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WSSRAP 9
Groundwater Operable Unit Feasibility Study '
Technical Memorandum No. 3840TM-1009-00
Task No. 852
Simulation of Leachate ¥low and Transport from
the Disposal Cell Through the Vadose Zone

1.0 OVERYIEW

The Weldon Spring disposal cell site is underlain by abeut 30 feet of low-permeability
silts and clays with hydraulic conductivities ranging from 10 cm/sec to 107 com/sec (see
Section 3.1), Depth to water is about 40 feet. The time required for leakage from the cell to
reach the groundwater table could be many years.

Most of the leachate from the disposal cell will drain to a sump and be collected in
the primary leachate collection systemn. Data on existing disposal systems indicate that the
leachate flow rate will decline very rapidly after the cell is closed and will approach a steady-
state condition within a few years. Leachate collected in the secondary leachate coilection
sysiem will follow the same pattern, except that the flow rate will be much lower. It is
uniikely that there would be a gross failure in the liner system during this early period when .
the leachate flow rates are the highest. :

Leakage through the ceil liners can be estimated by examining data from existing cells
with similar construction. Materials used in the liner system are designed to perform for
hundreds if ntot thousands of years. Most liner failures will be the result of damage during
construction and improperly compieted seams. Leakage can be estimated using various
approximations developed based on empirical tests and theoretical derivations of flow through
holes and other imperfections in the liner material, Estimared disposal ceil leakage rates for a
single liner are generaily very small, on the order of 0.5 gallon per acre per day, even
assurning 12 inches of leachate ponding above the liner. Leakage through the secondary liner
would be even Jess.

The purpose of this teport is to provide estimates of leachate flow raies through the
vadose zone to the groundwater to support the development of a strategy for dlspusal cell
compliance monitoring. _
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20 GEOLOGY

This technical memorandum addrasses only the unconsolidated geologic materials, or
overburden, that occur above the bedrock and generaily above the water tabie and are located
within the disposal cell footprint. The overburden consists of six layers or units of varying
thickness and lateral extent that will separate the bottom of the disposal cell from the
groundwater table. Beginning with the uppermost layer, these units are (1) topsoil/fili, (2)
loess. (3) Ferrelview Formation, (4) clay tiii, (5} basal till, and (6) residuurn. The fallowing
layer description was taken from Kleeschulte (1994) and Bognar (1991).

2.1  Topsoll/Fill

_ The topsoil/fill unit is made up of clayey silt and silty clay with varying organic
content. The thickness of this unit within the Weldon Spring site ranges from 0 to 30 feet.
This unit will be removed during cell construction and was not evaluated for this task.

2.2 Loess

The loess is a wind-deposited unit ranging in thickness from 0 to 11 feet, and is
composed of 0% to 95% fine-grained material with z low to medium plasticity index. This
unit will also be removed during cell construction.

2.3  Ferrelview Formation

This-unit is present throughout the disposal cel! area with an average thickness of 10
feet. The Ferrelview Formation is clay and silty clay with minor amounts of chert and rock
fragiments and some iron oxide nodules. This unit has a low to high plasticity index and a low
average permeability of 2,34 cmy/sec.

2.4 Clay Till

The clay till is similar to the Ferreiview Formation. The clay is very stiff, has a low o
high plasticity index, and contains smalf chert fragments, iron oxide nodules, and igneous and
metamorphic recks of glacial descent. The thickness of clay till ranges from 2.3 feet to 30 feet
within the disposal cell area, with an average thickness of 20 feet. The average permeability of
the unit is about 2,29 cm/sec.

2.5 Basal Till
The basal till is composed of angular chert fragments, gravel, and cobbles of glacial

origin in a matrix of semi-consolidated sand, silt, and clay. The thickness of the anit is very
irregular and ranges from 0 to 11 fest,
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2.6 Residuum ' | - @

The residuum is derived from the physical and ¢hemicai weathering of the Warsaw and
Burlington-Keokuk Limestone bedrock. This unit is very heterogeneous and ranges from
gravelly clay to clayey gravel. The thickness ranges from 3 feet 0 20 feet within the disposal
cell area, : '
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3.0 HYDROLOGIC PARAMETERS
3.1 - Saturated Hydraulic Conductivity

