRRRDELTURTION Sid miafe
USN: Kim-Parker Brown, Dan Waddill modsling approach.
) ; ; ATSDR also presents work plan
DOIL: T. Kishag] Bitits for Hadnot Point/Holcomb
USN Consultants: Hall Davis (USGS), Peter Boulevard with Hime line
Pommerenk (AHE) i
U.S: Navy_ trangmlts to ATSDR . Letier written to Tom Siriks witly copies to Electronic ma11.transm1tt1ng
19 June electronic written comments on: . e letter from Kim-Parker Brown
N/A H. Frumkin, C. Aloisio, F. Bove, and M.
2008 Assessment of ATSDR Water Maslia (and other USN/USMC staff) requests response by 8 July
Modeling for Tarawa Terrace 2008.
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Attachment 2. Chronology of meetings, presentations, and publications related to the historical reconstruction of contaminated drinking water at U.S. Marine Corps
Base Camp Lejeune, North Carolina—continued

Meeting with DOD, US Navy, and US Marine Corps to Present ATSDR’s Water-Modeling Approach, 8 October 2003

Historical Reconstruction of Water Resources for Marine Corps Base Camp Lejeune, North Carolina: ATSDR’s Approach

October 8, 2003
Sign-in Sheet
Name Affiliation Telephone Email
ey 2% fer S fese ~ (=P Ve [0 ¢ Z) ‘?’._F"_"-'“ COFL Y Y “ifia & celc ;/L/'(, (%
S - (s It s //{ 3/)/{’17/’//7/[”-"/"/ /) 725 " Lbtf LN Ay s 8208 Enp
Ko o Koo Burn M Y JAANACNE |20 2)(e55 —Co T & Ko brnoy L= ,.,,‘,L-;,,;m[
M s 7aen ANRALC (A7 EC i +) $UF -2 243 Mmaval @ ce - gatech.ed.
Jhson) SAVTNER ATSDR / DHAC W 498 - 0496 J5avtner @ ede. qov
T Micnee | Ghike Dod Yio-4yl, - S22 M:We .u\r&e.@aﬁ Amﬂ&‘&n&‘. o)
Jomgs Tsea ATSPR/PHS Yo -498-002 )Xt cde g ot/
CA\audee, Valewawelg l'\TS bR 4ot _"( A¥ - 033 (‘(’J C 3«\.:-? & cde - oV
| el e Peaclam | A75 DR/ O] 4{/ Y G- LY ¥T7| e c DC Gud
Maoe adiran FS0K/00/0AG. M) 497 - 04 RS Moo A @ odd .9 o
"‘ !2 ‘ ‘(‘ ) v ; \ - \,""\- : b \ C
Perr i e o Rukerk £z | Drs Y-495 - 0573 atpd@ cdc, ighs
;fél " '(. ',\)._" J£ ATSD 14 /D,/J 9~ C/Q,J. — 557 '(‘.lm‘uc‘ f(""C-Q(' oV
NICE THA- Heul /LA / 703 )G45- §3v2 TAMTA HEME . (s C . il
—774014\5 Borgen’ ALBD - Qo - 445)~ 12 bd"i&&@ﬁ%&uﬂ!ﬁ.ﬁ.&[
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Attachment 2. Chronology of meetings, presentations, and publications related to the historical reconstruction of contaminated drinking water at U.S. Marine Corps
Base Camp Lejeune, North Carolina—continued

Meeting with DOD, US Navy, and US Marine Corps to Present ATSDR’s Water-Modeling Approach, 8 October 2003

Historical Reconstruction of Water
Resources for Marine Corps Base
Camp Lejeune, North Carolina:
ATSDR'’s Approach —— DS Water distibution:

MODFLOW T EPANET 2
o T ey P

Models to be applied

Morris L. Maslia, P.E.

Research Environmental Engineer N =i
Project Officer, Exposure-Dose Reconstruction Project RRREN MBS 1B Prodiuction)fate & transport

Agency for Toxic Substances and Disease Registry uncertainty/variability

October 8, 2003
Atlanta, Georgia

CriticalData Needs Project Deliverables
(Model Calibration)

e Hydrogeologic characterization (geophysical Sep 30,2004 ¢ Groundwater flow model calibration/simulation
logs from drilled water-supply wells or test e Water-distribution system field tests and-network
wells) Sep 30,2005 e Groundwater transport model calibration/simulation

e Field-test data of water-distribution system e Water-distribution system: Field-test data reports and model

. calibration
e Water production from groundwater wells R bt lowand Tanspiornt odel report

e Operational data (on/off cycling of wells and o Initial sensitivity and uncertainty analysis

pumps) Sep 30,2006 ¢ Water-distribution system: Historical network configuration,

e Distribution of consumption by consumption spatial distribution of contaminants, and present-day model
type (e.g. residential, industrial, recreational, =S
etc. — Conservation study ??) ik \SSess

08 OCT 03 - 08 OCT 03
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Attachment 2. Chronology of meetings, presentations, and publications related to the historical reconstruction of contaminated

drinking water at U.S. Marine Corps Base Camp Lejeune, North Carolina—continued

Meeting with US Marine Corps and their Consultants to Present ATSDR’s Water-Modeling

Approach, 11 March 2004

Water Modeling Coordination Meeting
11 March 2004
ATSDR = HOMC/ LPL - MCBCL - AH Envirenmental

Name Organization Phone Email

ST BUewGL it CuE JEL(505 G oA SENE | BT SR dsae

e W.&»&MKW Aé?mg‘—/lu Filo 703 GO 8302 GRAEFHE@ Rame vEmE. mi
»f»,,mf Ayl AT I HC dod 478 9 £/ I BPLEA G re, GO
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et T 1%} e
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L:.wel.,( gfw«xj AT B e Sy kR ST t““ﬁbfﬂ’ Codd B

Boh m 7E | aaain T0(-119-( 738 REFAYE O ALTEL.NET
JAsan SauTher ATSDRY €D Hol 448 - B85 yS0itaer @ cde Sov
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LOEF BB SLATES P R e T R ey leferig Dol
DAty e o wrres JPWO Vo us. W YrithEd/Essus S P
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Attachment 2. Chronology of meetings, presentations, and publications related to the historical reconstruction of contaminated drinking water at U.S. Marine Corps
Base Camp Lejeune, North Carolina—continued

Meeting with US Marine Corps and their Consultants to Present ATSDR’s Water-Modeling Approach, 11 March 2004

Historical Reconstruction of Water
Resources for Marine Corps Base

- G What was (were) the source(s) of.contaminated
Camp Lejeune, North Carolina: notable weker?

Field-Data Collection and Modeling Which chemical compounds contaminated the water
supply?
Morris L. Maslia, P.E., DEE When did contaminated groundwater reach water-
Research Environmental Engineer supply wells and what was the duration of the

' ; ) . contamination?
Project Officer, Exposure-Dose Reconstruction Project ) I
Agency for Toxic Substances and Disease Registry How was contaminated water distributed throughout

the Camp Lejeune water-distribution system?

March 11, 2004 What were the frequency, duration, and spatial
MCB, Camp Lejeune, NC distribution of exposure to contaminated water?

Questions to be Addressed

Critical Data Needs - Groundwater Project Deliverables
(Model Calibration)

; - 3 Sep 30,2004 ¢ Groundwater flow model calibration/simulation
®
Hydrogeologic characterization o Water-distribution system field tests and-network

(geophysical IOgS from d“”ed water- Sep 30,2005 o Groundwater transport model calibration/simulation

supply wells or test wells) e Water-distribution system: Field-test data reports and'model
calibration

e Synoptic water-level measurements e Groundwater flow and transport model report
(present-day and historical) e Initial sensitivity and uncertainty analysis

] . ) . Sep 30,2006 ¢ Water-distribution system: Historical network configuration,
e Historical water-quality (contaminant) spatial distribution of contaminants, and present-day model

data report

11 MAR 04 11 MAR 04
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Attachment 2. Chronology of meetings, presentations, and publications related to the historical reconstruction of contaminated drinking water at U.S. Marine Corps

Base Camp Lejeune, North Carolina—continued

Expert Peer Review Panel Meeting, Atlanta, Georgia, March 28-29, 2005

AGENCY FOR TOXIC SUBSTANCES
AND DISEASE REGISTRY

(¢ ATSDR

Expert Peer Review Panel Evaluating ATSDR’s
Water-Modeling Activities in Support of the Current
Study of Childhood Birth Defects and Cancer at

U.S. Marine Corps Base Camp Lejeune, North Carolina
Analyses of Groundwater Resources and

Present-Day (2004) Water-Distribution Systems,
March 28-29, 2005

Edited by
Morris L. Maslia

Prepared for

Agency for

Toxic Substances and
Disease Registry,
Atlanta, Georgia

éa-p Lejeune
Military Reservation

Prepared by
Eastern Research
Group, Inc.,

R Atlanta, Georgia

Appendix B

Panel Members

Bamry L. Johmson, 'hD, FCR
Fanel Chaur, Assistwil Surgeon General (rel )
Adjunet Mrofiessor, Roliis School of
Public Heulth, Emory Universay;
Eduor. Joumal of Human smd Ecological
Risk Assessment
Allunta, Georgin

Robert M. Clark, PhD, PE, DET
Environmental Engmecring & Public
Heulth Consnltang
Cincinnat, Ohio

David E. Dougherty, PhDD
Prncipal. Sublermanean Research, Ine
Dusbury, Massachuseis

Bengamin L. Harding, P
Prneipal Engineer. Hydrogphere Resourcs
Consuliants, Ino
Boulder; Colimdo

Loonard . Komkow, PhIY. PG
Resezch Hydrolopisd, 1S, Geological Survey
Reston, Virginia

Erc M LabBolle, Pl
Seientrst, Hniversity of Califormia,
Drawis. Caliturmia

Peter Pommerenk, PhD), PE
Project Mamager, AH Fawiranmental
Consultants, Inc
Newport News, Virgima

Vijay P Singh, Phi}, DSe, PE
A K. Hartom Profossor, | epartment uf
Civil ind Environmental Lo gineering
Louistana State University
Baton Rouge, Louisiang

James G, Uber, 'hD
Associate Professor, Department of Civil and
Enviro 1 Engmeening, L sity of
Cincionaty, Chio

Thomias M. Walsks, PRD, PE, DEE
Viee Presydent, Engincenne Bentley Systems
Namticoke, Pennsy v

List of Presenters and Project
Team Attendees

Mustata Aral, PhiD, PE
Gieonga Institute of Technology
Aid-804-2043

il Wee gateck. sy

Frank Bove. DS

Ageney for Toxie Substances and
Disease Regisuy (ATSDR)

AO-A45-(1557

hltia zde:

Qe

Rohent Faye, MSCE, '
Roben E. Faye & Associates, Inc,
TO0-210-1 73

iy

Maoms Mastia. MSCE, PE. DEE
AISDR
A-6300674

Higria e gen

Shamnon Rasshler, MPH
ATSDR
JO4-498- (1554

sinr el e

Perrt Ruckart, MPH
ATSDR
A04408-0573
A pe
Jasom Saumer, MSCE
ATSDR
A-639-(674

2 il oGw

Clandia Valerencla, MS, Ene. bng
Uk Ridge Instinute for Science & Edveauon
15
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Attachment 2. Chronology of meetings, presentations, and publications related to the historical reconstruction of contaminated drinking water at U.S. Marine Corps
Base Camp Lejeune, North Carolina—continued

Expert Peer Review Panel Meeting, Summary and Recommendations, March 28-29, 2005

6.0 Summary of Recommendations from Panel Members
and ATSDR's Response

At the end of the meeting, the puned char, the pael members, and ATSDR agreed |h.u panel
members would individwally proyide overall final ¢ and ¢
1o ATSDR, Specifie comments and recommentations (rom cach panel member are provided in the
verbating trmscript of the medting (Voluae [ on CD-ROM. The recommiendativis and ATSDR s
responses aro grovpad mio five goseralized categores

6.1  Data Discovery

Panel members recommended (that ATSDR expend addiuonal effort and resourees i the area
of conducting more Tigorous data discovery activities, To the extent passible, the agency shonld
angnent cahance, s fefine gk i s relving on W comduct waloesmodeling activities,

ALSDIR ageess work the poiisd recommendotion The agency o plannmg to deveie additivnd
resaneres amd work with #g puetoeey wud contractery to wplemend dmd discavery aofinies.

