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1 Introduction

Application of geochemical modeling, frequently also coupled to reactive trans-
port modeling, became an important part of many hydrogeological and geochemi-
cal investigations. This text intends to present some basic and typical applications
of geochemical and reactive transport modeling. As stated in the title, focus of
the text is on the modeling of geochemistry and reactive transport. This means
that flow modeling and conservative tracer transport modeling principles are
presented here only at the levels necessary for applications of geochemical and
reactive transport types of modeling. Theoretical background in this text is limited
and emphasis is placed on practical aspects of modeling, e.g. how to prepare
a conceptual model, how to calibrate a model, how to choose mineral phases for
geochemical modeling etc. Theoretical background can be found elsewhere in
literature published in both English and Czech and some of these publications
are included in references. Principal program used for geochemical calculations
in this text is PHREEQC because it is available with no charge at web site of the
U.S. Geological Survey.

Modeling in hydrogeology is sometimes considered not only a science, but also
an art. We are trying to present here some rules of this “art”. We hope this pub-
lication will be useful for modeling practitioners and we will be grateful for any
feedback from readers, which could improve our text.

Authors






2 Flow modeling

2.1 Basic terms

The ability of an aquifer to transmit water is described by parameter called hy-
draulic conductivity K [m.s™!], which also depends on properties of transmitted
fluid. When hydraulic conductivity is integrated in vertical dimension, we obtain
transmissivity T [m2.s™'], i.e. hydraulic conductivity multiplied by saturated thick-
ness of aquifer. The volume of water released from storage in an aquifer per unit
surface area per unit change in head is called storativity S [—]. In confined aquifer
the property is characterized by the specific storage S, [m '], which describes
water release per unit volume of the aquifer, and in unconfined aquifer by the
specific yield S, [], also known as drainable porosity (Domenico and Schwartz,
1998). Generally it holds that numerical value of S >> S

A general form of governing equation for flow modeling in 2-D (i.e. in the aquifer
view point in the terminology of Anderson and Woessner, 1992) is
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where leakage L is calculated as

Ropree —h
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In these equations R represents source/sink term (e.g. pumping well discharge),
b’ is thickness of aquitard across which leakage takes place and h, is hydraulic
head in the source of leakage area (e.g. in overlying aquifer which leaks water
across aquitard to the modeled aquifer).

When fully 3-D modeling of flow is considered the general form of governing
equation is
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2 Flow modeling

This equation strictly applies for confined aquifer where saturated thickness re-
mains constant. In unconfined aquifer situation is different because saturated
thickness changes as a consequence of decreasing hydraulic head. Governing
equation is

o ) of, ow o
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The equation above is nonlinear because h appears to the second power at left
side and to the first power at right side.

For more detailed treatment of the topic see Freeze and Cherry (1979), Domenico
and Schwartz (1998) and in Czech Sragek and Kuchovsky (2003).

2.2 Steps in preparation of a flow model

Principal steps in preparation of a flow model include:
(a) Establishing purpose of modeling,

(b) Development of conceptual model,

(c) Selection of computer code,

(d) Model design,

(e) Model calibration,

(f) Sensitivity analysis,

(g) Model verification,

(h) Model prediction,

(i) Postaudit.

Ad (a). In this step, called establishing of model purpose, we justify why we need
modeling to achieve project’s goals. In some cases a simple analytical solution
can be used instead of more sophisticated and time-consuming numerical code.

Ad (b). Conceptual model is perhaps the most important part of modeling process.
Errors in this step are the most common and they can spoil completely whole
modeling effort (Bredehoeft, 2005). In this step we define hydrostratigraphy,
hydraulic parameters of different units and also stresses on the modeled system.

Ad (c). In this step we have to select modeling code which is able to model pro-
cesses included in conceptual model. This step should also include verification
of a code, i.e. determination if the code solves correctly governing equations.



2 Flow modeling

However, when we use well-established codes such as MODFLOW, we assume
that the code has already been verified.

Ad (d). In model design step we turn conceptual model into a form suitable for
modeling. In this step modeling grid is designed, boundary conditions and time
steps are selected and preliminary values of hydraulic parameters and hydrologi-
cal stresses are set up. When we want to use the model for later transport and/or
reactive transport modeling, in flow modeling step we have to already consider
criteria for transport modeling grid size including suitable values for Peclet num-
ber and Courant number (see chapter 3.1).