Numerous tests have been performed to determine the hydraulic conductivity of the
averburden soils. Using Bourwell's two-stage-borehole method (MKES 1993), hydraulic
conductivity values for the Ferrelview Formation and the clay till were estimated to be
1.2x10" cm/sec and 3.25x10°® cmysec, respectively. Results of earlier testing (MKES 1994)
suggest hydraulic conductivity values ranging from 1.3x10% cro/sec for the Ferrelview
Formation to 6.9x10% covsec for the clay till. Average values obtained from triaxial
permeabiiity tests (MEKES 1994} are 8.94x10™ comv/sec for the Ferrelview Formation,
6.46x10%cm/sec for the clay till, 2.45x10%7 cm/sec for the basal tll, and 2.58x10% cm/sec
for the residuum. Bognar (1991) lists values of 8.34x10° cm/sec and 2.29x10™ cmyfsec for
the Ferrelview Formation aud the clay till, respectively. Other results using the Submersible
Pressure Outflow Cell method (Constanz 1984) are reported as 6.5x10°% cm/sec for the clay.
till and 5.2x10 em/sec for the Ferrelview Formation.

3.2 Moisture Caondent

The in situ vaiues of moisture content are near saturation (MKES 1993), This
observation is consistent with the low permeability and fine particle size of the units. With the
depth of the water table at about 40 feet, the capillary rise above the water would result in near
saturated conditions, even without infiitration from precipitation. Only the coarser (and more
permeable} residuum has a moisture content much below saturation. The average satmration for
each unit is listed below:

» Ferrelview Formation 90% saturation
«  Clay dll 93%
«  Basai till 91 %
+ Regiduum 65%

3.3 Porosity

Because of the {ine texture of the soils, the total porosity is relatively high (MKES
1993}, Average total porosity is shown below:

»  Ferrelview Formation 0.403
»  Clay till .378
»  Basal till {1.362
«  Residuum 0.442

It is the effective porosity, however, that determines the hydraulic properiies of the
soils. Plastic clays exhibit a high poroesity, bat due to the namre of the clay particles, much of
the pore space is not cornected and does not contribute to the overall permeability of the
system. The portion of the total poresity that contributes to the hydraulic capacity of the soil is
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referred to as the effactive le':JSit}-'. The effective porosity of clays is very low and is
responsible for the low hydraulic conduetivity observed. The resuits of the tests indicate
effective porosity ranges from 5% to 11.7% (MKES 1993}, These results are consistent with
the soil-moisture-characteristic curve data. : '

3.4  Soil-Moisture-Characteristic Curve

The soil-moistre-characteristic curve describes the relationship between the suction
head and the moisture content. It is used to develop a relationship between the unsatrated
hydraulic conductivity and the moisture contenr or suction head. As the moisture content in a
soil decreases, the unsaturated hydraulic conductivity decreases. The ratio of the unsaturated to
the saurated hydraulic conductivity is called the relative hydraulic conductivity, The hydraulic
conductivity of 2 dry soil can be many orders of magnitude lower than for the same saturated
soil; even over the narrow range of moisture contents found at the Weldon Spring digposal
cell site. The hydraulic conductivity curve is shown in Figure 1.

Captilary moisture tests were performed for soil sampies from the Weldon Spring site.
The Van Genuchten parameters for modeling the hydraulic conductivity/moisture content
relationship were estimated (MKES 1993) using a method described by Van Gepuchien (1978).
These values were used in the computer model, The estimated parameters are listed below.
The modeied soil moisture curve is shown in Figure 2.

0.6000 -0.0011  (used 0.0859 m™")

LI -
= 0 1.53-2.24 {used 1.952)
-« Br 0.27 - 0.40 (used 0.352)
« 8 0.35 - 0.45 {used 0.402)

The very narrow range between the saturated and residual moisture content indicates
ihe value of the effective porosity. It may be assumed the residual moisture content cannot be
drained and, therefore, represents the nonconnected pore space. The difference between the
saturated moisture content and residual moisture content is approximately the mininmum value
of the effective porosity. The resulting values, ranging from 0.04 to 0.17, are reasonable arid
close to the minimum value determined in the bromine jon tracer test (Maxim 1995).

