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The potential hazard from the disposal of low level wastes (LLW) in. shallow

land burial practices depends heavily on the geohydrologic factors of the site.
These include the topography and character of the ground surface, the geologic
fornation and its properties, the -rate^of rainfall, and the interaction of the
waste and Esedia_ J-iacbaaacical aodals provide a powerful tool, and in many situa-
tions tha only tool, of providing the framework to evaluate the consequences of
disposal including the possible effect on man and his environment. It is by
Eeans of models that alternative design of a system may be efficiently assessed
in concert with scientific, economical, social, and political constraints on site
selection.

The approach to modeling can ba classified into three broad groups: those
that use stochastic nathads, those that use parametric E3thods, end those that
use physics-based principles. Only the physics-based Eethods can have both site- -
specific and generic applications and incorporate tha effect of each of the
geohydrologic factors listed above by a rational approach. Hence, the last
categorical approach will be used in this paper to discuss the geohydrological
considerations in land disposal of low level wastes.

THEORETICAL DESCRIPTIONS

One of the fundamental physics-based principles is the conservation of
mass, which can ba expressed for a differential volume as follows:

Rate of Change of Mass =*

(Advection In - Advection Out)

'+ (Dispersion In - Dispersion Out)

- Bacay - Degeneration + Sources (1)

Zq. (1) is only the conceptual statement of the conservation of mass balance. For
the quantitative deternination of the temporal-spatial distribution of the con-
taminants, it nusC be transformed into mathematical expression for each of the terms
involved- The rate of change of raass is simply obtained by tal-cing the derivative of
mass par unit environmental volucte with respect to time, i.e.,

Kate of Change of Mass = ~KZ— (2)

where c is the dissolved contaminant mass per ua.it volume of \/nter (moisture) , s is
the. absorbed contaminant nass per unit solid rnatric mass, 0 :ls tha voluma of vater
par unit of bulk environmental volume, and p is the bulk mass of solid matrix per
unit environmental volume.. It is easily seen that the quantity within the paren-
thesis vn the right-hand tilde of Eq, (2) is indeed the amount of waste mass per unit
environmental vWure. ^ accePtan<* ot this article, the publisher or
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V
* •• The expression (Advection In — Advection. Out), is by definition the net flux of.

mass transported by the mean velocity of fluid across the surface enclosing the
differential volume. Employing the Reynolds Transport Theorem, xra.obtain the
following expression for this term:

• • - >

(Advection In - Advection Out) = — V*(Uc) (3)

vhere U is the Darcy's velocity and V* () is symbol to represent the divergence of
(). The expression (Dispersion In - Dispersion Out) combines all other net fluxes
of eass not carried by the fluid with mean velocity across the enclosing surface of
tha differential volume. It may be caused by velocity fluctuations with time, the

. non-uniform movement of fluid through random meandering, and the random Brownian
notion of the molecules. Analogous to the Fickian diffusion theory and employment
of the Reynolds Transport Theorem, .this term may be expressed as:

(Dispersion In - Dispersion Out) =• - V-(-9^*'c) /' (4)

where I) is the dispersion coefficient tensor of rank two. The dispersion coeffi-
cient tensor nonnally should be determined in the field or through laboratory
experiments. In groundwater contaminant modeling, it can, however, be further
related to the fluid velocity and the dispersivity, a property depending solely on •
the porous Eediua matrix structure. Written in mathematical terms, it becomes:

6D. . = a |lf|6.. 4

where D^4 is the I.j-th component of the tensjjr D, aj is the transverse dispersivity,
Juj is the magnitude of the velocity vector U, 6^ is the Kronecker delta function,
a^ is the longitudinal dispersivity, V± and U-s are the i-th and j-th components of
the velocity vector U, an is the molecular diffusion coefficient, and T is the
tortuosity.