Ad (e). In calibration step a set of values for hydraulic parameters and hydrologic
stresses is found which approximates well values of hydraulic heads and water
fluxes. Calibration is generally performed in steady-state mode. Calculated and
observed hydraulic heads are compared and calibration error is evaluated using
several parameters presented, for example, by Anderson and Woessner (1992).
Calibration can be done by trial-and-error or by the application of automated
parameter estimation code.

Ad (f). In this step sensitivity analysis is performed to determine the effect of
uncertainty on the calibrated model. By variation of selected model parameters,
the most critical parameters are found, which have an impact on calculated hy-
draulic heads.

Ad (g). Purpose of this verification step is to establish more confidence in the
model using the set of calibrated data to produce second set of calculated hy-
draulic heads. Commonly verification is performed in transient mode to calibrate
strorativity values, which cannot be calibrated in steady-state mode. However,
some modeling experts are arguing that verification of a model in the sense of
Karl Popper’s approach is impossible (Konikow and Bredehoeft, 1992) and, ac-
cording to them, the term “verification” should be replaced, for example, by
“history matching”.

Ad (h). Prediction provides a quantitative response to events in future (e.g. pump-
ing scenario). The model is run using parameters based on calibration and verifi-
cation, but stresses in the modeling are based on values expected in future. This
means that estimates of future stresses are necessary for this simulation. Prediction
is generally the principal purpose of a modeling exercise.

Ad (1). Postaudit is frequently neglected part of modeling, but it is very important.
Several years after modeling new data are collected to determine whether model-
ing provided correct results. The postaudit should be performed long enough to
guarantee that there was sufficient time for changes to occur.






3 Transport modeling

3.1 Basic terms

There are several processes of contaminant transport in water (Table 3.1):

Diffusion is contaminant transport based on concentration gradient, which may
also occur in standing water or even against flow direction. Steady state diffusion
is described by the 1* Fick’s Law. Principal parameter is effective diffusion coef-
ficient D, [m?.s'], which is calculated from diffusion coefficient for free water
D, taking into account porosity and tortuosity of porous media (Fetter, 1999).

Advection is transport with bulk motion of flowing water on the basis of hydrau-
lic gradient. Principal parameter is average linear velocity v [m.s™'] determined
by Darcy’s Law equation. Advection is generally principal transport mechanism
except very low permeability materials, where diffusion dominates.

Dispersion is contaminant spreading caused by velocity variations at different
scales including pore scale, layer scale, and aquifer scale (Fetter, 1999). It is
linked to advection and if there is no advection, there is no dispersion (but there
still can be diffusion). Principal parameters are longitudinal dispersivity a.,,
transversal dispersivity o,;, and vertical dispersivity o.,. Units for all dispersion
parameters are [m]. Dispersivity is combined with effective diffusion coefficient
into parameter called hydrodynamic dispersion D,

D, [m*s']=0q,.v+D, (3.1)

When flow velocity v is close to 0, D, = D,. Value of dispersivity can be deter-
mined by trace test (ideal case) or by empirical relations based on the increasing
value of dispersivity with increasing length of contaminant plume, e.g. equation
of Xu and Eckstein (Domenico and Schwartz, 1998),

o, [m] = 0.83 [log (L)]*** (3.2)

where L is length of plume in m (i.e. transport scale).

Adsorption is process of attachment of contaminant particles to the surface
of solid phase. Reversed process is called desorption. Adsorption is frequently

11



3 Transport modeling

described by distribution coefficient, K, [L.g'], representing linear adsorption
isotherm. It can be determined based on a batch test as a slope of straight line
in graph

S [mg.g '] =f{C[mg.L"]} (3.3)
where S is adsorbed amount of contaminant and C is equilibrium concentration in
water (also see Fig. 4.3). The linear adsorption isotherm does not consider finite
amount of adsorption sites, but there are other isotherms, which consider this

effect, e.g. Langmuir adsorption isotherm. Linear adsorption isotherm is used to
calculate retardation coefficient R,

R [7] = Vconsex/Vadsor = Lconser/Ladsor = 1 + (pb/n)‘Kd (34)

C/C,=0,5

adsorb

< >

conser

< >

Fig. 3.1 Concept of retardation

where v_ .. is velocity of advective transport of a conservative contaminant (i.e.
contaminant with no sorption, decay or precipitation), v, is velocity of advec-
tive transport of adsorbed contaminant, L is the transport distance of conserva-
tive contaminant, L, is transport distance of adsorbed contaminant (Fig. 3.1),
p, is bulk density of solid phase and n is porosity of porous media. As observed
in Fig. 3.1, retardation coefficient is the ratio of respective transport distances for
conservative and adsorbed contaminant and, because time is fixed, it is also the
ratio of their advective velocities (i.e. approximated by their relative concentra-
tions C/C,=0.5).