6.2  Chronology of Events

Panel inembers recommended et ATSDR focus s nexd oflors o eelining s underseding
of chronological events These need to include documenting periods of known contamination.
tanes when waker-dystribabn systems were interconnected. and the stat of opeations of the
Holcomb Bivd. WIE
ATSDR agrees wipl the poael recommenidapan. The agency s plannmg fo devope addinignal
e wrrvd Wk withy i partners s canteartors to olitadn vpeided wfermiion so thag the
Wiater-preadeling tedm can refine iy understandmg of the cliralogy of Contamsnee ovents

63  Groundwater Medeling, Tarawa Terrace Area

Paamee| mmvenibers mde sevenl reco with respect W g 2 aml
associated actvities for the Tarnwa Termce area. including the followmg
(T comdiet sensitviey aid incertainty analyses o retine mitial estimates of mode |
parameter yalues,
(2) determine sensitivity of model wo gridhsel] sizes and houndary conditions,
(3) refine onfal¥ cyeling pattens of watersupply wells, and
(41 conduel faty uod dispersive trmsport wlyses

APSDR agrees in peinvcipeal weth the peael e . The weats teapm iv
Pliming fe devere signyficant «ffors in condicting sersviy anil incertomey snalyies and
devaloping i calibrated fare and dispersive transport modied for the Tarawa Tertace anva,

from Panel Members and ATSOR's R

64  Data Analyses, Hadnot Point Area

Paned members mumnwnddl that ATSDR proceed with assessient of data o develop o
understanding of geabydrlogic and g charactenistics for the Hadnot
Poant wrew. These setivilies w uuld by nqulml b«mrr mlu.umg‘nldlmmal moddmg wenvities
for the [adnot Pount area. Panel Iy d that I effors be put mio
detemimmg periods of mlerconnection hdwwn the Hiadnot Pomtzand Hotcomb Bvd walee-
di»v.rihmuu systems

ALNDR agress swith tie pae! recomaepdation. The agenty iy plangepg to devets aidifiena)
resoniresy and work wirki ity parirers and confeaorors foomplement fhe panal recommendutiens

65  Water-Distribution System Analyses

1smel members commended AUSEIR (or the vagor and qualivg of its Tebd invesaganon il
current model smoulations of the Wter-distribution systems. Decause fowmeters are already
installed, membars recommended that ATSTIR proceed with colleeting daka from the Aowmeters.
Bt ot it sy scdditional eldewesong seriviies. Paocl menthers recommended (hat (e water-
modeling team consider using more suplified mixing models 1o quannry historical @xposures w
dremk mp-water supplies. ( More complex modeling might be warranted 1f data discovery shows
that the water-distribution systems Bad @ greater frequency of Ierenineenviny. |

AISIIR pgress with the pianel soevmpendanon, The qgoncy fins comiluded its water-
cliweribwericao 3 ystem field-restong aviivities. Addiioally. he wats vtivscledin e v vill b nveng
vrmpl’ﬁjwlmr.u.w ety a8 o first extimace of hiswoncal expassurss e contaminared drinking.
waTer stippilies.

60 Summary of B Jut
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Attachment 2. Chronology of meetings, presentations, and publications related to the historical reconstruction of contaminated drinking water at U.S. Marine Corps
Base Camp Lejeune, North Carolina—continued

Meeting with Lt. General Kelly and Staff, U.S. Marine Corps Headquarters, 26 August 2005

Agenda Talking Paints for Meeting with Lt. General Kelley
Agency for Toxic Substances and Disease Registry (ATSDR) AL 26, 203
and U.S. Marines
Camp Lejuene Health Study ®  Schedule indicates knowledge of arrival of contiuminants at wells by September 30, 2005, We
August 26, 2005 have that information NOW!

i F : o PCEat 5 pph {(MCL) amved at well b in it
Marine Corps He"dqlmﬂcrs' Washmgton n.C, o PCEats pph (MCL) arrived at well S8 sumimer 1984 (no specific dat on

2:30 to 4:30 PM in service data for well, but simulations required use of well)

Present-day water-distribution system models are calibrated
Introductions Dr, Thomas Sinks ATSDR) o Some refinement based on most recent field data and (low meter data that we
1.4Chen. Kelly (USMC) have been collecting since Muy 2005
o ATSDR will remove all field testing equipment (complew all fickd test activiries)
on 7 September 2003

Peer Panel Recommendations- Response Dr. Frank Bove ®  Release report on Water Modeling Expert Peer Review Panel — September 30, 20035

Relense of ATSDR Respanse Dr. Thormas Sinks

® Reo dation for Water Modeling Expert Peer Review Panel
o Conducting Data Discovery activities to deterntine issues wr.L inlerconneciions
o Conducting sensitivity and uncenainty anplyses (o provide epidemiologist with
ranges of eXpOSUIe concenemions
o Developing peohydrologic framework and groundwater conmmnation dats o
Hadnot Poim ures

Update on Current Study Status Dr. Perri Ruckart
Mr. Morris Maslia

Questions & Answers

Ongoing Activities

o Data Discovery (per recommendation of Expent Panel)
*  ERG pot MOD last week
®  ERG searching of Jr, Level engineers for CL., LANDTIV, and MCHQ
= Searching for data on interconnections, well operations, Hudnot Foint

o Sensitivity/Uncertainty analyses
= Groundwater flow models
& Contaminant fate and transport models
®  Water-disiribution system models

o Geohydrologic frareework and charmeierization of contamimition at Hadnot Point

®  Reports
o ‘Water modeling expen peer review panel
o Geohydrology ai Tarawa Terrace area
o Chareterization of contamination at Tarawa Terruce area
o Groundwater flow, fate and transport at Tarawa Termce arcn
o Wier-disuibution system Beld Lests
o Present-day water-distribution systemis

Chronology of Meetings, Presentations, and Publications Related to Tarawa Terrace Water Modeling Page 9
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Attachment 2. Chronology of meetings, presentations, and publications related to the historical reconstruction of contaminated drinking water at U.S. Marine Corps
Base Camp Lejeune, North Carolina—continued

Meeting with Lt. General Richard Kramlich and Staff, U.S. Marine Corps Headquarters, 18 May 2006

SIMULATED PCE concentration
TT-26 and in delivered water from WTP

10000

Summary of Water Modeling Activities
Supporting the Current Health Study at
U-S. Marine Corps Base Camp Lejeune

: Simulated TT-28 Wl TT-26 !

[ Simulated TT-WITF Out of sevice |
Measured TT-WIP [N

w0l @ & O vesss R

10 EJdun'57 /

£ /
I /
104 / 5 pph
E MCL for PCE

Morris L. Maslia

ATSDR Division of Health
Assessment and Consultation

PCE Concentration (ppb or pg/L)

Presentation for Lieutenant General Richard S. Kramlich
U.S. Marine Corps Headquarters
May 18, 2006

¥

Well TT-26

Out of sevice: Jul-Aug 1980 3
Jan-Feb 1983 7

Service terminated: Feb 1985 |
S P 0 M B T8 s o vt T e i T SRSV S
| 1956 1961 1966 1971 1976 1981 1986 1891

18 MAY 06 PRELIMINARY Resuits - Subject to REVIEW and CLEARANCE -
|

18 MAY 06 Year

Process for public release|of final
water modeling results

Planned reports for Tarawa
Terrace water modeling activities

A: Summary of findings e G: Simulation of

B: Geohydrology degradation products
C: Simulation of e H: Field tests and
groundwater flow simulation of water-

D: Properties of VOCs distribution systems
E: Occlurmence of e |: Parameter sensitivity

contaminants and uncertainty

" f analyses
e F: Simulation of fate

and transport of PCE ® J: Effects of pumping
schedule variation

e Draft reports

e External peer review each report

e Reports sent through agency clearance
e Reports prepared for printing

e Reports prepared for web access

e Reports released to public

PRELIMINARY Resuits - Subject to REVIEW and CLEARANCE PRELIMINARY Results -- Subject to REVIEW and CLEARANCE|
18 MAY 06 18 MAY 06

ronology of Meetings, Presentations, and Publications Related to Tarawa Terrace Water Modeling Page 10
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Attachment 2. Chronology of meetings, presentations, and publications related to the historical reconstruction of contaminated drinking water at U.S. Marine Corps
Base Camp Lejeune, North Carolina—continued

Meeting with Lt. General Richard Kramlich and Staff, U.S. Marine Corps Headquarters, 11 June 2007

Summary of Findings

Analyses of Groundwater Flow, Contaminant Fate and Transport,

Water medeling analyses a t Tarawa Terra ce and Distribution of Drinking Water at Tarawa Terrace and Vicinity,
U.S. Marine Corps Base Camp Lejeune, North Carolina U.S. Marine Corps Base Camp Lejeune, North Carolina:

Historical Reconstruction and Present-Day Conditions

. ) Executive Summary
Morris L. Maslia

ATSDR Division of Health '
Assessment and Consultation % o » I e s

= ~\k\
LB
= ™, el T SNy
Presentation for Lieutenant General Richard S. Kramlich - o = _u-.,_'
U.S. Marine Corps Headquarters T e

June 11, 2007

11 JUNE 07 FINAL RESULTS - Tarawa Temrace Water-Modeling Analyses

Probabilistic results using Monte Carlo
simulations [for finished water at WTP]

T T T

Duates first exceeding MCL
Oct, 1957-Aug. 1958

Maximum conlamiant kevel

CAUBRATED
(Single-valued paramters)
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Attachment 2. Chronology of meetings, presentations, and publications related to the historical reconstruction of contaminated drinking water at U.S. Marine Corps

Base Camp Lejeune, North Carolina—continued

Release of Tarawa Terrace Chapter A Report
(Summary of Findings), July 2007

Analyses of Groundwater Flow, Contaminant Fate and Transport,
and Distribution of Drinking Water at Tarawa Terrace and Vicinity,
U.S. Marine Corps Base Camp Lejeune, North Carolina:
Historical Reconstruction and Present-Day Conditions

Chapter A: Summary of Findings

Atlusta, Geargia- July 2007

Release of Tarawa Terrace Chapter F Report
(Fate and Transport), February 2008

Analyses of Groundwater Flow, Contaminant Fate and Transport,
and Distribution of Drinking Water at Tarawa Terrace and Vicinity,
U.S. Marine Corps Base Camp Lejeune, North Carolina:
Historical Reconstruction and Present-Day Conditions

Chapter F: Simulation of the Fate and Transport
of Tetrachloroethylene (PCE)
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Atlanta, Georgia-Fabruary 2008
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Attachment 2. Chronology of meetings, presentations, and publications related to the historical reconstruction of contaminated drinking water at U.S. Marine Corps

Base Camp Lejeune, North Carolina—continued

Technical Information Meeting with U.S. Navy and U.S. Marine Corps, 26 March 2008
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WORK PLAN 1T

Historical Reconstruction Analysis of
Volatile Organic Compound Contamination of Drinking Water Supplies
United States Marine Corps Base
Camp Lejeune, North Carolina

by Morris L. Maslia. MSCE. P.E.

igations and Site A Branch

Exposure In
Division of Health Assessment and Consultation
Agency for Toxic Substances and Disease Registry

March 20, 2008

Camp Lejeune, NC, Health Study
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Attachment 2. Chronology of meetings, presentations, and publications related to the historical reconstruction of contaminated drinking water at U.S. Marine Corps
Base Camp Lejeune, North Carolina—continued

Technical Information Meeting with U.S. Navy and U.S. Marine Corps, 26 March 2008

Table 2. Schedule of proposed tasks, activities, and meetings, historical reconstruction analysis of contaminated drinking water, Iadnot Point
and vicinity. U.S. Marine Corps Base Camp Lejeune, North Carolina.