The rate of contaminant mass degeneration in a unit environmental volume
because of radioactive decay can be written as:

Decay = X(8c+ps) (6)

where X is the decay rate constant. This decay rate constant is related to the
physical half life, T, ,„, of the contaminant: by

X = £n(2)/T1/2 (7)

Tha decomposition of the contaminant by all other physical, chemical, and biological
processes othar than the radioactive decay is termed degeneration in this paper. A
thorough discussion on the mathematical formulation of the degeneration can be found
el&av'nsxc.-'- A linear degeneration modal can bs depicted for illustrative purposes
as:

Degeneration = K Gc + K ps (8)

wh^ri: Ky is the: decomposition rate constant through the dissolved phase and Ks is the
decrir!;JO3"i tion rate constant through the absorbed phase. !<.. must: be emphasized that
F.q. (B), to ropr fseat degeneration processes, must be replaced by more appropriate
forr.ml ati.on, if dictated by experimental evidence lor. particular sites. The
r.echaninn for degeneration may include volatilization, hydro lysis, oxidation,



photolysis, precipitation, and biolysis. Finally* by representing tha internal
contaminant sources by a mathematical symbol, I, we have:

Sources = 1 (9)

Substituting Eqs. (2) through (9) into Eq. (1), we obtain the governing partial
differential equation that describes the tenporal-spatial distribution of the
dissolved and absorbed contaminant:

8(9c+ps) = _ v.(]Jcj + v-(el-Vc) - X(6c+ps) - KJGC - lyjs + I (10)

Eq- (10) has not completed the formulation of the problem since it involves'two
dependent variables, c and s, in one equation. The relationship between c and s
must be prescribed. In other words, the manner in which c is transferred to s or
vice versa D C S C be established in terms of mathematical equation based on physical,
or chemical evidence. A substantial review on this topic has been presented by a
number of investigators.^>3 p o r tfre purpose of this paper, the linear isotherm
model will be adopted. The relationship between c and s for this model is:

s = Kdc - (11)

where K$ is tensed tha distribution coefficient defined as the ratio s/c. Substi-
tuting Eq. (11) into Eq. (10), we have tha governing equation describing the dis-
tribution of dissolved vaster^

0R. Zh. = V(Uc) -5- V-(9D'Vc) - XBR.c - (K 0 + K pK.)c - ̂ - - c + I (12)dot d w s d 3t

, where R , the retardation factor is
d'

Rd = 1 + pXd/0 (13)

This factor is physically the ratio of the pore fluid velocity to the contaminant
migration velocity. The pore fluid velocity is defined as Darcy's velocity divided
by the moisture content in the case of unsaturated flow or by the effective porosity
in saturated flow.

Eqs. (11) and (12) subject to appropriate initial and boundary conditions
completely define the transport, transfer, and transformation of any waste in the
aquifer systems. Solution of these two equations would provide the answer to the
following important questions:

1. Where in. the aquifer system are the wastes with passage of time?

2. When will they arrive at specific locations?

3. How much of the wastes will be flowing out of the aquifer at
particular locations?

All other desired quantities can be derived from the temporal—spatial distribution
of the waste that can be obtained by the solution of Eqs. (11) and (12). The
validity of the predicted results, of course, will depend on how well Eqs. (2)
through (6), (8), and (11) represent their respective processes in Eq. (1).

Eqs. (2) nnd (3) arc universal concepts and are true for all aquifer systems.
('0 through'(6) are veil accepted hypother.es and have been Eound to be



' reasonable in practically all types of porous media that can be' considered as
continuum material. The adaption of Eqs. (8) and (11) will certainly depend on the
geohydrological conditions and the characteristics of the wastes under investi-
gation. For any given site, these two equations must be carefully constructed to
reflect the geohydrological properties and the possible interactions between the
waste and burial environment.

GEOHYDROLOGICAL CONSIDERATIONS

Examinations of Eqs. (1) through (12) together with initial and boundary
conditions reveal how and what factors must be considered in land disposal of
low level wastes. These factors are discussed here in the context, of the processes
they directly or indirectly control. It is clear that all factors pertinent to the
evaluation of flow field, which controls the advection and dispersive transport of
the waste, must be considered in addition to those that determine the fate of the
waste directly. First of all, for any particular site, we have to identify the
physical extent of groundvatei: connections such as surface streams, recharge areas,
groundwater divide, etc. These factors in conjunction with the physical considera-
tion will establish the boundary conditions for determining the distribution of the
transporting fluid system and the waste concentration.