For organic contaminants a different approach for determination of adsorption
isotherm is used instead of batch test (Fetter, 1999; Sracek and Zeman, 2004).
First of all, distribution coefficient octanol-water K is taken from literature and

12



3 Transport modeling

distribution coefficient organic carbon-water K __ is calculated using an empirical
equation such as the equation of Schwarzenbach-Westall (Fetter, 1999):

log K, =0.49 +0.72 log K, (3.5)

Then value of K, is calculated as
Kd = Koc : foc (36)

where f_ is a fraction of organic carbon in aquifer solids. Finally retardation co-
efficient R is calculated using equation 3.4 just like for inorganic contaminants.

Decay is decomposition of contaminant generally accompanied by formation
of its daughter product. In fact, this process applies only for organic contami-
nants (and, of course, for radionuclides), but not to inorganic contaminants. For
example, when benzene, C,H, is transformed to CO,, it is gone forever. In con-
trast, when Cr(IlI) precipitates as Cr(OH),, it remains in solid phase and can be
re-mobilized in changing pH and Eh conditions. Principal decay parameters are
decay constant A [s™'] and half-life t,, [s]. They are linked by relation

A=In2/t, (3.7)

All processes are implemented in Advection-Dispersion Equation (ADE) which
has the following form for a conservative contaminant in 1-D:

vc  ac_ac
Tox? Tox ot

(3.8.)

The equation also has 2-D and 3-D forms and can be solved by analytical or nu-
merical methods. Analytical solution of 1-D equation (i.e. applicable to laboratory
column) is called solution Ogata-Banks (Freeze and Cherry, 1979). The Ogata-
Banks solution of the ADE gives concentration C(X, t).

Principal sources of contamination can be constant source and instantaneous
source. Boundary conditions for constant source can be constant concentration
C, at the source point x = 0 or constant contaminant flux J.(x = 0) at the boundary
of solution domain. First boundary condition is more common, but both boundary
conditions give converging solution in longer distance from a source.

13



3 Transport modeling

Peclet number Pe = Al/o,; is used to determine nodal spacing Al in numerical
modeling grid. Recommended value is less than 10.

Courant number C = v (At/Al) is used to determine discretisation of time step
At in numerical modeling. Recommended value is less than 1. This means that
time step should be At < Al/v, meaning shorter than time it takes for contaminant
to move the distance Al

More detailed treatment of contaminant transport processes is in Fetter (1999) or
in Czech in Sracek et al. (2002).

Table 3.1 Transport processes

Process Characteristic parameter | Symbol and units

Diffusion Effective diffusion coefficient | D, [m*s™']

Advection | Flow velocity v [m-s™]

Dispersion | Dispersivities o, Oy, Oy [m]

Adsorption | Linear adsorption isotherm K, [L-g"]

Decay Decay constant, half life Als],t,, [s]

3.2 Example of transport modeling

As an example of mathematical modeling application, there is a modeling of
a complex locality including extraction wells, impermeable barriers and remedia-
tion system. The purpose of the modeling was to estimate groundwater sources
exposure due to existence of contamination. Groundwater flow model is based
on MODFLOW (McDonald and Harbaugh, 1988) and transport model on MT3D
(Zheng and Wang, 1999).

3.2.1 Introduction

The purpose of mathematical modeling at a model locality was to create a numeri-
cal flow and transport model with the aim of:
e Dbuilding a model to interpret a map of measured groundwater isolines obtained
in a state affected by:
— the existence of underground barriers restricting the groundwater flow,
— extraction groundwater from the Spring area at a total rate of 120 L.s™,
— simultaneously pumping/infiltration on-site within the framework of the
operation of a remedial system (pumping of 2.2 L.s™' and simultaneously
infiltration of 0.8 L.s}),

14



3 Transport modeling

e modeling the state unaffected by pumping based on the calibrated model in
an affected state,
defining the main groundwater flow directions based on the model,

e using the flow model to simulate the transport of substances and estimate the
possible risks to the infiltration area in a 30 year horizon.