3 ek S e CFEGal VeRE 2008 s o [ine o s eecsvs HISTHIY 62000 - S o6
Task or activity Duration i | Quarter2 | Quartera Quarter 4 Quarter 1 Quarter 2 Quarter 3 Quarter 4
Jan | Feb Mar | Apr |May Jun | Jul |Aug Sep | Oct |Nov Dec |Jan ! Feb  Mar | Apr | May | Jun | Jul | Aug Sep
1 | i
Data analysis (16 sites) 13 weeks | 1/2/2008 . | !
Computation of mass ~8 sites) 12 weeks | 3/17/2008 : | i
| | ! i {
Wall capacity histories (100 wells) 12 weeks | 3/10/2008 i | {
Statistical analysis 21 weeks | 4/2/2008 ‘ ‘ I i ]‘
Fate analysis Bweeks | 6/9/2008 I | i
Model selection Bweeks | 2/4/2008 | E i
Grid design and data input B weeks | 3/31/2008 H : ‘
Fate and ransport anaysis 13 months | 5262008 YR T | S e !
Water thsinbution system analysis 2 months | 4/27/2008 i ! : |
nesrainly enalysis & months | 4/20/2008 | ’ : ‘
Extemal progress meetings — €/26/2008 . I . |
—  |4n7r2008 &) I [ 5 N | | i
Reports — 9/30/2008 | . ‘ 1 .
Table 3. Comparison of data and information availability for Hadnot Point and Tarawa Terrace areas.
Descriptive data and information Hadnot Point and vicinity' Tarawa Terrace and vicinity
Active model domain 40 mi” 2.1 mi*
Number of wells and boreholes (includes hydropunch) 720 185
Number of water-level measurements 4.700 820
Number of groundwater samples analyzed for chlorinated solvents 2.200 192
Number of groundwater samples analyzed for Benzene. Toluene. 1.800 191
Ethylbenzene, and Xylenes (BTEX) i
"listimated values for Hadnot Pomt and vicinity
Chronology of Meetings, Presentations, and Publications Related to Tarawa Terrace Water Modeling Page 14
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ResponsE TO THE DEPARTMENT OF THE NAVY’s LETTER oN AssessMENT oF ATSDR WATER
MobDELING FOR TARAWA TERRACE

ATTACHMENT 3: COMPARISON OF CONTAMINANT FATE AND TRANSPORT CALIBRATION STATISTICS
FOR THE NavaL AIR STATION, JACKSONVILLE, FLORIDA, AND TARAWA TERRACE,
Cawp LeJEUNE, NoRTH CAROLINA SITES
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Number Number of Number of Ratio Ratio Ratieraan
of paired simulated simulated ;
. . data points data points data points (percentage) {percentage) Sauas of
Site' Contaminant (excludin within il v passing failing concentration
L g datihkation calibration calibration calibration difference, in
4
detects)? target® target ARt karder uglL
Naval Air
Station, Trichloroethylene 16 9 7 9/16 7/16 379
Jacksonville, (TCE) (56%) (44%)
FL,
Tarawa
Thipaes, Chnis Tetrachloroethylene 29 17 12 1 7/39 12/ 029 337
Lejeune, NC (PEE) 5 i)

! Refer to the following references: Jacksonville NAS: Davis JH. Fate and Transport Modeling of Selected Chlorinated Organic Compounds at Hangar
1000, U.S. Naval Air Station, Jacksonville, Florida. Tallahassee, FL: U.S. Geological Survey Water-Resources Investigations Report 03-4089; 2003;
Tarawa Terrace, Camp Lejeune: Maslia ML, Sautner JB, Faye RE, Sudrez-Soto RJ, Aral MM, Grayman WM, Jang W, Wang J, Bove FJ, Ruckart PZ,
Valenzuela C, Green JW Jr, and Krueger AL. Analyses of Groundwater Flow, Contaminant Fate and Transport, and Distribution of Drinking Water at
Tarawa Terrace and Vicinity, U.S. Marine Corps Base Camp Lejeune, North Carolina: Historical Reconstruction and Present-Day Conditions—Chapter A:
Summary of Findings. Atlanta, GA: Agency for Toxic Substances and Disease Registry; 2007.

2 Paired data point, a location with observed data (concentration) that is associated with a model location for the purpose of comparing observed data with
model results; for Davis (2003), see Figure 34 (page 37); for Maslia et al. (2007), see Tables A9 and A10 (pages A27 and A28).

3 No calibration target was described in Davis (2003) for contaminant fate and transport modeling. Therefore, the calibration target described in Maslia et al.
(2007, Table A8) of +£1/2-order of magnitude of observed data is used for comparison purposes.

A

Np ) 2
§ (Ciobs _ Ciszm )
RMS =| =

4 The root-mean-square or RMS is defined as: N P , where N, is the number of paired data points, C ;’bs is the observed or

measured concentration of the ith paired data point; and C I.Sim is the corresponding model simulated concentration of the ith paired data point.

Case 7:23-cv-00897-RJ  Document 370-7  Filed 04/29/25 Page 45 of 65

CLJA_WATERMODELING_01-09_0000033306



Confidential — Contains Information Subject to Protective Order: Do Not Disclose to Unauthorized Persons

Attachment 3. Comparison of contaminant fate and transport analyses calibration statistics—continued

Fate and transport of trichloroethylene (TCE), Hangar 1000, Naval Air Station, Fate and transport of tetrachloroethylene (PCE), Tarawa Terrace, U.S. Marine
Jacksonville, Florida' Corps Base Camp Lejeune, North Carolina?
Calibration target* ° Calibration target®
Samol Measured Simulated Pass or fail Sample Measured Simulated Pass or fail
ple f . e J | . : :
[ocatione oon_oentratlon, +1/2-order  -1/2-order conf:entratlon, calibration location con_centratlon, +1/2 -1/2 conf:entratlon, calibration
in ug/L of of in pg/L target and date in ug/L order of order of in pg/L target
magnitude  magnitude magnitude  magnitude
H10-MWO01 7.8 23 3 19.8 Pass TT-23:
H10-MW02 1.0 2 0 0.0 Pass 1/16/1985 132 42 417 254 Pass
H10-MWO03 3.1 10 1 0.0 Fail 2/12/1985 37 12 117 253 Fail
H10-MWO05 18.5 59 6 0.0 Fail 2/19/1985 26.2 8 83 253 Fail
H10-MW06 36.2 115 11 231.6 Fail 3/11/1985 14.9 5 47 265 Fail
H10-MWO07 4.2 153 1 253 Fail 3/11/1985 16.6 5 53 265 Fail
H10-MWO08 8,608.5 27,223 2,722 8,710.0 Pass 3/121985 40.6 13 128 265 Fail
H10-MW10 1.0 3 0 0.0 Pass 3/12/1985 48.8 15 154 265 Fail
H10-MW12 94.5 299 30 596.4 Fail 9/251985 4 1 13 279 Fail
H10-MW14 266.0 841 84 652.6 Pass TT-25:
H10-MW15 578.0 1,828 183 356.5 Pass 9/25/1985 0.43 0 1 18.1 Fail
H10-MW16 48.1 152 15 472 Pass 7/11/1991 23 7 73 72 Pass
H10-MW17 16.3 52 5 29.5 Pass TT-26:
H10-MW18 0.8 3 0 8.6 Fail 1/16/1985 1,580.0 500 4,996 804 Pass
H10-MW19 1,077.8 3,409 341 229.0 Fail 2/12/1985 3.8 1 12 804 Fail
H10-MW?22 1,610.0 5,091 509 2,396.0 Pass 2/19/1985 64.0 20 202 798 Fail
2/19/1985 552 18 175 798 Fail
4/9/1985 630 199 15992 801 Pass
6/24/1985 1,160.0 367 3,668 799 Pass
9/25/1985 1,100.0 348 3,468 788 Pass
7/11/1991 350.0 111 1,107 670 Pass
RW2:
7/12/1991 760 240 2,403 879 Pass
TT-WTP:
5/27/1992 80 25 253 148 Pass
7/28/1982 104 33 329 112 Pass
ISample data and simulation results from Davis (2003, Figure 34). 7/28/1982 76 24 240 112 Pass
2Sample data and simulation results from Maslia et al. (2007, Tables A9 and A10). 7/28/1982 82 26 259 112 Pass
2/5/1985 80 25 253 176 Pass

3All samples measured on January 17, 2001 (Davis 2003, Figures 16 and 34).

“No calibration target was provided in Davis (2003) for contaminant fate and zjgggg 212 6 6§ 65(1) 172 7 I;Zi:
transport modeling; the calibration targets £1/2-order of magnitude of measured 3/12/1985 213 7 67 37 T
data suggested by Maslia et al. (2007) are applied to the measured data of Davis 4/22/1985 1 0 3 8.1 Fail
(2003, Figure 16) for comparison purposes. 4/29/1985 B 1 2 8.1 Pass

3 Calibration targets are rounded to nearest integer.
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ResponNsE To THE DEPARTMENT oF THE NAvY’s LETTER oN AssessMeENT oF ATSDR WATER
MobDELING FOR TARAWA TERRACE

ATTACHMENT 4: SIMULATED CONCENTRATIONS OF TETRACHLOROETHYLENE IN FINISHED WATER AT
THE WATER TREATMENT PLANT, TARAWA TERRACE, U.S. MARINE CoRrpPs BASE
Cawmp LeJeuNE, NoRTH CAROLINA (FrRom MasLIA ET AL. 2008, ApPENDIX [5)
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Attachment 4: ATSDR Response to DON Letter of June 19, 2008

Appendix I5. Simulated concentrations of tetrachloroethylene in finished water at the water treatment plant, Tarawa Terrace,
U.S. Marine Corps Base Camp Lejeune, North Caralina.