Secondly to analyze the mechanisms of accumulation and fluid driven advection
and dispersive transport of wastes, the flow dynamic fields must be determined. For
this purpose, the distribution of water potential, moisture content, and Darcy's
velocity must be obtained throughout the field by measurements or by setting up and
solving appropriate well-defined boundary value problems. Measurements of these
complex fields under continuously transient conditions, which may result from pro-
posed management practices or simply from natural causes, are relatively impractical
and almost impossible because of astronomical costs. Under such circumstances, numeri-
cal simulation of wall-defined boundary value problems offer perhaps the only solution.
In contrast to continuously measuring the above noted dynamic fields at all points,
considerations are then directed to the measurements of the fixed properties of the
porous material such as the capillary conductivity, permeability, water capacity,
porosity, size distribution, and compressibility of both soil matrix and fluid. In
addition, amount of rainfall, other water sources, and potential evapotranspiration
must also be evaluated. Advection serves to move the waste to where the. water flows
and dispersion spreads the wastes over a wide region with respect to its mean position
in advective transport. These two mechanisms do not contribute anything directly to
reduca the amount of wastes dissolved in the water but they do affect the concentration
distribution.

The attenuation of dissolved wastes occurs through transfer of the dissolved
phase to absorbed phase by sorptive-related processes and by transformation of the
material into new species by physical, chemical, and biological processes. Thus, the
retentive exchange characteristics of the porous materials must be considered if credit
of attenuation of dissolved ions is to be taken. The factors that have to be considered
for the transfer of wastes between phases are t:he distribution coefficient for equi-
librium cases and, in addition, sorption rate constant and solubility in the case of
non-equilibrium exchange. Additional parameters for this process may include the par-
tial exchange capacity of the porous medium. Transformation or the degeneration of
wastes may result from, among other things, the precipitation of wastes, oxidation,
hydrolysis, photolysis, biolysis, and volatilization. 'Inert- are'many formulations to
describe those processes. •*• What specific geohydrological factors one has to consider
and what formulation one wants to adopt in land burial practices will depend on site
specific considerations. A linear degeneration model is generally accepted as an
adequate first approximation to the problem. The above transformation processes
are "non characterised by two combined rate constants as in Rq. (S): one- to represent



the'decomposition in the dissolved phase and the other to denote decomposition in the

adsorbed phase.

IEVEL OF ANALYSIS

The acquisition and evaluation of the geohydrological parameters discussed
above are probably the most important and at the same time the most difficult tasks
to be adequately and economically accomplished- Major importance lies in accurate
representation of conditions- With good basic data, credibility is enhanced in the.final
analyses, whereas inadequate data yield doubts and often leave important questions
unresolved. Accordingly, accuracy and realism are primary objectives but the cost
of obtaining data must be kept within economical limits. The cost of getting ade-
quate geohydrological data is often high since measurements involve extensive
investigation, including boring, pumping tests, and climate observations. Thus, within
economic limits, complete, and accurate data sets may not be available. The metho-
dology of analysis nust therefore be. devised to accommodate data avai3.ability and
accountability.

In consideration of the availability of data sets and level of information
desired, different levels of solutions may be obtained based on Eqs. (11) and (12).
These may range fron phsnomenological estimation and exact analytical techniques to
realistic numerical simulations, Phenomenological results may be used to estimate
the arrival tine of wastes at specific locations. Analytical computations often
involve numerous assumptions for simplification. These assumptions include constant
parameters, simple invariant flow field, and regular or infinite aquifer extent so
that exact solutions to Eq. (12) may be obtained. Therefore, analytical computa-
tions are best applied to preliminary assessment and screening decision. Numerical
simulations are required when realistic and detailed studies of the temporal—spatial
distribution of wastes are needed for the comprehensive comparisons of various v;aste
disposal strategies.

In this paper, va will try to illustrate three levels of resolution. Level 1
resolution is designed to simply estimate the order of magnitude of arrival tirae of
a contaminant. For this purpose, only Eqs. (2) and (3) are retained to describe the
mass balance relationship in Eq. (1). All other transport and transformation
mechanisms are ignored. In other words, only the left-hand side term and the first •
term on the right-hand side of Eq. (12) contribute to the description of waste
distribution^ In addition, Darcy's velocity is assumed uni-directional and constant
and other parameters will be presumed invariant with respect to both time and space.
With all of these assumptions, Eq. (12) would yield the following solution:

c - coK(x - |f-) ' (14)
d

where H is the Heaviside's unit function; c0 is the concentration at the source; II is
the one-dimensional Darcy's velocity along the flow direction; and x is the distance
from the source. Eq. (14) can be used to obtain the arrival time, T?, as:

Ta - L 9 V U ' (15)
where L is the distance from the source to the specific location;