3.2.2 Used numerical tools

To meet the above-mentioned objectives, the modular three-dimensional mat-
hematical tool Processing MODFLOW Pro® was used. This software uses the
program MODFLOW 2000 to calculate the flow field as it allows the simulation
of steady and unsteady groundwater flow in general multi-aquifer systems. The
modular structure allows a number of hydrological problems to be solved and, if
necessary, easy modification of input data. It is made up of the main program and
a set of modules, through which it is possible to model the impact of pumping
and infiltration wells, drainage systems, preferential pathways, sealing effects
of tectonic faults, surface water courses, underground barriers, spatial dosage of
groundwater from precipitation, evapotranspiration and to define special boundary
conditions.

The PMPATH model was used to illustrate the main contamination migration
pathways and to simulate advection transport. This module depicts the flow lines
in the model flow field and tracks the migration without the influence of retarda-
tion using backward tracking and forward tracking methods.

The migration of the selected contaminants was simulated using the transport
model MT3DMS, which enables the simulation of multiple substances at once.

The SURFER™) (Golden Software Inc.) program was used to evaluate the
groundwater flow input and output data.

3.2.3 Input data and description of the model

The size of the modeled area was chosen to sufficiently cover the whole area
of concern, which covers an area of 3 x2.3km. The model was designed so that
its geometry, geological description, hydrological and hydrogeological charac-
teristics describe the actual state of the site as closely as possible in regards to
the information that was available during its design.

The following input data files were used to build and calibrate the groundwater
flow model (Table 3.2):

15



3 Transport modeling

Table 3.2 Flow model input data

Parameter Value Parameter Value
Units and time steps Boundary conditions
units of time [s] Dirichlet boundary of the
units of length [m] model
number of simulation 1 — steady state | Neumann not used
periods Cauchy not used
Layers and elements Other parameters
number of layers 1 effective porosity 0.25
number of lines 213 hydraulic conductivity | 1x10°-2.8x10m.s!
number of columns 205 initial piezometer heads |208.9-214.6 m
length of element on x axis | 20 and 4 m infiltration 15-82 mm.year™!
length of element on y axis | 20 and 4 m
Tipe of GW level unconfined/

confined

top of aquifer bottom of | 208.3-212.5 m
aquifer 200.6-208.1 m

3.2.4 Boundary conditions

The selected types of model boundary conditions were taken into account when
choosing the size of the model (Fig. 3.2). The size of the model was therefore
chosen so that the western boundary of the model formed the water flow boundary,
represented in the model by the boundary condition of a constant groundwater
level. The northern and south-eastern boundary conditions were also simulated
by the boundary conditions of a constant groundwater level, while the given
values of the groundwater level under these boundary conditions are located on
an imaginary flow line. The north-eastern boundary condition represents a line of
pumping wells in the Spring area, which is interpreted in the model using constant
groundwater head conditions with values measured when defining the affected
state. The eastern boundary condition is represented by a water flow with constant
groundwater heads at 212.5 meters above sea level.

Wells located within the model area, where pumping or infiltration of water oc-
curs, were simulated using a constant flow to/from the elements and horizontal
flow barrier with elements of substantially lower hydraulic conductivity.

The size of the modeled area with a designating model network, and the types
of boundary conditions are shown in Fig. 3.2. An irregular model network with
elements of 20% 20, 20 x4, 4x20 and 4 x4m was used. Because it is necessary
to simulate the migration of substances throughout the model area as well as the

influence of the detailed boundary conditions (local pumping), an irregular model

16



3 Transport modeling

Streamline

I .
Om  100m 200m 300m
Legend:

model mesh Il Dirichler boundary condition B horizontal flow barrier
(inside of the model area)

4@ abstraction object A abstaction wells - spring area

=< infiltration object

Fig. 3.2 Model area with boundary conditions

network had to be used. The basis is a model network with elements of 20 x 20 m.
In areas where an underground sealing wall (hereinafter referred to as USW) is
located and where the pumping/infiltration wells of the remedial system are being
used the model network was decreased to 4 x4 m (the size of the model grid is also
shown in Fig. 3.2). Because MODFLOW model is based on the method of finite
differences there are also model elements with sizes of 20 x4 and 4 x 20 m. A total

17



3 Transport modeling

of 66,690 model elements were used to describe the flow at the site, from which
12,156 were inactive (outside the model area beyond the boundary conditions).

Surface [m a.s.l.]

215

214

213

212

N

-

Il
Om 100m 200m 300m

Fig. 3.3 Simulation of ground terrain in the model

Vertically, the model is designed as a one layer model with varied areal distribu-
tion of hydraulic conductivity based on the geological description of the site. For
the design of the digital terrain maps, terrain elevation measurements of accessible
wells were used and z-coordinates obtained by interpolation were used in areas
without wells. The terrain representing the top of the aquifer is not relevant for
the model as the groundwater level is unconfined throughout the study area. The
terrain model is illustrated in Fig. 3.3.