[PCE, tetrachloroethylene; nug/L, microgram per liter; P, ,, Monte Carlo simulation results for the 2.5 percentile; P, , Monte Carlo simulation results for
the 50 percentile; P, Monte Carlo simulation results for the 97.5 percentile; WTP, water treatment plant; Jan, January; Feb, February; Mar, March;

Apr, April; Aug, August; Sept, September; Oct, October; Dec, December]

Range of concentrations derived from Monte Carlo simulations?

Calibrated PCE

::::tsl ali\::lo;lll;r con_centr o Monte Carlo simulation (Scenario 1)° Monte Carlo simulation (Scenario 2)
n “glu st’ Pso' P91.5' st’ Psn' P97.5’
in pg/L in pg/L in pg/L in pg/L in pg/L in pg/L
1-12 Jan-Dec 1951 WTP not operating
13 Jan 1952 0.00 0.00 0.00 0.00 0.00 0.00 0.00
14 Feb 1952 0.00 0.00 0.00 0.00 0.00 0.00 0.00
15 Mar 1952 0.00 0.00 0.00 0.00 0.00 0.00 0.00
16 Apr 1952 0.00 0.00 0.00 0.00 0.00 0.00 0.00
17 May 1952 0.00 0.00 0.00 0.00 0.00 0.00 0.00
18 June 1952 0.00 0.00 0.00 0.00 0.00 0.00 0.00
19 July 1952 0.00 0.00 0.00 0.00 0.00 0.00 0.00
20 Aug 1952 0.00 0.00 0.00 0.00 0.00 0.00 0.00
21 Sept 1952 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22 Oct 1952 0.00 0.00 0.00 0.00 0.00 0.00 0.00
23 Nov 1952 0.00 0.00 0.00 0.00 0.00 0.00 0.00
24 Dec 1952 0.00 0.00 0.00 0.00 0.00 0.00 0.00
25 Jan 1953 0.00 0.00 0.00 0.00 0.00 0.00 0.00
26 Feb 1953 0.00 0.00 0.00 0.00 0.00 0.00 0.00
27 Mar 1953 0.00 0.00 0.00 0.00 0.00 0.00 0.00
28 Apr 1953 0.00 0.00 0.00 0.00 0.00 0.00 0.00
29 May 1953 0.00 0.00 0.00 0.00 0.00 0.00 0.00
30 June 1953 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3 July 1953 0.00 0.00 0.00 0.00 0.00 0.00 0.00
32 Aug 1953 0.00 0.00 0.00 0.00 0.00 0.00 0.00
33 Sept 1953 0.00 0.00 0.00 0.00 0.00 0.00 0.00
34 Oct 1953 0.00 0.00 0.00 0.00 0.00 0.00 0.00
35 Nov 1953 0.00 0.00 0.00 0.00 0.00 0.00 0.00
36 Dec 1953 0.00 0.00 0.00 0.00 0.00 0.00 0.00
37 Jan 1954 0.00 0.00 0.00 0.00 0.00 0.00 0.00
38 Feb 1954 0.00 0.00 0.00 0.00 0.00 0.00 0.00
39 Mar 1954 0.00 0.00 0.00 0.00 0.00 0.00 0.00
40 Apr 1954 0.00 0.00 0.00 0.00 0.00 0.00 0.00
41 May 1954 0.00 0.00 0.00 0.00 0.00 0.00 0.00
42 June 1954 0.00 0.00 0.00 0.00 0.00 0.00 0.00
43 July 1954 0.00 0.00 0.00 0.00 0.00 0.00 0.00
44 Aug 1954 0.00 0.00 0.00 0.00 0.00 0.00 0.00
45 Sept 1954 0.00 0.00 0.00 0.00 0.00 0.00 0.00
46 Oct 1954 0.00 0.00 0.00 0.00 0.00 0.00 0.00
47 Nov 1954 0.00 0.00 0.00 0.00 0.00 0.00 0.00
48 Dec 1954 0.00 0.00 0.00 0.00 0.00 0.00 0.00
49 Jan 1955 0.00 0.00 0.00 0.00 0.00 0.00 0.00
50 Feb 1955 0.00 0.00 0.00 0.00 0.00 0.00 0.00
51 Mar 1955 0.00 0.00 0.00 0.00 0.00 0.00 0.00
52 Apr 1955 0.00 0.00 0.00 0.01 0.00 0.00 0.01
53 May 1955 0.00 0.00 0.00 0.01 0.00 0.00 0.01
54 June 1955 0.01 0.00 0.00 0.01 0.00 0.00 0.01
55 July 1955 0.01 0.00 0.01 0.02 0.00 0.01 0.02
56 Aug 1955 0.01 0.00 0.01 0.03 0.00 0.01 0.02
57 Sept 1955 0.02 0.00 0.01 0.04 0.00 0.01 0.03
58 Oct 1955 0.03 0.01 0.02 0.05 0.01 0.02 0.04
59 Nov 1955 0.04 0.01 0.03 0.07 0.01 0.03 0.07
60 Dee 1955 0.06 0.01 0.04 0.09 0.01 0.03 0.09
Chapter I: Parameter Sensitivity, Uncertainty, and Variability Associated with Model Simulations of 1

Groundwater Flow, Contaminant Fate and Transport, and Distribution of Drinking Water
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Attachment 4: ATSDR Response to DON Letter of June 19, 2008

Appendix I5. Simulated concentrations of tetrachloroethylene in finished water at the water treatment plant, Tarawa Terrace,
U.S. Marine Corps Base Camp Lejeune, North Carolina—Continued

[PCE, tetrachloroethylene; pg/L, microgram per liter; P, ., Monte Carlo simulation results for the 2.5 percentile; P, , Monte Carlo simulation results for
the 50 percentile; P ., Monte Carlo simulation results for the 97.5 percentile; WTP, water treatment plant; Jan, January; Feb, February; Mar, March;
Apr, April; Aug, August; Sept, September; Oct, October; Dec, December]

Range of concentrations derived from Monte Carlo simulations?

Calibrated PCE ) n _ " | E
Stress Month concentration Monte Carlo simulation (Scenario 1) Monte Carlo simulation (Scenario 2)*
period and year . &
n ,'l g/l_l PZ.E’ PSﬂ' P91.5’ PZ.E' PEI' P!T,E'
in pg/L in pg/L in pg/L in pg/L in pg/L in pg/L
61 Jan 1956 0.08 0.02 0.05 0612 0.02 0.04 0.12
62 Feb 1956 0.10 0.02 0.07 0.16 0.02 0.06 0.15
63 Mar 1956 0.13 0.03 0.09 0.21 0.03 0.08 0.18
64 Apr 1956 0.17 0.04 0.12 0.26 0.04 0.10 0.24
65 May 1956 0.23 0.05 0.15 0.33 0.05 0.12 0.29
66 June 1956 0.29 0.07 0.20 0.42 0.06 0.15 0.34
67 July 1956 0.36 0.09 0:25 0.52 0.08 0.18 0.41
68 Aug 1956 0.46 0.12 0.31 0.65 0.10 0.23 0.51
69 Sept 1956 057 0.15 0.38 0.79 0.13 0.29 0.65
70 Oct 1956 0.70 0.18 0.47 0.96 0.16 0.35 0.78
71 Nov 1956 0.85 0.23 0.57 1.16 0.22 0.47 1.03
72 Dec 1956 1.04 0.28 0.69 1.38 0.24 0.54 1.14
73 Jan 1957 1.25 0.35 0.83 1.63 0.31 0.63 1.38
74 Feb 1957 1.47 0.41 0.97 1.89 0:37 (ek7/7) 1.69
75 Mar 1957 1.74 0.49 1.16 221 0.43 0.88 1.84
76 Apr 1957 2.04 0.59 1.36 2.57 052 1.09 2.08
T May 1957 2.39 0.70 1.59 2.97 0.60 1.20 2.40
78 June 1957 2577 0.83 1.84 3.40 0.64 131 251
79 July 1957 321 0.98 2.12 3.87 0.74 1.50 3.08
80 Aug 1957 3.69 5 2.45 4.42 0.87 1.73 3.38
81 Sept 1957 4.21 1533 2.80 4.99 1207 2.1 3.83
82 Oct 1957 4.79 1.54 3.20 5.64 1520 2.3l 4.48
83 Nov 1957 541 115771 3.61 6.32 1.46 2,95 533
84 Dec 1957 6.10 2.02 4.08 7.07 151 3.08 5.81
85 Jan 1958 6.86 2.29 4.60 7.87 1.81 3.43 6.42
86 Feb 1958 7.60 2.57 511 8.67 2.04 3.97 7.10
87 Mar 1958 8.47 2.88 5.71 9.58 235 4.36 7.74
88 Apr 1958 9.37 3.22 6.33 10.56 2.68 5.04 8.73
89 May 1958 10.37 3.61 7.02 11.61 2.99 537 9.15
90 June 1958 11.39 4.00 713 12.67 2.98 5.43 9.32
91 July 1958 12.91 4.59 8.78 14.26 4.03 6.88 11.46
92 Aug 1958 14.12 5.09 9.61 15.49 4.55 7.67 12:57
93 Sept 1958 15.35 5.62 10.47 16.74 4.62 8.07 13.12
94 Oct 1958 16.69 6.19 11.39 18.13 5.24 8.98 14.89
95 Nov 1958 18.03 6.79 12:32 19.54 5.71 9.88 16.33
96 Dec 1958 19.49 7.45 13.33 21.07 6.32 10.83 17.27
97 Jan 1959 20.97 8.11 14.36 22.62 6.84 11.56 18.53
98 Feb 1959 2.3 8.77 15.34 23.97 7.74 12.87 20.40
99 Mar 1959 23.92 9.53 16.47 25.59 7.80 13.07 20.81
100 Apr 1959 25.49 10.24 17.59 2722, 8.26 14.30 23152
101 May 1959 27.15 11.08 18.81 29.01 8.82 15.02 23.60
102 June 1959 28.81 11.94 20.01 30.78 10.46 16.86 25.74
103 July 1959 30.56 12.79 21:37 32.69 11.14 17700 27.38
104 Aug 1959 32.36 13.70 22,77 34.63 12.06 18.88 28.65
105 Sept 1959 34.14 14.62 24.11 36.56 12.39 19.29 28.82
106 Oct 1959 36.01 15.60 25.59 38.60 13.35 20.99 31.36
107 Nov 1959 37.85 16.60 27.04 40.57 13.30 22.66 35.03
108 Dec 1959 39.78 17.68 28.50 42.59 14.48 23.99 36.02
2 Historical Reconstruction of Drinking-Water Contamination at Tarawa Terrace

and Vicinity, U.S. Marine Corps Base Camp Lejeune, North Carolina
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Attachment 4: ATSDR Response to DON Letter of June 19, 2008

AppendixI5. Simulated concentrations of tetrachloroethylene in finished water at the water treatment plant, Tarawa Terrace,
U.S. Marine Corps Base Camp Lejeune, North Carolina.—Continued

[PCE, tetrachloroethylene; pg/L, microgram per liter; P, ., Monte Carlo simulation results for the 2.5 percentile; P_, Monte Carlo simulation results for
the 50 percentile; P, Monte Carlo simulation results for the 97.5 percentile; WTP, water treatment plant; Jan, January; Feb, February; Mar, March;
Apr, April; Aug, August; Sept, September; Oct, October; Dec, December]

Range of concentrations derived from Monte Carlo simulations?