For the level 2 analysis, the dilution of a contaminant due to dispersion will
also b-? included. This means that the migration of wastes :ia no longer considered
as a .sharp'front movement as In level 1 analysis. Mathematically speaking, this
imp Lie:-; that the left-hand side and the first two tecnis on the right-hfind^side of



Eq.i (12) should be a subject of investigation. Assume that the pathway of wastes
can be estimated, Eq. (12) yields the following solution for this case:

c'''
Ferfc exp (—) • erf c

aL
• (16)

Eq. (16) is only valid for one-dimensional cases; that is, the pathway direction is
predetermined. A generalized analytical, transient, one-, two-, and three-dimen-
sional model has been developed-* that is capable of dealing with this case as one of
the 750 options of the model. These options result from the combinations of the types
of sources, modes of releases, extent of aquifer systems, and types of material
released (Table I). For generic applications, c/co from Eq. (16) ?"s plotted against
two dimensionless variables, aj/x and Vt/x ^=11/(61^)), and used to estimate the
breakthrough time and the time distribution of the contaminant concentration at speci-
fic locations (Fig. 1).

For level 3 analysis, all mechanisms in Eq. (1) can be readily included in the.
simulation. The flow field is obtained by numerical solution of the Richards'
equation governing the potential distribution in the combined saturated-unsaturated
aquifer systems.6 Considering the heterogeneity of the geohydrological and geo-
cheraical properties and the anisotropic nature of the porous media, Eq. (12) can
only be simulated by numerical methods such as finite differences, finite elements,
and Monte Carlo simulations. Two computer codes using finite element techniques
will be employed in this paper for the level 3 analyses. The first one is the
FECWATER? code which computes transient, or steady state, spatial distribution of
pressure head, total head, moisture content, and Darcy's velocity field in the
saturated-unsaturated aquifers. It also calculates the water fluxes through all
types of boundaries and the accumulation of moisture (water) in the region. The
second is the FECWASTE^ code, which simulates a more general version of Eq. (12) to
yield the transient or steady state spatial distribution of the contaminant con-
centration and waste fluxes throughout the region using the results from FECWATER as
the input of flow field. It also computes the material fluxes through all types of
boundaries, the waste accumulation in the region, and the waste decomposed by
physical, chemical, and biological processes.

Computation of level 1 resolution can generally be achieved by hand calcu-
lation. Level 2 analysis may require tha use of a calculator and mathematical
tables to arrive at the solution. For level 3 resolution, one has to resort to
digital computers with large storage capabilities. Thus, depending on the accuracy
and level of detail desired and available data, one can choose the appropriate level
of resolution. All three levels of resolution presented in this section will be
demonstrated for the two sample problems in the next section.

DEMONSTRATIVE APPLICATIONS

Seepage Pond Prob.Le.-n

A seepage pond near a stream is assumed to be situated entirely in the
unsaturated zone above the water table." This pond provides the source of water,
which driiins into the aquifer. Although the rainfall on the soil surface also



Table I. Options Dealt vlth by the AT123D Code

I. Types of Sources

Point source (x-P, y-P» z-P) .. 1
Line source along x (x-L, y-P, z-P) ..2
Line source along y ," (x-P, y-L, z-P) .. 3
Line source along z .....; (x-P, y-P, z-L) ..4
Area source perpendicular to x .... (x-P, y-L, z-L) ..5
Area source perpendicular toy .;.. (x-L, y-P, z-L) ..6
Area source perpendicular to z ...... (x-L. y-L, z-P) .. 7
Volume source (x-L, y-L, z-L) .. 8

II. Modes of Releases

Instantaneous . 1
Continuous — Time dependent .......................... 2
Continuous - Tiiae independent 3
Finite duration - Time dependent 4
Finite duration - Tiae independent 5

III. Extent of Aquifers
Finite width and finite depth 1
Finite width and infinite depth 2
Infinite width and finite depth 3
Infinite width and inifinte depth '.. 4

IV. Types of Materials Released

Radionuclida ...'. 1
Chemicals 2
Heat 3

Options
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120 =
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4
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provides water sources in the form of infiltration, it is on the" average very
small compared to the continuous drainage from the pond. After the x̂ ater reaches
the water table, it flows toward a nearby stream as depicted in Fig. 2, which also
outlines the surface topography and the extent of the aquifer system. It is further
assumed that the system is composed of highly permeable sand.9 Only the water drain-
ing from the pond bottom to the aquifer carries the waste with it. The rainfall on
the surface is assumed to be clean. This example typifies a class of problems
involving leaching of wastes from storage lagoons.