18
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Bottom of
aquifer
[ma.s.l]

208

206

202

N

+

I .
0 100 200 300

Fig. 3.4 Simulation of modeling domain bottom (top of impermeable clay layer)

The base of the aquifer is represented in the model by a bottom layer of sandy
gravel, beneath which is a significantly less permeable clay layer. Geological
profiles obtained from the available wells were used for the design of the model.
The bottom of the model aquifer is shown in Fig. 3.4. Due to the fact that the level
of geological exploration in the area is varied, the amount of data determining the
base of the aquifer is also varied. The majority of the data and therefore the most
accurate interpretation of the base of the aquifer are in the centre of the model
area and the quality declines towards the edges. This is not such a problem for
the mathematical modeling because the ultimate goal is to model the migration
of substances from an area of greater exploration towards the edges of the model.

19



3 Transport modeling

3.2.5 Flow model

The purpose of the flow model is to describe the current situation of groundwater
flow and to simulate variations of change in this situation; also a well-calibrated
flow model is the basis for the transport model.

I .
0 100 200 300

Fig. 3.5 Interpreted groundwater levels based on measured values

20



3 Transport modeling

3.2.6 Calibration of the flow model

The flow model was calibrated to the measured affected state of the groundwater
level included in Fig. 3.5. During this period, on-site remedial pumping/infil-
tration took place. Specific values of the volumes of pumped/infiltrated water
are included in Table 3.3. Groundwater pumping in the infiltration area to the
northeast of the area of concern has a major influence on the model flow field.
This pumping is represented in the model by a decrease in the groundwater level
in line of pumping wells: B1, Al, A2, A4, A6, E10, E2, E14, E15, T2, T3 (see
Fig. 3.2, north-eastern boundary conditions).

N

+

I .
0 100 200 300

Fig. 3.6 Calculated groundwater levels and flow vectors (affected by local pumping and
USwW)
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3 Transport modeling

Table 3.3 On-site groundwater pumping/infiltration wells

Infiltration wells Pumping wells
Name of well vrtu Qs Name of well Q(s?

R-50 0.06 AT-106 —0.58
R-211 0.16 P-32 -0.51
R-212 0.16 P-56 -0.19
R-213 0.16 SM-9 -0.36
SM-1 0.13 R-217 —0.60
SM-3 0.04

SM-4 0.08

Total 0.79 -2.24

Calibration of the flow model takes place by changing the spatial distribution of
the hydraulic conductivity and then by comparing the calculated and measured
groundwater levels so that the differences between the two levels are minimal.
The hydraulic conductivity in the calibration was varied in the range of values
for the expected type of aquifer material in the model area. Given the wide range
of factors that have a large impact on the model (proximity of remedial wells and
USW, the existence of underground storage tanks affecting groundwater flow,
unsatisfactory state of some infiltration wells etc.), the wells around the site were
assigned a lesser weight for the calibration or they were omitted from the flow
model calibration altogether.

The result of the calibration of the flow model based on the measured groundwater
level is included in Fig. 3.6, differences between the calculated and measured
groundwater levels are shown in Fig. 3.7, the corresponding calibrated model
distribution of hydraulic conductivity is illustrated in Fig. 3.8 and thickness of
saturated layer is in Fig. 3.9.

The groundwater level in the aquifer decreases from east to west (towards the
river) and the general character is influenced by local anthropogenic interference
(Fig. 3.6). One of these is the pumping of water in the north-eastern part of the
model (the Spring area), which is reflected in the significantly lower levels of
groundwater than in general. Even more significant elements are the underground
barriers at the site, which retain water on the inlet side (eastern part) forming
a relatively important groundwater level plateau near the river. Local effects of
pumping and infiltration of water at the site are not significantly reflected on the
isolines and have limited extent. In terms of the overall balance of water this
interference is unimportant because the difference between the infiltrated and
pumped volumes is only about 1.5 L.s™. The flow direction shown in Fig. 3.6 is

22



3 Transport modeling

also illustrated using flow velocity vectors. It is easy to see the pumping of water
to the northeast of the model area (arrows pointing to the pumping locations),
which is consistent with the isolines. The arrows can also be seen wrapping
around the underground barriers and their effect on the local flow.