Calibrated PCE

:::ei:: ardo:;:r con'centration, Monte Carlo simulation (Scenario 1) Monte Carlo simulation {Scenario 2)*
in pg/L' st' ) Psv' : P-n.s' : Pz.s' : Pso’ ) Ps7.5'

in pg/L in pg/L in pg/L in pg/L in pg/L in pg/L
109  Jan 1960 41.86 18.82 30.15 44.74 15.99 24.99 38.89
110  Feb 1960 43.85 19.92 31.62 46.80 16.98 27.00 41.00
111 Mar 1960 46.03 21.13 33.16 49.07 17.85 26.94 41.01
112 Apr 1960 48.15 2235 34.81 51.31 18.45 29.03 43.84
113 May 1960 50.37 23.59 36.60 53.65 19.84 30.13 44.48
114 June 1960 52.51 24.80 3835 55.92 2220 33.22 4721
115 July 1960 54.74 26.08 40.12 58.27 23.30 34.55 50.18
116 Aug 1960 56.96 27.37 4213 60.60 24.49 36.32 51.82
117 Sept 1960 59.09 28.64 43.80 62.82 24.27 35.66 51.64
118 Oct 1960 61.30 29.98 45.51 65.09 26.27 38.51 55.86
119  Nov 1960 63.42 3131 4725 67.22 26.43 40.46 59.79
120 Dec 1960 65.61 32.81 48.96 69.64 2691 43.02 60.66
121 Jan 1961 67.69 34.22 50.74 71.88 28.21 43.30 63.65
122 Feb 1961 69.54 35.52 5242 73.96 30.97 45.69 70.43
123 Mar 1961 71.56 36.93 54.16 76.28 31.47 4572 66.14
124 Apr1961 73.49 3831 55.82 7851 3233 47.92 70.86
125  May 1961 75.49 39.76 57.54 80.74 32.37 49.12 70.32
126 June 1961 77.39 41.04 59.14 82.99 38.28 53.02 73.49
127 July 1961 79.36 4245 60.87 84.92 36.88 54.13 75.55
128 Aug 1961 81.32 43.86 62.61 86.79 38.78 56.07 77.30
129 Sept 1961 83.19 45.25 64.23 88.82 38.62 54.74 76.56
130 Oct 1961 85.11 46.69 65.85 90.84 4037 58.11 80.91
131 Nov 1961 86.95 48.10 67.44 92.75 39.55 59.92 87.09
132 Dec 1961 88.84 49.61 69.03 94.71 42.20 62.63 86.40
133 Jan 1962 60.88 34.23 4747 64.96 27.60 4246 62.20
134 Feb 1962 62.10 35.17 48.52 66.43 30.36 4591 68.03
135 Mar 1962 62.94 35.84 4935 67.26 31.00 45.13 66.06
136 Apr 1962 63.59 36.33 50.10 68.07 32.57 48.08 68.30
137 May 1962 64.17 36.80 50.73 68.98 31.10 46.57 66.06
138 June 1962 64.70 3721 51.33 69.81 29.45 4347 61.90
139 July 1962 65.23 37.65 51.82 70.45 28.63 4436 62.01
140 Aug 1962 65.74 38.07 5241 71.23 29.87 45.14 64.88
141 Sept 1962 66.22 38.47 5291 71.97 32.00 4751 67.91
142 Oct 1962 66.71 38.89 53.53 7274 30.29 4730 68.59
143 Nov 1962 67.18 39.30 54.16 73.38 35.13 53.53 77.51
144 Dec 1962 67.65 39.72 54.77 74.05 33.21 50.53 75.06
145  Jan 1963 68.06 40.19 55.24 74.67 3241 49.74 74.10
146 Feb 1963 68.39 40.63 55.56 75017 34.46 52.70 77:58
147 Mar 1963 68.73 41.15 56.03 75.76 35.61 52.41 73.73
148 Apr1963 69.03 41.66 56.47 76.32 36.91 55.39 79.81
149  May 1963 69.33 42.03 56.98 il 34.47 53.02 77.36
150 June 1963 69.62 4225 57.46 77.94 34.18 49.23 70.00
151 July 1963 69.90 4245 57.98 78.48 32.75 49.62 71.03
152 Aug 1963 70.17 42.67 58.43 79.00 34.06 51.05 73.06
153 Sept 1963 70.43 42.87 58.82 79.47 36.62 52.90 76.53
154 Oct 1963 70.69 43.17 59.15 79.90 36.26 52.47 77.15
155  Nov 1963 70.93 43.60 59.49 80.31 38.46 59.09 84.58
156 Dec 1963 71.17 43.90 59.88 80.88 36.71 56.06 80.60
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Appendix I5. Simulated concentrations of tetrachloroethylene in finished water at the water treatment plant, Tarawa Terrace,
U.S. Marine Corps Base Camp Lejeune, North Carolina.—Continued

[PCE, tetrachloroethylene; pg/L, microgram per liter; P, ., Monte Carlo simulation results for the 2.5 percentile; P_, Monte Carlo simulation results for
the 50 percentile; P, Monte Carlo simulation results for the 97.5 percentile; WTP, water treatment plant; Jan, January; Feb, February; Mar, March;

Apr, April; Aug, August; Sept, September; Oct, October; Dec, December]

Range of concentrations derived from Monte Carlo simulations’

Calibrated PCE

:;I'::: a::lo;;:r con-centrati o Monte Carlo simulation (Scenario 1)° Monte Carlo simulation (Scenario 2)*
i pg/L‘ Pz.ﬁ' Psn’ I:'91.5" st' Psn’ Ps1,s'

in pg/L in pg/L in pg/L in pg/L in pg/L in pg/L
157 Jan 1964 71.40 44.18 60.32 81.34 35.81 55.22 80.71
158 Feb 1964 63.77 39.66 54.00 72.84 37.51 5847 83.80
159 Mar 1964 63.95 39.92 54.36 73.38 3737 57.84 81.58
160 Apr 1964 64.08 40.09 54.68 73.85 40.30 60.39 85.06
161 May 1964 64.19 40.31 54.98 74.28 39.56 57.23 84.15
162 June 1964 64.27 40.51 55.28 74.64 37.14 53.54 7521
163 July 1964 64.34 40.61 5545 74.98 35.59 54.24 76.87
164 Aug 1964 64.39 40.68 55.64 7527 37.29 55:12 77.08
165 Sept 1964 64.43 40.75 55.82 75.62 39.55 57.96 80.84
166 Oct 1964 64.47 40.81 56.00 75.94 38.57 56.64 78.51
167 Nov 1964 64.49 40.88 56.18 76.19 42.49 63.10 91.13
168 Dec 1964 64.50 40.96 56.36 76.45 39.06 59.01 88.36
169 Jan 1965 64.50 41.10 56.58 76.70 TR 59.05 88.52
170 Feb 1965 64.49 41.12 56.70 76.94 39.46 61.35 94.71
171 Mar 1965 64.47 41.14 56.78 77.17 41.20 60.99 §9.98
172 Apr 1965 64.45 41.16 56.92 77.24 42.66 64.07 93.10
173 May 1965 64.42 41.20 57.06 Fil: 41.03 61.17 87.07
174 June 1965 64.38 41.23 57.20 77.34 36.64 56.23 81.33
175 July 1965 64.33 41.26 57.22 77.80 38.15 5732 81.83
176 Aug 1965 64.27 41.14 5722 7791 38.93 57.04 84.04
177 Sept 1965 64.20 41.03 5722 7192 41.40 60.36 84.29
178 Oct 1965 64.13 40.92 57:30 78.03 38.84 59.61 87.79
179 Nov 1965 64.05 40.85 57.34 78.10 44.47 66.00 95.45
180 Dec 1965 63.97 40.78 5739 78.10 39.95 61.88 91.31
181 Jan 1966 63.88 40.81 57.48 78.26 39.34 61.61 91.59
182 Feb 1966 63.79 40.88 57.54 78.38 42.06 64.63 99.81
183 Mar 1966 63.68 41.01 57.62 78.45 41.44 63.87 94.47
184 Apr 1966 63.57 41.20 57.61 78.33 43.72 66.91 97.21
185 May 1966 63.46 41.28 57.64 78.43 42.05 64.21 91.37
186 June 1966 63.34 41.40 57.70 78.44 38.28 58.86 86.56
187 July 1966 63.21 41.54 57.70 78.65 39.70 58.20 87.29
188 Aug 1966 63.08 41.69 57.74 78.94 39.57 60.11 87.73
189 Sept 1966 62.94 41.79 57.79 7891 41.82 62.94 91.60
190 Oct 1966 62.80 41.73 57.82 78.87 40.67 60.35 90.52
191 Nov 1966 62.65 41.67 57.78 78.78 44.43 68.76 99.82
192 Dec 1966 62.50 41.60 57.82 78.70 40.92 63.19 97.26
193 Jan 1967 62.25 41.42 57.70 78.67 40.95 62.45 96.88
194 Feb 1967 61.99 41.20 57.61 78.56 41.00 66.51 98.39
195 Mar 1967 61.67 40.98 57.36 78.37 43.47 64.42 95.01
196 Apr 1967 61.35 40.74 5712 78.11 44.75 66.63 97.65
19¢ May 1967 61.02 40.52 56.84 77.78 42,71 64.23 95.11
198 June 1967 60.69 40.22 56.65 77.54 38.89 58.53 86.55
199 July 1967 60.37 40.03 56.43 77.45 38.46 59.64 87.57
200 Aug 1967 60.05 39.87 56.26 Fi39 39.01 3970 89.18
201 Sept 1967 59.74 39.69 56.04 77.26 40.93 61.91 90.19
202 Oct 1967 5943 3949 55.86 7712 40.30 60.56 90.27
203 Nov 1967 59.13 3951 95,71 76.98 44.01 68.01 99.90
204 Dec 1967 58.83 39.12 3550 76.83 41.94 63.60 97.99
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AppendixI5. Simulated concentrations of tetrachloroethylene in finished water at the water treatment plant, Tarawa Terrace,
U.S. Marine Corps Base Camp Lejeune, North Carolina.—Continued

[PCE, tetrachloroethylene; pg/L, microgram per liter; P, ,, Monte Carlo simulation results for the 2.5 percentile; P_, Monte Carlo simulation results for
the 50 percentile; P, ., Monte Carlo simulation results for the 97.5 percentile; WTP, water treatment plant; Jan, January; Feb, February; Mar, March;
Apr, April; Aug, August; Sept, September; Oct, October; Dec, December]

Range of concentrations derived from Monte Carlo simulations?