3.5  Transport Parameters

No data on site-specific dispersion parameters were available for this modeling effort.
Stdies have been completed, however, to estimate distribution coefficients, k,, for various
constituents found at the site (Schumacher and Stollenwerk 1991). The results of laboratory
batch experiments indicate that significant sorption of molybdenum (VI) and uranium VD)
occurs within the Ferrelview Formation and clay tiil. Sorption of molybdenum and uranium
were controlled by pH, with complete removal of molybdenum from solutions at a pH less
than 5.0. However, uraniunt could be reiatively mobile within the overburden if sciution pH
values are near neutral and alkalinity values are large (Schumacher 1993).
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The k; values for 'mnlyb&enum and uranium ranged from 1 mL/gram to 43¢ mL/gram
for molybdenum and from 10 mL/gram to 1,990 mlL/gram for uranivm. However, the
distribution coefficient model applied was unable o accurately simulate the batch test results
for molybdenum and uranium. Sorption was low (kg less than 1} for calcium, magnesium,
sodium, suifate (SQ,), nitrate (NO,), and sirontium. Sorption was higher (k, greater than I} for
fluorine, chromium, lead, lithium, and vanadium.

Adsorption can be m2asured as the concentration of solute mass in the solid phase.
Adsorption can be estimated as a function of the solute conceniration in the 11qu1d phase. One
such function is the linear Freundlich isotherm: :

",'K .

where _
¢, 1s the concentration of the solute mass in the solid phase, M/M (mass/mass); .
k, is the equilibrium distribution coefficient, L.3/M (length’/mass); and
c is the soluse concentration in the liquid phase, M/L? (mass/length®

The total concentration is equal to ¢, times volume of soil times buik density of the soil.
The sorption process is assumed to occur instantly whenever there is an imbalance between the
solid phase and the liquid phase, as implied by the function. Only when the equilibrium
between the solid and the liquid phase and the adsorption capacity of the scil are reached is the
solute mass free to be transported through the vadose zone in the liquid phase. '

Adsorption is an important parameter for estimating chemical transport. The equation
for the linear Freundlich isotherm shows that a large solute mass can be adsorbed relative to
the concentration in the liquid phase, Using the Freundlich equation and a k, of 1 mi./gram,
the adsorption capacity of the vadose zone within a 2.2-meter-diameter soil cylinder, 10 meters
deep, is approximately 243 kg when the solvent conceniration is 1 gram/L and the bulk density
is 1.6 gram/cm’. The sotute mass inflow is 1.89 gram/day for a leakage rate of 0.5 gal/day.
Therefore, the soil immediately beneath a leak can adsorb 352 years (243 Kg/1.09 gramfday]
of solute from the lf:akage assuming there was no previous contamination.

The parameter dispersivity, which is a measure of the dispersive properties of a
hydrogeoiogic system, has been known to be scale dependent (Fried 1975, Gillham er 4l
1984, and Pickens and Grisak 1981a,b). Dispersivity depends on the mean tcavel distance of
solute or the scale of the system, and there is trend for larger dispersivities to be asociated
with larger contamination zones, The scale effect is significant for shorter travel distances, but
decreases at larger travel distances and eventuaily approaches a constant value. Pickens and
Grisak (1982a,b) developed a general dispersivity-trave! distance relationship that requires
site-specific experimental data for calibration. They also developed an empirical equation by
averaging the proportionality constants from field stxdies by various investigators. Applying
this empirical equation with a 5-meter mean travel distance {10-meter vadose zone thickness),
the longitudinal dispersivity was estimated to be §.5 meter.
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4.0 DISPOSAL CELL LEAKAGE
4.1  Leachate Collection and Retention System

The disposal cell liner is composed of a primary and a secondary lfeachate collection
system (MKES 1995a). The system will be constricted as described below {from the bottom
up): :

» 3-foot compacted clay liner

«  Geosynthetic clay liner (GCL) with HDPE geomembrane on top

» Geonet for a secondary {redundant} leachate collection and removal system

+ HDPE geomembrane

.+ 8-inch gravel drain layer with HDPE pipe collection system

+ 8&-inch sand filter layer

The cell liner iz composed of separate, isolated, primary and secondary leachate
collection and retention systems (LCRS). Most of the leachate from the waste will be drained
from the primary LCRS. Under normal operating conditions, the secondary LCRS will be free
of leachate, with the exception of leakage through holes in the primary system. The secondary
LCRS is designed to remove the leakage from the primary system using a geonet drain
material. The amount of leachate collected in the secondary LCRS is expected to be much
smallér than the amount of leachate collected in the primary LCRS. The worst-case condition
would be if the primary LCRS drain system was completely plugged and no longer functional
and the level of the leachate in the cell would build up on the liner.