Table II lists the hypothetical geohydrological and geochemical parameters
with assumed values used for the level 1 analysis. Table III gives additional
parameters required for the levels 2 and 3 studies. Figure 3 depicts the soil
property functions for the level 3 computation in the unsaturated zone.9

The purpose of the level 1 analysis is to obtain the approximate travel time
of the contaminant, from the source to the stream. Kence, using Eq» (15) and the
parameters listed in Table II, we have:

1. Time, T , required for the waste to reach water table is:

U = 4.0*10 cm/sec (assume no diffusion, of moisture, hence U=P>s?r'

R = 1 + pK.,/0 = 1 + 1.75 x 100.0/0.2 = 876.0 - .

T = L 8R /u = 400.0 X 0.2 X 876.0/4.0-10
u u d g

= 1.76-10 sec = 5.55 yrs .

2. Time, Ts, required for the waste to reach the stream in the
• ' saturated zone is:

U = KS£h/L = 4.4-10*"4 X 1500.0/10000.0 = 6.6-10" cm/sec

R = 1 + pKVe = 1 + 1.75 X 100.0/0.3 = 584.33 .
d d _5

T = L 83. /U = 10000.0 X 0.3 X 584.33/6.6-10
s s d i n

« 2.66-10 sec = 843.5 yrs
3. Thus, the pollutant arrival time to the stream, T , :is

T = .j + T = 5.56 + 843.5 = 849 yrs
p u s

If adsorption is not considered such as might be expected from tritiated water,
the arrival time, T , will be: T = 0.01 + 1.44 = 1.45 years.

Next, let us demonstrate the level 2 analysis. For this task, we will assuma
that the waste will travel through the unsaturated zone without dispersion. In
other words, Tu is valid in tha sbova analysis. After" the waste reaches tha water
table, it will travel with the pollutant migration speed and in the meantime it
will be dispersed by the porous matrix. Using the parameters given in Tables 2
and 3, wa calculate

x/a = 10000.0/2130.0 = 4.69
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Figure 2. Sketch of Region of Interest of the Seepage Pond Problem.



Table II- Parameters Used for Level 1 Analysis
in the Seepage Pond Problem.

Pond Drainage Rate, P ...: 4.0-10~ cm/sec

Rainfall Rate, R 10~ 6 . cm/sec

Distance between Pond Bottom and Water Table, ,L ...... 400.0 cm

Average Travel Distance in Saturated Zone, L ........ 10,000.0 cxp.
s ,

Porosity, n .. ". <• -. 0.3
s —4

Saturated Hydraulic Conductivity, K , *.. '4.4-10 cm/sec

Average Moisture Content in the Unsaturated Zone, 6 .. 0.2

Hydraulic Head Loss in the Saturated Zone, Ah 1,500.0 cm
3

Bulk Density of the Porous Medium, p 1.75 g/cm
Distribution Coefficient, Kd 100.0 ctn3/g

Table III. Additional Parameters Used for Levels 2 and 3
Analysis in the Seepage Pond Problem.

Transverse Dispersivity, â , 427.0 cm

Longitudinal Disparsivity, a 2130.0 cm

Tortuosity, T - 1.0
~1Decay Rate Constant, A 0.0 sec

Decomposition Rate through Dissolved Phase, K 0.0 sec""̂ -

Decomposition Rate through Absorbed Phase, K .« 0.0 sec"-*-
s

Molecular Diffusion Coefficient e^ 0.0 cm2/sec
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Figure 4 shows the plot of the concentration vs Vt/x (where V = 11/(01^)) as given
by Eq. (16) for the above x/a^ value. From this figure, the dimensionless
variable Vt/x corresponding to the 50% breakthrough is 0.84, thus the travel time
from the pond bottom to the stream is:

T50..= 5.56 + 843.5 X 0.84 = 714.1 yrs

For non-adsorbing waste, the 50% breakthrough time will be: T50 = 0.01 + 1.44 x
0.87 = 1.22 years. It is noted that, from Eq. (16), it would have taken infinite
years for a 100% breakthrough. However, Figure 4 shows that, c/co is almost equal
to 1.0 at Vt/x roughly equals 5.0. Hence, we may say that a 100% breakthrough would
occur at »

T = 5.56 + 843.5 X 5.0 = 4223 yrs for adsorbing waste with K, = 100 g/cm

and T = 0.01 + 1.44 x 5 = 7.21 yrs for non-adsorbing waste.