Differences
[m a.s.l]

3

-0.5

I .
0 100 200 300

Fig. 3.7 Differences in the calculated and measured groundwater levels

When comparing all of the available groundwater level point measurements with
the groundwater levels calculated by the model the average difference between the
groundwater levels is 0.34 meters. The most common difference is around 0.2 m
(Fig. 3.7). In seven of the monitored wells, however, this difference is greater

23
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than 1.5 meters. These are on-site wells that are located on site and are part of
the remedial system. This difference is not only due to the above described and
poorly modeled heterogeneity, but also the fact that the remedial pumping takes
place intermittently depending on the capacity of decontamination station and
the measured groundwater levels representing the current state, not the long-term
average. Another important factor is that the groundwater levels expressed in the
individual elements are average values in the element 4 x4 meters in contrast to
the values found directly in the pumping (or infiltration) wells, where they are
maximum values.
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Fig. 3.8 Calibrated hydraulic conductivity
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The distribution of hydraulic conductivity is based on the values corresponding
to the nature of the geological environment. Detailed values for each model ele-
ments are based on the efforts to fit the measured groundwater levels by the model.
The result is a map of the distribution of calibrated hydraulic conductivity of the
aquifer shown on Fig. 3.8. As the basis there are values between 1.10“-1.10° m.s™!
with some extreme value areas, which are due to the geological profile.

Saturated
thickness
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Fig. 3.9 Saturated aquifer

Another interesting result of the model is a map of saturated thickness of the
aquifer, which is calculated as a difference between the calculated groundwater
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level and the bottom of the aquifer (Fig. 3.9). Results show that in the area of
remedial action (between USW) the saturated thickness is about 4 meters. Closer
to the river the thickness of the aquifer declines, but on northern and eastern part
rises. On the figure we can also see a decrease of the thickness in the Spring area,
due to water extraction and local extremes in the remedial fields.

Another good way to display the groundwater flow direction is to use flow lines
which depict in which direction the water flows from the selected model elements.
These flow lines are shown for the calibration state in Fig. 3.10. The figure shows
how the water flowing from the east deflects around the impermeable barriers and
also how the water flows from the area of the remedial action.
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Fig. 3.10 Flow lines of calibrated model
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3.2.7 Calculation of different hydraulic variants

There exists a requirement to test the possibility of increasing the pumping (to
250 1.s7") in the Spring area and the effect of this change on the flow in the model
domain. Another change from the calibrated model is a stop of remedial system
(pumping/infiltration on-site). The basic question is whether the contamination
that occurs at the site can migrate to the groundwater resources in the Spring area
and thereby threaten these resources.

N

+
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Fig. 3.11 Model results for the pumping of 250 L.s™!
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The result of the modeling scenario (Fig. 3.11) shows that due to the increased pump-
ing the groundwater flow is deflected into the Spring area. Stopping the remedial
work at the site has only a local effect on groundwater flow, which leads to a slight
increase in the groundwater levels at the site due to the fact that the balance of water
increases by stopping the pumping. The flow directions are not significantly changed.

The second model scenario is based on the previous one and in addition integrity
of USW is compromised (i.e. USW is desintegrated). This scenario, which is well
on the safe side, represents an unlikely future where the walls completely lose
their ability, remedial works are stopped, but contamination is not yet removed.
The result in Fig. 3.12 shows that even with this option, the water flows from the
contaminated area towards the river and not to the infiltration area.

[ |
0 100 200 300

Fig. 3.12 Model results for the pumping of 250 L.s™ and disintegrated USW

28



3 Transport modeling

3.3 Transport model

Two compounds were chosen as an example for transport modeling, namely
ammonium ions, which represent a group of substances with very a low adsorp-
tion (migrate through the rock environment virtually without retardation), and
chlorobenzene representing substances whose retardation is high due to sorption.
Based on the results of the transport model it is possible to form an idea of the
velocity of migration of other substances not simulated.

The migration of the selected contaminants was simulated using the transport
model MT3DMS, which allows the simulation of multiple substances at once.
The transport model parameters are listed in Table 3.4.

Table 3.4 Transport model input data

Parameter Value Parameter Value

Sorption parameters Advection model parameters
bulk density (p) 1800 kg.m™ method of calculating upstream finite
effective porosity (n,) | 0.25 advection difference method

Dispersion model parameters
Ko™ longitudinal dispersivity 2m
— chlorobenzene 0.29 m* kg transverse dispersivity 0.2m
— ammonium ions 1.61x107 m* kg™ | vertical dispersivity 0.2m

Time parameters
model value f;, 0.0015; 0.01 length of simulation periods | 30 year
distribution coef. K, |Ky=K,.* f,. time step 1 year
sorption type linear

(R=1+K,* p/n,;)

* Data source: EPI SuiteTM. U.S. EPA (http://www.epa.gov/reg3hscd/risk/human/rb-con-
centration_table/Generic_Tables)

In terms of the transport model design there are two key input parameters that
significantly contribute to the behavior of the simulated substances: the effect of
concentrations of organic carbon fraction in solid phase (f,.) and the effect of
modeled sources of contamination.