The leachate drain system is unlikely to fail during the early part of the cell design life,
which is when most of the leachate will be generated. The leachate flow rate will decrease
quickly during the first few years and approach a steady-state rate equal to the average cover
infiltration rate.

_ The leakage rate was estimated using a method by Giroud (Giroud et ai. 1989a, 1989%b,
1992). Giroud conciudes that, for small (less than 1 foot) hydraulic heads above the liner,
leakage resulting from permeation through the geemembrane is negligible, and only leakage
through defects in the geomembrane shouid be considered. The rate of lzakage through a
defect in the geomembrane depends on the size of the defect, the hydraulic head above the
liner, and the quality of contact between the geomembrane and tha underlying low-
permeability soil layer.

Giroud er af, {1992) proposed an empirical equation for the leakage rate through a
circular hole in the geomembrane component of a composite Tiner:

Q-,El*[wr{a M.(h}ﬂ‘.?.{x}o.ﬂ

whete
J = the rate of leakage ;
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geomembrane hﬂiﬂ area;

head of liquid on top of the geomembrane; and

hydraulic conductivity of the low-permeability soil companent of the composite
liner

By R
Ui

The average gradient i, is given by:
i E
{ e
i
(2-1:1{2'73}}

. Eul-

where
L. 15 the thickness of the soil component
b is the diamter of the hoie.

The term R, which is the radius of the wetted acea of the low-permeability soil layer where
flow takes place, is given by:

R._zﬁ_[d}ﬂ.s,(k}.ﬁ,(x)-. Ly

All units of length must be in meters and time must be in seconds.

The following assumed parameters were used in the Giroud equations to estimate the
leakage through the disposal cell {iner for this swdy:

+ Hydraulic head on liner 30cm

» Thickness of low-permeability soil (GCL) 0.25 in.

» Hydraulic conductivity of low-permeability soil 3x10% co/sec
+  Area of a circular defect or hole 1 cm?

« Contact berween soil and geomembrane good

The calculated leakage rate js 0.052 gal/day: More than one hole per acre can be
expected, and it was assumed that the number of holes is small enough that the wetted area of
leakage does not overlap. The equation (Giroud ef g/, 1992) estimates the radins of the wetted
area. Using this estimate, the radius of the wetted area is 2.2 feet. Based on this estimate, only
a single hole was modeled. This scenario is more appropriate than using an average leakage
rate spread over the entire cell, assuming some number of holes or defects per acre. Using a
single hole is more conservative than a cell-wide average because it concentrates the leakage
from a hole over a smaller area, resulting in a higher rate than if the leakage from 10 holes per
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acre, for example, was avcrage'd over the acre. Leakage was also estimated using a head of

1 meter to simulate leakage from the leachate collection sump where the depth of the leachate
may be greater than in the coilection System. The leakage rate for the sump was estimated o
be about .41 gal/day with a wetted radius of 3.8 feet.

4.2  Leachate Chemisiry

' Laboratory basch tests for three waste forms {flocculated-raffinate-sludge grout, quarry-
. soit grout, and dike-soil mix) and a soil {radioactive soil) have been performed by PNL
(Pacific Northwest Laboratory) to estimate the leachability of contaminants (Mattigod er af.
1995). The waste-form leachates were highly alkaline, containing mainly sodium, potassium,
calcium, N(J,, NO,, and §Q,. The test results are summarized in Table 1.

Table 1 Chemical Cnmhusitiun of Waste-Form Grout Leachate at 30 Days

Concentration {mg/L}
Analyte Hocculated- Quarry-Soil Dlke-Saif | Radioactive
Raffinata-Sludge Grout Mlx Soil
Grout . .

Sodium | 3520 1,380 306 81,4
Potassium 1.830 540 89 16.7
Calcium 308 g64d 1,400 158
MC, 400 1,300 218 .=2.b
NO, 6,000 4300 .| a100 <2.5

No nitroaromatic compounds were detected. When placed in contact with soils that are
likely to be used in the seepage barrier, the ionic strength of the leachate was reduced 32% to
43% . Some trace censtituents (cadmium, chromium, molybdenum, nickel, seleniurn, and zinc)
were attenwated, while others (arsenic, cobalt, lithium, antimony, thallium, uranium, and
vanadiumn) were enhanced. Equilibrium of the radicactive seil with simmiated leachate released
about 9% of **U and 8% **U, with leachate concentrations of 1,770 pCi/L and 35,750 pCi/L,
respectively.
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5.0 VADOSE ZONE COMPUTER MODEL

An unsaturated flow and transport computer mode! was used to simulate the flow of
leachate from leaks in the disposal cell to the groundwater. The computer program used was
the U.S. Geological Survey model VSZDT (Lappala er ol. 1987 and Healy 1990}

5.1 Maoadel Description

The pregram was used to simulate flow through the Ferrelview Formation and the clay
til units. It was assumed that the topsoil and loess would be removed. The basal till and the
residuum wete not medeled because the presence of these units would not significantly add to
travel time. The permeabilities of the basal tifl and the residuum are high relative to the
modeled units, and these units are often not present or very thin.