For tha level 3 analysis, numerical methods are used so that the complex geom-
etry, compound geologic formation, and inhomogeneous parameters can be treated effec-
tively. In .this paper, we have decided to adopt finite element techniques since they
have the advantage of discretizing the region of interest into sub-regions of various
sizes and cf automatically treating the natural boundary conditions. For the seepage
pond problem, the entire region is divided into 595 nodal points and 528 elements as
shown in Figure 5.9

Prior to the simulation of waste transport, hydrodynamic variables are
required and computed by the flow model? to yield the pressure distribution. Flow
velocity is then obtained by' applying the same finite element technique used to
solve for pressure distribution to Darcy's law.6 Figures 6 and 7 show the pres-
sure distribution and DarcyTs velocity, respectively, throughout the region as
simulated by the computer code, FECWATER, ? when they have reached the steady
state. For this simulation, it has been assumed that the rainfall rate is zero
and a flux of 4-0-10"^ cm/sec, directed vertically downward from the bottom of the
pond, provides the only driving force for moving the contaminant toward the
stream. It is.interesting to note that the region beneath the pond is not saturated
because the drainage rate from the pond is less than the saturated hydraulic conduc-
tivity. Additional flow variables obtained by the computer cods FECWATER include
the distributions of total head and moisture content.

The flow variables obtained above provide the advection and dispersion trans-
port and the parameters listed in Tables II and III characterize the transfer by
adsorption and transformation by physical, chemical, and bioxogical processes.
The transformation processes are assumed to be inactive in this sample analysis.
Hence parameters characterizing these processes are set equal to zeros. Inputting
these variables and parameters to the waste transport code FECWASTE,8 we obtain
Figure 8A showing tha plume migration history of the contaminant through the aquifer.
It is seen that the migration of the waste is mainly in the vertical direction in the
unsaturated zone. After the waste reaches the water table, it is transported and
dispersed in both the horizontal and vertical directions. It is further seen that
at the end of about 19.3 years, only about 1.0% of the original concentration barely
reaches the stream. It is not the purpose of this paper to illustrate an extended
period of simulation but only to demonstrate some results by the FECIvASTE code.
Nevertheless, FECWASTE simulations do show the expected results that for the special
steady state case concentration is everywhere in the region the same as that in the
seepage pond.
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• To see the effect of decay on the pollutant migration, Fig- 8B shows the simu-
lation of plume history by FECWASTE code with a half life of 28 years. Comparing
Figs. 8A and 8B, it is seen that the effect of decay is negligible at time of 1.01
years (0.319d 8 sec) but becomes significant as time increases. At 7.67 years
(0,242d 9 sec), the isopleths of each concentration in Fig. 8B enclose slightly
smaller areas than the corresponding ones in Fig. 8A. After 14,35 years (0.452d
9 sec), the isopleths in Fig. SB enclose definitely and obviously smaller areas than
their counterparts in Fig. 8A. Thus, the decay process retards the movement of
radionuclide-bearing wastes and becomes more and more pronounced with time as
expected.

Shallow Burial Trench Problem ,

From 1951 to 1965 intermediate-level radioactive liquid waste was disposed of.
in seepage pits and trenches in the unsaturated subsoil-'1 at OR2SL.-1-2 A typical
cross—section through the trench and its associated surface seep is shown in
Figure 9. The trench is 3-2 meters wide (only half of the width is shown because
of symmetry) and 5.75 meters deep, but only the lower 2.35 meters was filled with
radioactive liquid wastes.^ The transporting fluid enters the weathered shale in
the fora of infiltrating precipitation, travels horizontally as well as vertically
toward the water table, and eventually emanates at the downslope seep. In conr-
trast to the seepage pond problem where the carrier fluid originates from the
contaminant source, the carrier fluid in this shallot* burial trench problem is
mainly due to the passage of the infiltrated rainfall. As the fluid passes the.
vastes, it leaches the contaniaant out of the trench into the surrounding media.
This burial practice represents an 'example of shallow burial above the groundwater
table. Disposal of solid coal vactec, chemicals, and sanitary wastes in landfill
all resemble this type of practice.