Sorption is simulated in the model as being linear; its size is specified by a distri-
bution coefficient K, for each of the individual contaminants. This distribution
coefficient is calculated from the partition coefficient and the concentration of
organic carbon (see Table 3.4). The higher the concentration of organic carbon,
the greater is the sorption of the modeled substances onto the rock environment
and therefore their slower migration. Two situations were simulated in terms of
foc- The usual f . value is about 0.01. For safety reasons, value of 0.0015 was
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also included in modeling, which is less favorable from the point of view of the
hazardousness of contaminants (faster migration towards potential recipients).

Another input parameter to the transport model is the source of contamination.
Besides initial distribution of contaminants in the aquifer, the model has a pos-
sibility to simulate a constant source of contamination. If constant sources are
not used dilution leads to a rapid reduction of the contamination plume, which is
often in conflict with observations at the site. This phenomenon is solved by using
elements that serve as sources of contamination for the duration of the modeled
period. These sources represent the contaminant in the unsaturated zone, where
washing out leads to infiltration into the aquifer. This behavior is closer to the
actual behavior at the site and hence it was also simulated.

J year: 2012 J year: 2016
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Fig. 3.13 Modeling of ammonium transport, model part
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For the modeling, a situation was given where the impermeable barriers no longer
fulfilled their function (the second modeling scenario, Fig. 3.12). In total, there-
fore, three transport model variants were calculated:

a) Modeling without retardation (ammonium ions) — Fig. 3.13;

b) Modeling with retardation (chlorobenzene), f,. = 0.01 — Fig. 3.14;

¢) Modeling with limited retardation (chlorobenzene), f,. = 0.0015 — Fig. 3.15.

The first result is a model of the migration of ammonium ions. Fig. 3.13 shows the
development of their concentrations over 30 years with a constant source. From
the initial situation, which corresponds to the year 2012, there were three constant
flows of ammonium ions towards the river due to migration in the direction of

J year: 2012 J year: 2016
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Fig. 3.14 Modeling of chlorobenzene migration (f,. = 0.01), model part
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the groundwater flow. These flows stabilize in time and represent a constant flow
into the river. The concentration decrease is only due to dilution. For ammonium
ions the variant with different f,. was not modeled because the ammonium ions
are not sorbed and therefore they are not affected by the f .

A different situation exists for the sorbing chlorobenzene. Fig. 3.14 shows trans-
port for f,. values of 0.01, while Fig. 3.15 shows results for f. values of 0.0015.
Since the initial distribution of chlorobenzene is different than that for ammonium
ions, the shape of the contamination plume as it evolves over time is also different.
In the case of f,,. values of 0.0015 the character of the contamination plume is
analogous to that of the ammonium ions, because retardation of chlorobenzene
is only 4.1 compare to 22 in case of f,.= 0.01. Migration to the river also occurs
thus affecting the quality of the water.
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Fig. 3.15 Modeling of chlorobenzene migration (f,. = 0.0015), model part
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The situation is entirely different for f,,. values of 0.01 (which is most likely the
real situation). The contamination plume grows very slightly over time and the
final state, which is created after 10 years, is not too different from the initial
situation (Fig. 3.13).

Again, it should be mentioned that all of the transport models are burdened by un-
certainties associated with the flow model as well as uncertainties associated with
the transport model, which have a major impact on the model results. However,
the important result of the modeling is that even in unlikely unfavorable combina-
tions of input data, the model results are favorable for proposed remedial action.
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4 Principles of hydrogeochemistry

4.1 Sampling of water and solids

Sampling plays an important role in any geochemical investigation because when
integrity of water or solid phase samples is compromised, results of interpretation
and modeling might be incorrect. A principal objective is to obtain a water sample
with the same chemical composition as those of water in its original environment
(aquifer, surface water body etc.). When ground water is sampled in wells with
long screen zone, then several redox zones may mix and irreversible chemical
processes may occur. For example, when conditions close to water table are re-
latively oxic and dissolved oxygen is present, and conditions in deeper zone are
reducing with dissolved iron, then there is mixing of ground water from both
zones with resulting loss of both oxygen and iron in reaction like

Fe +0.250,(g) + 2.5H,0 = Fe(OH),(s) + 2H* (4.1

In that case, not only iron and oxygen are lost, but other metals like Zn and Pb
may be lost too because they are adsorbed on precipitated ferric hydroxide.