Calibrated PCE N N N N N N
Stress Month i Monte Carlo simulation (Scenario 1)° Monte Carlo simulation (Scenario 2)*
period and year . :
inpg/L' ) P Py . Pys ) Py ) Py ) Pys
in pg/L in pg/L in pg/L in pg/L in pg/L in pg/L
205 Jan 1968 58.41 38.91 55.32 76.43 40.60 63.04 98.22
206 Feb 1968 57.95 38.69 55.12 75.94 39.51 63.91 98.67
207 Mar 1968 57.43 38.44 54.74 75.51 41.62 63.54 94.21
208  Apr 1968 56.94 38.22 54.56 7512 42.61 65.79 99.98
209 May 1968 56.45 37.99 54.20 74.61 39.39 62.35 92.79
210 June 1968 55.98 3772 53.86 74.13 37.49 57.23 84.15
211 July 1968 55.49 37.46 53.50 73.63 37.31 56.92 83.56
212 Aug 1968 55.02 3731 53.27 73.27 37.52 58.08 84.83
213 Sept 1968 54.58 37.16 53.00 73.05 40.06 60.24 89.84
214 Oct 1968 54.13 36.94 52.72 72.83 37.61 59.46 87.96
215 Nov 1968 53,71 36.71 52.49 72.61 42.84 64.11 96.77
216 Dec 1968 53.28 36.45 52.16 72.34 39.36 60.93 93.74
217 Jan 1969 53.07 36.40 52.03 72.40 37.42 60.60 90.38
218 Feb 1969 52.97 36.41 52.07 7232 38.68 63.83 100.33
219 Mar 1969 52.94 36.41 5221 7223 40.85 62.20 90.15
220 Apr 1969 52.93 36.50 52.33 72.58 41.71 63.74 95.37
221 May 1969 52.93 36.55 52.41 72.94 40.51 60.54 94.64
222 June 1969 52.92 36.59 52.49 73.24 37.99 56.86 82.85
223 July 1969 52.90 36.61 52.54 7352 35.02 57.32 8575
224 Aug 1969 52.86 36.63 52,7 7371 36.90 57.85 85.34
225 Sept 1969 52.81 36.64 52.74 73.98 39.74 59.97 89.19
226 Oct 1969 52.75 36.64 52.75 74.13 37.64 59.44 92.22
227 Nov 1969 55.19 38.34 55,24 7172 36.74 55.89 84.87
228 Dec 1969 55.19 38.30 55123 77.70 32.94 51.96 81.13
229 Jan 1970 55.01 38.10 55.14 77.54 32.78 50.97 81.62
230 Feb 1970 54.79 37.97 55.03 77.34 33.13 52.80 83.08
231 Mar 1970 54.49 37.71 54.76 77.08 32.85 52,32 79.35
232 Apr 1970 54.20 37.46 54.48 76.72 34.85 54,22, 82.26
233 May 1970 53.90 37.21 54,17 76.27 3391 51.26 78.11
234 June 1970 53.61 37.01 5391 75.89 29.54 47.08 TL.T1
235 July 1970 5332 36.82 53.59 75.68 28.77 46.80 72.48
236 Aug 1970 53.04 36.64 53.32 75.44 29.60 47.37 70.90
237 Sept 1970 52.78 36.47 53.06 75.25 31.55 49.00 74.82
238 QOct 1970 52.53 36.31 52.78 75.02 30.14 48.10 73.55
239 Nov 1970 52.29 36.19 52.67 74.93 32.50 53.01 81.51
240 Dec 1970 52,05 36.05 52.54 74.88 3247 48.94 76.35
241 Jan 1971 51.96 35.96 5253 75.02 30.00 48.86 T7.29
242 Feb 1971 51.93 35.90 52.50 75.19 32.51 50.78 80.73
243 Mar 1971 51.95 35.87 52.60 75.42 32.25 49.82 78.27
244 Apr 1971 51.99 35.86 5273 75.65 3274 5265 81.01
245 May 1971 5203 35.86 52.88 75.88 30.15 49.32 76.96
246 June 1971 52.08 35.85 52.86 76.11 29.02 45.87 72.87
247 July 1971 52.12 35.92 52.88 7635 29.03 45.64 72.37
248 Aug 1971 52.16 35.93 52.97 76.52 29.30 46.61 71.75
249 Sept 1971 52.20 35193 53.07 76.72 30.33 48.38 74.56
250 Oct 1971 5223 35.95 53.13 76.91 29.27 46.98 7325
251 Nov 1971 52.26 35.98 53.25 77.05 32.40 52.55 82.47
252 Dec 1971 52.29 3591 53.28 77.28 30.91 49.57 76.35
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Appendix 15. Simulated concentrations of tetrachloroethylene in finished water at the water treatment plant, Tarawa Terrace,
U.S. Marine Corps Base Camp Lejeune, North Carolina.—Continued

[PCE, tetrachloroethylene; ug/L, microgram per liter; P, ., Monte Carlo simulation results for the 2.5 percentile; P, , Monte Carlo simulation results for
the 50 percentile; P, Monte Carlo simulation results for the 97.5 percentile; WTP, water treatment plant; Jan, January; Feb, February; Mar, March;
Apr, April; Aug, August; Sept, September; Oct, October; Dec, December]

Range of concentrations der ved from Monte Carlo simulations?

Calibrated PCE

:;I::: all\lndo;{::r concentration, Monte Carlo simulation (Scenario 1)? Monte Carlo simulation (Scenario 2)*
in pg/L' ) Pz,a' ’ Psu' N I:‘97.5' ) Pz.s' . Ps«’ ) Ps1,5'

in pg/L in pg/L in pg/L in pg/L in pg/L in pg/L
253 Jan 1972 49.34 33.93 50.30 73.12 29.17 48.14 77.82
254. Feb 1972 49.01 3372 50.06 72.93 30.19 50.33 81.13
255 Mar 1972 48.68 3347 49.71 T2.72 31.69 48.44 75.80
256 Apr 1972 48.40 33.25 49.54 72.47 30.79 50.77 79.48
257 May 1972 48.14 33.10 49.27 72.26 30.44 48.53 1397
258 June 1972 47.90 32.98 49.08 7217 27.68 44.98 68.87
259 July 1972 47.67 32.85 48.97 72.02 27.13 43.58 66.62
260 Aug 1972 47.45 272 48.78 71.78 26.91 43.63 68.46
261 Sept 1972 47.25 32.60 48.69 71.47 28.10 46.38 72.80
262 Oct 1972 47.05 32.49 48.58 71.34 28.15 44.90 70.07
263 Nov 1972 46.87 32.41 48.43 71.26 30.68 49.80 78.83
264 Dec 1972 46.69 32.29 48.21 71.16 28.36 46.21 76.56
265 Jan 1973 54.28 3152 56.04 82.79 27.54 44.70 72.51
266 Feb 1973 54.19 37.39 55.96 82.69 29.05 4731 78.50
267 Mar 1973 53.98 37.15 55.78 82.35 28.09 46.20 2311
268 Apr 1973 53.76 36.91 55.44 81.94 28.95 46.73 4100
269 May 1973 53.52 36.68 55.24 81.51 26.12 45.17 70.36
270 June 1973 53.30 36.46 55.22 81.10 25.61 40.75 66.70
271 July 1973 53.08 36.24 55.12 80.74 2525 40.82 63.84
272, Aug 1973 52.87 36.03 54.99 80.59 25.02 4147 64.39
273 Sept 1973 52.68 35.84 54.88 80.46 26.43 4333 68.68
274 Oct 1973 5251 35.66 54.87 80.34 26.17 41.28 65.28
275 Nov 1973 3135 35.49 54.80 80.25 27T 4541 72,92
276 Dec 1973 52.20 35.33 54.72 80.17 25.66 4221 68.89
271 Jan 1974 52.43 3541 54.97 80.49 2572 42.62 69.65
278 Feb 1974 52.82 35.59 55.42 80.98 26.19 43.80 12.53
279 Mar 1974 53.39 35.86 55.92 81.66 25.08 42.86 68.49
280 Apr 1974 53.99 36.16 56.60 82.41 28.14 45.59 71.28
281 May 1974 54.63 36.49 57.21 83.20 25.84 42.70 72.49
282 June 1974 55.25 36.80 57.69 84.15 25.00 40.00 64.50
283 July 1974 55.90 37.13 58.15 85.07 24.17 40.57 65.57
284 Aug 1974 56.53 37.50 58.85 85.98 24.29 40.75 65.98
285 Sept 1974 57.10 37.85 59.43 86.86 27.22 43.16 69.98
286 Oct 1974 57.90 38.22 60.00 87.74 2522 42.68 67.27
287 Nov 1974 58.30 38.56 60.59 88.58 28.99 47.52 76.53
288 Dec 1974 58.92 38.98 61.11 89.45 25.07 44.15 72.46
289 Jan 1975 61.00 40.30 63.17 92.62 27.61 45.83 B
290 Feb 1975 61.24 40.39 63.33 9297 28.46 48.17 80.43
291 Mar 1975 61.41 40.51 63.43 93.20 28.98 46.39 77.50
292 Apr 1975 61.57 40.61 63.45 93.38 29347 48.59 82.56
293 May 1975 61.72 40.78 63.62 9332 28.00 46.55 76.49
294 June 1975 61.88 40.92 63.77 93.48 24.95 42.93 67.44
295 July 1975 62.05 41.05 64.04 93.91 2559 42.20 68.93
296 Aug 1975 62.25 41.13 64.22 94.27 26.21 42.72 68.78
297 Sept 1975 62.46 41.20 64.36 94.54 25.88 44.92 73.09
298 Oct 1975 62.69 41.18 64.65 94.84 26.24 43.56 70.58
299 Nov 1975 62.92 41.12 64.91 95.15 27.40 49.02 80.06
300 Dec 1975 63.18 41.12 65.11 95.44 26.23 45.41 76.07
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Appendix I5. Simulated concentrations of tetrachloroethylene in finished water at the water treatment plant, Tarawa Terrace,
U.S. Marine Corps Base Camp Lejeune, North Carolina.—Continued

[PCE, tetrachloroethylene; pg/L, microgram per liter; P, ., Monte Carlo simulation results for the 2.5 percentile; P_, Monte Carlo simulation results for
the 50 percentile; P, Monte Carlo simulation results for the 97.5 percentile; WTP, water treatment plant; Jan, January; Feb, February; Mar, March;
Apr, April; Aug, August; Sept, September; Oct, October; Dec, December]

Range of concentrations derived from Monte Carlo simulations’