Levels 1 and '2 analyses for this case are not possible since the average
velocity and moisture content beneath the trench in the unsaturated zone and the
average velocity in the saturated zone cannot be estimated with satisfaction
unless they are measured in the field. Thus, only level 3 analysis will be
performed. The parameters listed in Table III will be used. It should be noted
the dispersivities are taken from published values^>1^ since the measured values
for the weathered shale are not available. Hence, the analysis should be con-
sidered hypothetical.l^ The functional relationships for the pressure head,
hydraulic conductivity, and moisture content are shown in. Figure 10. These-
functional forms, which are thought to be typical of weathered shale, were taken
from the literature.10»I2 I .

For the level 3 analysis, the computer codes FECNATER and FECWASTE are
employed again. The region of interest is discretized into 533 nodal points and
480 elements as shown in Figure 11. -1-2 It has been shown that the transient rain-
fall and averaged steady state rainfall conditions would not make much difference
in their effects on the long-term waste distribution in the aquifer system.-^
Since the computation of the hydrodynamic variables of pressure head, total head,
moisture content, and Darcy's velocity with averaged rainfall conditions would
drastically reduce -the computer execution time;, the averaged net rainfall rate of
2.46-10~6 cm/sec, which is an averaged value of 1975, will be used to obtain the
steady state flows.1? The boundary conditions for the FECWATER computations are
specified as follows: (a) Variable boundary conditions are imposed on the ground
surface, (b) Dirichlet boundary conditions with zero htad are implied on that
portion of the ground surface .downslope from the seep, and (c) Neumann zero-flux
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Figure 9
Sketch of Region of Interest of the Shallow Burial Trench Problem.
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Figure 10. Hydraulic Conductivity and Soil-Moisture
Characterist.es of the Weathered Shale.
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Figure 12, Distribution of Pressure Head as Simulated by FECWATER in the Shallow
Burial Trench Problem,
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boundary conditions are used for all other boundaries of the region of interest.
The steady state pressure distribution as simulated by the F£CWATER is shown in
Figure 12. A mass balance check indicates that 1.0589*10~2 cm^/sec/cm of water
enters the aquifer through the ground surface specified as variable boundary
conditions and 1.0491-10~2 cm^/sec/cm of water flows out of the region through the
ground surface specified as the Dirichlet boundary conditions. Thus, the error of
the mass balance is less than 1.0% of the infiltrated water. The Darcy's velocity
field needed for the advection and dispersive transport in the FECWASTE is shown
in Figure 13. It is seen that the flow is no longer in the vertical direction
alone, especially in the region under the sloping surface. ' 7 •

Inputting the flow variables obtained above and tha parameters listed in
Table III; a distribution coefficient K<j of 80 cm3/g, a bulk density of 1.75 g/cra3,
and an effective porosity of 0.3 to the FECWASTE computer code, we obtain Figure
14 showing the concentration distribution at steady state. It is seen that a
substantial amount of waste is transported through the unsaturated zone. This is
in contrast to the conventional belief that the waste would t& first transported
vertically through the unsaturated zone down to the saturated zone, then hori-
zontally to the stream. It is further seen that at steady state only about 5% of
the concentration at the source appears at the surface stream. This is obvious
since as the waste travels downslope, it is diluted by the infiltrating rainfall
water. This is in comparison with the previous example in "which the concentration
at the stream is the same as that at the source at steady state because the pond is
assumed to provide the only source of water.

CONCLUSIONS

The geohydrological and geochemical factors that affect the transport,
transfer, and transformation of the waste in the aquifer system as a result of
shallow land burial practices are discussed. They include surface topography and
its character, the extent of the aquifer, nearby surface water bodies, groundwater
basin divide, watershed boundaries, rainfall rate, infiltration from surface water
bodies, potential evapotranspiration, hydraulic conductivity, water capacity,
porosity, compressibility of the matrix, dispersivity, hydrolysis, photolysis,
oxidation, volatilization, biolysis, precipitation, mineral composition, and flow
dynamics. Depending on the availability of data and the detail of information
desired, three levels of analyses may be undertaken. Two examples are used to illus-
trate these three levels of analyses using hypothetical parameters. The examples are
constructed to represent the leaching from wet water body and shallow burials, respec-
tively. The former typifies a class of problems of groundwater contamination from
coal-catching basins and uranium mill tailings. The latter represents classical
examples of shallow land burials such as coal solid wastes, chemical dumping and
sanitary landfill.
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