However, even when no reactions occur, there still is reduction of concentration
due to conservative mixing. For example, when a plume of chloride considered
as non-reactive tracer has a thickness of about 4 m and thickness of screen zone is
of about 10 m, then there will be lower concentration of chloride in water sample,
which will not correspond to its concentration in the aquifer. The only solution is
the sampling with vertical resolution, using several piezometers with short screen
zones open at different depths (Appelo and Postma, 2005) or multilevel samplers
(MLS). Principal limitation is cost of such devices, which is higher compared
to single wells.

Another problem is related to de-gassing of CO,. In many cases, partial pressure
of CO, (P.,) dissolved in ground water is higher than value corresponding to
atmospheric value of 10*3 atm. Thus, when a sample is equilibrated with atmos-
phere, the reaction

Ca + 2HCO,= CaCOs(s) + CO,(g) + H,0 (4.2)

goes to the right and calcite precipitates. Thus, a part of calcium and dissolved
inorganic carbon (DIC) are lost. This process can be even accelerated as a con-
sequence of increasing temperature of sample in the case of late measurement.
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4 Principles of hydrogeochemistry

There is a controversy related to how many volumes of a water in well or piezo-
meter should be pumped prior to collection of sample(s). It is generally assumed
that 3 volumes should be enough, but this requirement cannot be sometimes met
in the case of large diameter domestic wells. Thus, it is recommended to pump
water until parameters like pH and EC are stabilized and then start the sam-
pling (Appelo and Postma, 2005). There also is requirement of low rate pumping
(< 1L.min™") in the case of sampling of a contaminant plume because uncontami-
nated background water could dilute samples otherwise.

Field parameters: Several parameters have to be measured in the field because
their values based on later measurement in laboratory are almost meaningless.

Temperature: this parameter changes quickly and has an impact on other para-
meters such as pH and Eh. Furthermore, temperature is necessary for geochemical
speciation calculation. In an ideal case, temperature should be measured directly
in a well by a down-hole probe. If it is impossible, then measurement should
be performed in a flow-through cell, with minimized contact with atmosphere.
Flow-through cell is a plexi-glass cylinder with hole for insertion of measurement
electrodes, which is connected to pumping device.

Hydrogen ion activity (pH): this is an essential parameter because most geo-
chemical processes are pH-sensitive. The value of pH is generally determined by
distribution of carbonate species in water and, thus, it is strongly affected by equi-
libration with atmosphere. There is de-gassing (Equation 4.2) during sampling
and resulting pH is generally higher than its correct value. Thus, measurement
without contact with atmosphere is required. The pH-meter has to be calibrated
using standard buffers prior to measurement.

Redox potential (Eh): the Eh value is generally lower in ground water com-
pared to surface conditions. Thus, the contact of a sample with atmosphere
(log P, = —0.68 atm) causes changes in speciation such as oxidation of Fe(II)
to Fe(IlT) (Equation 4.1). This means that any contact with atmosphere has to
be avoided. Measurement is also performed in flow-through cell. The Eh value
measured in field is measured with respect to Ag-AgCl (silver chloride) or Hg-Hg-
Cl1 (saturated calomel) electrodes and the measured value has to be converted to
a corresponding value for hydrogen electrode, E ,:

E,, = Ehg, + Eh

where Eh_ ... 1s electrode type and temperature dependent and is indicated by
manufacturer for different measurement devices. This correction Eh is +241 mV
for saturated calomel electrode (25°+C). An alternative method to obtain Eh

(4.3)

correction

correction
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value is based on the measurement of Eh in both field sample and Zobell’s solu-
tion with known E,;, value (Kehew, 2000).

Alkalinity: it is a measure of acid-neutralizing capacity of a solution. It is gener-
ally based on carbonate species, but there can be a contribution of other species:

Alkalinity = HCO, +2CO;> + H,SiO, + H,BO, ... etc. (4.4)

Especially significant can be contribution of dissolved organic matter with de-
protonated carboxylic acid groups, R-COO, in the proximity of a sanitary landfill.
In that case, the value of alkalinity cannot be used to calculate distribution of
carbonate species without corrections (Deutsch, 1997). In an ideal case, alkalinity
is determined 