Calibrated PCE

i::ei:: ardo;;:r conf:entratinn, Monte Carlo simulation (Scenario 1)° Monte Carlo simulation (Scenario 2)*
in pg/L' ) Pz.s' Psv' P91.5' ) st’ ) Ps«' ) P91.5'
in pg/L in pg/L in pg/L in pg/L in pg/L in pg/L
301 Jan 1976 73.96 48.06 76.13 111.62 27.44 47.37 78.75
302 Feb 1976 74.94 48.64 77.01 112.96 28.08 50.08 82.73
303 Mar 1976 75.97 49.28 77.88 114.29 30.00 49.48 77.65
304 Apr1976 76.97 49.90 78.87 115.66 29.89 51.83 83.45
305  May 1976 78.00 50.66 79.94 117.25 28.96 4932 81.75
306 June 1976 79.02 51.42 80.86 118.78 27.37 44.69 74.98
307 July 1976 80.07 52.20 8182 120.35 28.29 45.16 75.62
308 Aug 1976 81.13 52.86 82.70 121.82 27.95 46.57 76.48
309 Sept 1976 82.17 53.51 83.71 123.46 29.17 49.14 79.62
310 Oct 1976 83.25 54.25 84.81 124.74 28.92 48.10 80.30
311  Nov 1976 84.31 55.09 85.76 126.00 31.09 53.61 90.47
312 Dec 1976 85.41 55.90 86.67 127.61 28.21 50.51 82.95
313 Jan 1977 86.61 56.70 87.66 129.36 28.88 49.71 81.57
314 Feb 1977 87.70 57.45 88.70 131.09 30.18 52.13 85.43
315  Mar 1977 88.91 58.14 89.80 133.02 29.18 51.65 83.61
316  Apr 1977 90.10 58.86 90.90 134.30 32.23 54.40 88.91
317  May 1977 91.32 59.61 91.86 135.48 30.43 50.86 86.19
318 June 1977 92.53 60.38 93.08 136.61 28.97 47.43 78.24
319 July 1977 93.75 61.24 94.29 137.80 29.03 47.45 77.48
320 Aug 1977 94.99 62.11 95.48 139.43 28.20 48.28 81.51
321 Sept 1977 96.20 62.97 96.44 140.89 30.24 50.29 85.19
322 Oct1977 97.42 63.86 97.49 142.51 28.33 51.14 82.53
323 Nov 1977 98.62 64.58 98.62 144.08 3233 56.02 92.86
324 Dec 1977 99.84 65.31 99.65 145.59 29.86 53.22 90.47
325  Jan 1978 101.18 66.16 101.09 147.13 44.02 75.70 120.92
326 Feb 1978 102.77 67.25 102.62 148.91 39.93 67.26 112.31
327 Mar 1978 103.04 67.39 103.04 149.08 52.50 84.64 133.87
328 Apr1978 104.31 68.24 104.52 150.32 46.79 76.94 126.94
329  May 1978 105.19 68.81 105.34 151.12 50.49 85.95 136.76
330 June 1978 106.88 70.00 107.10 153.19 42.45 73.13 119.19
331 July 1978 107.95 70.77 108.05 154.56 45.08 75.24 121.43
332 Aug 1978 108.69 71.12 108.58 155.63 48.54 80.46 135.92
333 Sept 1978 109.61 71.68 109.40 156.91 48.81 83.51 139.85
334 Oct1978 111.18 72.89 110.78 158.60 44.55 75.04 121.83
335 Nov 1978 111.08 72.99 110.76 158.33 59.23 100.40 162.58
336 Dec 1978 111.93 73.52 111.71 159.48 58.45 100.01 162.64
337  Jan 1979 113.14 74.30 112.93 161.01 57.81 95.20 164.77
338  Feb 1979 114.05 74.80 113.75 162.04 58.23 99.50 166.62
339  Mar 1979 114.98 75.32 114.60 163.14 59.21 101.26 162.26
340 Apr1979 115.82 76.01 115.14 164.14 64.03 105.77 169.77
341 May 1979 116.68 76.83 115.85 165.22 60.49 104.49 166.33
342 June 1979 117.47 77.56 116.62 166.12 57.29 95.08 158.63
343 July 1979 118.29 78.22 117.32 166.52 60.76 97.83 159.43
344 Aug 1979 119.08 78.87 117.95 167.11 60.40 101.30 162.28
345  Sept 1979 119.83 79.50 118.62 167.82 67.04 105.09 167.67
346 Oct 1979 120.59 80.14 119.49 168.59 63.07 104.48 172.01
347  Nov 1979 12131 80.74 120.12 169.34 74.24 119.14 191.45
348  Dec 1979 122.04 81.35 120.77 170.09 68.90 113.89 186.42
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Appendix 15. Simulated concentrations of tetrachloroethylene in finished water at the water treatment plant, Tarawa Terrace,
U.S. Marine Corps Base Camp Lejeune, North Carolina.—Continued

[PCE, tetrachloroethylene; ug/L, microgram per liter; P, ., Monte Carlo simulation results for the 2.5 percentile; P, , Monte Carlo simulation results for
the 50 percentile; P, Monte Carlo simulation results for the 97.5 percentile; WTP, water treatment plant; Jan, January; Feb, February; Mar, March;
Apr, April; Aug, August; Sept, September; Oct, October; Dec, December]

Range of concentrations derived from Monte Carlo simulations?

Calibrated PCE N N N N - N

Str?sz N:’ﬂllﬂl T Monte Carlo simulation (Scenario 1)° Monte Carlo simulation (Scenario 2)*

pe"o an year in }lwl.l PZ.E' Pil' P!I.S’ P2.5' PEI' P91.5'
in pg/L in pg/L in pg/L in pg/L in pg/L inpg/L
349 Jan 1980 123.28 82.20 122.09 171.34 61.30 101.54 159.81
350 Feb 1980 122.98 81.93 121.80 171.45 77.70 181.23 206.13
351 Mar 1980 124.03 82.63 122.99 172.63 67.73 114.94 183.21
352 Apr 1980 123.90 82.42 123.27 172.41 86.02 143.61 229.05
353 May 1980 124.69 82.89 123.73 173:81, 85.23 138.95 220.28
354 June 1980 125.83 8392 124.67 175.54 80.14 128.55 203.28

355 July 1980 0.72 0.10 0.43 1.67 0.06 0.32 1.22

356 Aug 1980 0.75 0.11 0.45 1.73 0.07 0.34 1.28
357 Sept 1980 121.36 80.64 120.61 170.25 74.54 128.20 195.86
358 Oct 1980 121.72 80.95 121.00 170.55 82.88 137.09 215.09
359 Nov 1980 122.14 81.32 121.73 171.07 89.83 145.35 231.15
360 Dec 1980 122.95 81.96 122.56 171.97 87.97 143.51 226.80
361 Jan 1981 114.05 76.20 113.83 159.33 81.35 131.65 210.19
362 Feb 1981 114.39 76.42 114.22 159.76 7193 120:32 185.47
363 Mar 1981 115.60 77,32 115.10 161.62 65.38 104.23 164.75
364 Apr 1981 116.55 78.07 116.07 163.34 61.89 101.55 15835
365 May 1981 117.30 78.64 116.91 164.52 63.14 99.62 156.29
366 June 1981 118.36 79.53 117.92 165.37 54.95 86.73 140.98
367 July 1981 133.29 89.77 132.96 186.08 58.22 92.47 142.21
368 Aug 1981 134.31 90.57 133.94 187.73 59.68 95.47 180 LA
369 Sept 1981 120.72 81.40 120.32 168.91 58.90 98.56 150.82
370 Oct 1981 121.04 81.71 120.86 169.57 61.42 99.80 157.59
371 Nov 1981 121.41 82.04 121.17 170.30 60.76 101.36 158.08
372 Dec 1981 121.81 82.41 121.56 171.08 63.30 102.27 160.36
373 Jan 1982 103.95 70.61 103.86 145.41 5535 91.05 141.55
374 Feb 1982 105.86 71.96 105.76 147.68 56.60 92.63 140.40
375 Mar 1982 107.52 73.05 107.51 149.67 59.57 9391 147.10
376 Apr 1982 108.83 74.01 108.79 151.25 58.43 97.00 147.50
377 May 1982 148.50 101.45 147.91 206.23 66.65 107.89 166.05
378 June 1982 110.78 75.70 110.41 153.60 61.01 99.03 151.27
379 July 1982 111.98 76.77 111.69 154.90 62.24 9791 154.37
380 Aug 1982 113.07 77.74 112.66 156.03 63.70 99.09 152.90
381 Sept 1982 114.04 78.49 113.60 157.00 6521 100.91 153.98
382 Oct 1982 114.60 79.03 114.14 157.69 67.41 108.99 165.07
383 Nov 1982 113.87 78.41 113.67 15737 88.82 142.12 223.75
384 Dec 1982 115.16 79.21 114.95 158.89 79.98 128.05 193.75

385 Jan 1983 L2 0.25 0.75 2.48 07 0.61 1.90

386 Feb 1983 1.29 0.27 0.78 2.56 0.18 0.63 1.94
387 Mar 1983 111.76 77.09 112.19 156.29 78.57 123.82 194.41
388 Apr 1983 112.66 792 112.99 157.31 74.18 119.77 182.63
389 May 1983 113.97 79.21 114.10 158.82 70.85 117.76 174.86
390 June 1983 106.10 74.18 106.03 147.67 68.30 103.53 162.13
391 July 1983 116.70 81.48 116.62 162.17 66.41 108.10 166.88
392 Aug 1983 117.72 82.09 117.54 163.39 67.97 107.12 161.29
393 Sept 1983 117.83 82.03 117.63 163.40 76.74 120.27 183.16
394 Oct 1983 117.97 82.03 117.88 163.53 84.95 133.04 207.24
395 Nov 1983 118.63 82.60 118.70 164.81 89.04 14271 224.56
396 Dec 1983 120.78 84.23 120.74 167.35 72.65 113.38 171.38

8 Historical Reconstruction of Drinking-Water Contamination at Tarawa Terrace

and Vicinity, U.S. Marine Corps Base Camp Lejeune, North Carolina
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AppendixI5. Simulated concentrations of tetrachloroethylene in finished water at the water treatment plant, Tarawa Terrace,
U.S. Marine Corps Base Camp Lejeune, North Carolina.—Continued

[PCE, tetrachloroethylene; pg/L, microgram per liter; P, ., Monte Carlo simulation results for the 2.5 percentile; P_, Monte Carlo simulation results for
the 50 percentile; P, Monte Carlo simulation results for the 97.5 percentile; WTP, water treatment plant; Jan, January; Feb, February; Mar, March;

Apr, April; Aug, August; Sept, September; Oct, October; Dec, December]

Range of concentrations derived from Monte Carlo simulations’

Calibrated PCE

s:l::: ardo\';::r concentrtion. Monte Carlo simulation (Scenario 1)° Monte Carlo simulation (Scenario 2)°
in pgll.' Pz.s' Psn' P 975" Pz.s' Pso' P91.5'
in pg/L in pg/L in pg/L in pg/L in pg/L in pg/L
397 Jan 1984 132.87 92.63 133.27 185.03 103.04 159.84 247.01
398 Feb 1984 180.39 126.52 180.97 249.43 94.25 150.35 230.69
399 Mar 1984 183.02 128.61 183.55 252.50 99.38 159.70 240.42
400 Apr 1984 151.46 106.37 151.54 208.97 97.90 155.71 236.45
401 May 1984 153.42 107.63 153.20 211.58 92.85 146.63 220.85
402 June 1984 182.13 127.45 181.99 250:57 94.11 152.75 228.36
403 July 1984 156.39 109.41 156.40 214.58 101.95 160.97 234.39
404 Aug 1984 170.47 106.73 158.25 238.65 108.76 168.54 261.54
405 Sept 1984 181.22 113.28 168.51 253.93 117.53 184.30 295.64
406 Oct 1984 173.73 108.42 161.84 245.02 120.12 182.33 281.84
407 Nov 1984 173.77 108.41 161.92 245.70 124.18 187.60 287.36
408 Dec 1984 173.18 107.82 161.69 246.06 127.85 193.50 301.23
409 Jan 1985 176.12 109.98 164.71 251.48 122.98 187.00 293.19
410 Feb 1985 3.64 113 2.67 6.57 0.47 1.41 3.74
411 Mar 1985 8.71 3.21 6.58 14.79 8.83 20.01 41.59
412 Apr 1985 8.09 2.99 6.16 13.70 9.00 20.41 42.30
413 May 1985 4.76 1.50 3.46 8.36 0.58 1.68 4.47
414 June 1985 5.4 1.65 3.80 9.21 0.64 1.81 4.78
415 July 1985 5.54 1.80 4.12 10.04 0.69 1.96 510
416 Aug 1985 6.01 1.98 4.50 10.97 0.76 2k 5.56
417 Sept 1985 6.50 2.19 4.88 11.89 0.83 2.30 6.03
418 Oct 1985 7.06 243 D33 12.88 0.92 2.53 6.53
419 Nov 1985 7.64 2.68 5.78 13.90 1.02 2.76 7.07
420 Dec 1985 8.27 2.93 6.32 14.99 [LIE) 3.00 7.59
421 Jan 1986 8.85 3.18 6.82 15.87 1.24 3.22 8.14
422 Feb 1986 9.42 3.45 7.30 16.67 1.35 3.46 8.69
423 Mar 1986 12.14 4.55 9.43 21.18 1.85 4.67 11.50
424 Apr 1986 10.83 4.09 8.44 18.71 1.64 4.08 9.90
425 May 1986 11.56 4.42 9.06 19.63 1.79 4.41 10.49
426 June 1986 12.28 4.77 9.70 20.59 1.94 4,76 11.08
427 July 1986 13.06 5.14 10.35 21.75 2.11 5.12 11.77
428 Aug 1986 13.84 5.54 11.01 23.04 2.29 551 12.50
429 Sept 1986 14.61 5.90 11.70 24.30 2.49 5.89 13.19
430 Oct 1986 15.42 6.28 12.41 25.59 271 6.33 13.94
431 Nov 1986 16.21 6.66 13.11 26.70 2.93 6.73 14.77
432 Dec 1986 17.03 7.06 3.7 27.86 317 720 15.65
433 Jan 1987 17.85 7.47 14.46 29.04 341 7.66 16.46
434 Feb 1987 18.49 7.82 15.02 29.91 3.62 8.04 17.16
435 Mar 1987 WTP closed

'Results from Faye (2008) and reported in Maslia et al. (2007, Appendix A2)

P, and P, _ represent the upper and lower bound, respectively, of 95 percent of Monte Carlo simulations; for a Gaussian (normal) distribution, the

median (P, ) should equal the mean value
*Scenario 1 Monte Carlo simulation is for pumping uncertainty excluded

“Scenario 2 Monte Carlo simulation is for pumping uncertainty included

Chapter I: Parameter Sensitivity, Uncertainty, and Variability Associated with Model Simulations of 9
Groundwater Flow, Contaminant Fate and Transport, and Distribution of Drinking Water
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(Ricker 2008)
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MAritofing&Remediation

A Practical Method to Evaluate Ground Water
Contaminant Plume Stability

by Joseph A. Ricker

Abstract

Evaluating plume stability is important for the evaluation of natural attenuation of dissolved chemicals in ground water.
When characterizing ground water contaminant plumes, there are numerous methods for evaluating concentration data. Typ-
ically, the data are tabulated and ground water concentrations presented on a site figure. Contaminant concentration isopleth
maps are typically developed to evaluate temporal changes in the plume boundaries, and plume stability is often assessed by
conducting trend analyses for individual monitoring wells. However, it is becoming more important to understand and effec-
tively communicate the nature of the entire plume in terms of its stability (i.e., is the plume growing, shrinking, or stable?).
This article presents a method for evaluating plume stability using innovative techniques to calculate and assess historical
trends in various plume characteristics, including area. average concentration, contaminant mass, and center of mass. Con-
taminant distribution isopleths are developed for several sampling events, and the characteristics mentioned previously are
calculated for each event using numerical methods and engineering principles. A statistical trend analysis is then performed
on the calculated values to assess the plume stability. The methodology presented here has been used at various contami-
nated sites to effectively evaluate the stability of contaminant plumes comprising tetrachloroethene, carbon tetrachloride.
pentachlorophenol. creosote. naphthalene, henzene, and chlordane. Although other methods for assessing contaminant
plume stability exist, this method has been shown to be efficient, reliable, and applicable to any site with an established
monitoring well network and multiple years of analytical data.

Introduction

Evaluating plume stability is important for the evalua-
tion of natural attenuation of dissolved chemicals in
ground water. U.S. EPA (1998) states that the primary line
of evidence in evaluating natural attenuation is historical
ground water chemistry data that demonstrate a clear and
meaningful trend of decreasing contaminant mass and/or
concentration over time at appropriate monitoring or sam-
pling points. When characterizing ground water contami-
nant plumes, there are numerous methods for evaluating
concentration data.

Wiedemeier et al. (2000) discussed common ap-
proaches for evaluating plume stability using both graphi-
cal and statistical techniques. Graphical methods inciude
the following: (1) the preparation of contaminant concen-
tration isopleth maps; (2) plotting concentration data vs.
time for individual monitoring wells; and (3) plotting con-
centration data vs. distance downgradient for several moni-
toring wells. Common statistical methods for evaluation of

Copyright © 2008 The Author(s)
Journal compilation © 2008 National Ground Water Association.
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temporal and spatial trends include regression analysis
(U.S. EPA 2006). the Mann-Whitney U-test (Mann and
Whitney 1947), and the Mann-Kendall test (U.S. EPA
2006; Gilbert 1987).

Graphical plume stability analysis by comparing iso-
pleth maps over time can provide compelling visual evi-
dence for natural attenuation. However, a comparison of
apparent plume size over tinie does not always provide
a complete analysis. Consider, for example, the case of
a plume that discharges to a surface water body, or a plume
geometry that is persistent over time. In this case, the
plume area would remain relatively unchanged, whereas
the overall plume average concentration and mass may be
decreasing. The change in plume mass would not be nec-
essarily reflected in the visual analysis of isopleth maps.
However. a quantitative analysis of changes in overall
plume concentration and mass would provide a better
understanding of the plume stability.

A common approach for evaluating plume stability is
the use of statistical analysis techniques for single-well
data. However, chemical concentration trends at individual
monitoring wells may show different trends. For example.
at a given site, there may be wells exhibiting decreasing
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SIMULATED WATER LEVEL, IN FEET
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EXPLANATION
——— Line of equality
— — Calibration target, monitor-well data + 3 feet
————— Calibration target, supply-well data = 12 feet
o  Monitor well and simulated paired data point

+  Supply well and simulated paired data point
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Table A8. Summary of calibration targets and resulting calibration statistics for simulation models used to reconstruct histarical
contamination events at Tarawa Terrace and vicinity, U.S. Marine Corps Base Camp Lejeune, North Carolina.

S Resulting SNumber of
t . I : g "
Cahbral '20 n Analysis type Calibration target® calibration paired data
level S .
statistics points (N)
il Predevelopment (no pumping) Magnitude of head difference: 3 feet | E |=1.9ft 59
groundwater flow a=1.5ft
RMS=2.1ft
2 Transient groundwater flow— Magnitude of head difference: 3 feet | A_h |=14ft 263
monitor wells =009 ft
RMS=1.7ft
Transient groundwater flow— Magnitude of head difference: 12 feet | A—h |=71ft 526
supply wells o 6IE
RMS = 8.5 ft
3 Contaminant fate and transport— Concentration difference: + one-half Geometric bias 36
supply wells order of magnitude or model bias (B, ) 5Bg =5.8/3.9
ranging from 0.3 to 3
4 Mixing model—treated water at Concentration difference: + one-half Geometric bias 25
water treatment plant order of magnitude or model bias (B, ) Bg =5

ranging from 0.3 to 3

'Refer to the Chapter C report (Faye and Valenzuela In press 2007) for calibration procedures and details on levels 1 and 2
2Refer to the Chapter F report (Faye In press 2007b) for calibration procedures and details on levels 3 and 4

*Head difference is defined as observed water level (i, ) minus simulated water level (2, ); Magnitude of head difference is defined as:
IAHI= Ih,, b,
B =C, /C . where C_ isthe simulated concentration and C  is the observed concentration; when B = 1, the model exactly predicts the observed

sim obs®

concentration, when B. %21, the model overpredicts the concentration, and when Bm < 1, the model underpredicts the concentration

|: a concentration difference of + one-half order of magnitude equates to a model bias of 0.3 to 3, where, B = model bias and is defined as:

i
i=1

— N
# Average magnitude of head difference is defined as: ‘Ah| = %ZlAhJ ; standard deviation of head difference is defined as: o =
i=1

N-1

where Ah is the mean or average of head difference; root-mean-square of head difference is defined as: RMS =

> in(8,,)

=1 , where In () is the Naperian logarithm

1
L& s
—ZAh ; geometric bias, B , is
NZT g

defined as: B, = exp

3 A paired data point is defined as any location with observed data that is associated with a model location for the purpose of comparing observed data with
model results for water level or concentration

ng = 5.8 computed using all water-supply wells listed in table A9; B, =39 computed without considering water-supply well TT-23—See text for explanation
7Observed concentration of 17 samples recorded as nondetect (see Table A9) and are not used in computation of geometric bias

8Observed concentration of 15 samples recorded as nondetect (see Table A10) and are not used in computation of geometric bias
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ATTACHMENT 8: STOPPING (CONVERGENCE) CRITERIA RESULTS FOR MoNTE CARLO
SIMULATIONS (SCENARIO 1=—PUMPING UNCERTAINTY EXCLUDED) SHOWN AS RELATIVE CHANGE

IN: (@) ARITHMETIC MEAN OF PCE coNCENTRATION (), (b) STANDARD DEVIATION OF PCE
CONCENTRATION (5 C), AND COEFFICIENT OF VARIATION OF PCE coNCENTRATION (C ),
TARAWA TERRACE AND VICINITY, U.S. MARINE Corps Base CavP LEJEUNE,
NorTH CAROLINA (FROM MasLia ET AL. 2008, FiGurE 126)
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RELATIVE CHANGE (AC), IN PERCENT
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RELATIVE CHANGE (Ao ), IN PERCENT
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Figure 126. Stopping (convergence) criteria results
for Monte Carlo simulations (scenario 1—pumping
uncertainty excluded) shown as relative change

in: (a) arithmetic mean of PCE concentration (C),

(b) standard deviation of PCE concentration (o ), and
(c) coefficient of variation of PCE concentration (C ),
Tarawa Terrace and vicinity, U.S. Marine Corps Base

Camp Lejeune, North Carolina. [See Table 113 for
mathematical formulae and definitions of metrics;
PCE, tetrachloroethylene]

600

Chapter I:

Parameter Sensitivity, Uncertainty, and Variability Associated with Model Simulations of
Groundwater Flow, Contaminant Fate and Transport, and Distribution of Drinking Water
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Analyses of Groundwater Flow, Contaminant Fate and Transport, and Distribution of Drinking Water at Tarawa Terrace and Vicinity,
U.S. Marine Corps Base Camp Lejeune, North Carolina: Historical Reconstruction and Present-Day Conditions—
Response to the Department of the Navy’s Letter on: Assessment of ATSDR Water Modeling for Tarawa Terrace
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