Leakage was assumed to occur within a small area, such as from a hele in the liner, for
exampie. The flow pattern was assumed to be symmetrical so that a two-dimensional radial
grd could be used. The disposal cell is large, covering about 25 acres, so leakage was
assumed to come from a single hole, because leakage from multipie holes would not overlap
within a radius of 10 meters. The application of Giroud’s equation (Giroud 19892} indicates a
wetied area with a radins of about 2.2 meters for this case.

A vertical, radially-symmetric grid 10 meters wide by 10 meters deep with 50 rows and
50 columns was selected, The grid is rotated about the lefimost edge to form a cylindrical
section through the vadose zone. The computer program uses a block-centered solution method
50 that the pressure head and moisture content are determined at the center of each 0.2-meter
block. Because of this biock—entered method, the thickness of the vadose zone simuiated by
the model is 9.4 meters.

Recharge or leakage from the disposal cell was applied to the top row or at 0.1 meter.
The leakage rate was determined using Giroud's equations as described in Section 4.1, A
constant pressure equal to the head used in Girovd's equations was assigned to the cells in the
top row, beginning with the first column and extending encugh cells to the right so that the
recharge rate to the model was approximately equai to the leakage rate determined by Giroud's
equations. The radius of the applied recharge is approximately the same as Giroud's wetted
area or 2.2 feet. - :

The water table was represented by assigning a fixed pressure head of zero to the
bottom row of ceils or at 9.5 meters. The initial moisture content of the model was
determined, by the model, te be a static distribution of head above the water table to the top
row. The moisture content varied from 0.4 (saturated) near the water table to .39 at the
bottom of the disposal cell..

The model was used to simulate a base condition representing the expected parameter
values as described in Section 5.2. The sensitivity of the model ouput to various parameters
was evanlated by additional simulations described in Section 5.3.
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5.2  Base Condition Input

For the base condition, the hydraulic conductivity was assumed to be 1x10" cm/sec.
This value is larger than the average from the Boutwell two-stage borehole test and other tests,
which was closer to 1x10™ cm/sec, but slightly smaller than values reported in some
laboratory tests (Daniel 1992}

Initial conditions were the steady-state conditions simuiated using no recharge with the
water table boundary, or essentially hydrostatic conditions above the water table. The initial .
chemical concentration of the vadose zone was assumed to be zero.

. The soil-moisture-characteristic curve was determined from laboratory tests on samples
of site soils. Because of the lower permeability and low effective porosity of the soils, the soils
remained nearly saturated under hydrostatic conditions.

A transient simuiation was run until the ieachate outflow rate was equal to the inflow
rate, or until steady-state flow conditions were reached. The travel time from the disposal cell
to the groundwater was estimated to be the time required for the leachate to reach the lower
boundary. However, in some cases, steady-state transport conditions were never reached, and
the simuiation was terminated at about 10,000 years.

The transverse and longitudinal dispersivity was assumed to be 0.1 meter. The
dispersivity is highly site dependent and a function of scale. The coefficient of molecular
diffusion for the porous medium was assumed to be 10 m?/day. Molecnlar diffusion is
dependent on the solute, temperature, and tortuosity. Site-specific data were not available for
‘either dispersivity or molecular diffusion.

The distribution coefficient was assumed 1o be zero (no retardation), so that the travel
time estimate would be more conservative (faster) than if some level of refardation was
assurned. However, most of the contaminanis of concern have been shown to have distribution
coefficients, k,, greater than zero (Schumacher 1993). The retardation coefficient is estimated
from k, as:

{I1+p* /)
whers

p is the bulk density
i_':l is the effective porosity

With the assumed conditions, the estimated retardation coefficient is 40 for a k; of 1.
No retardation was used in the base condition because, given the very low permeability, even
a low k; would result in moving the initial breakthrough time to a point that could be putside
of the 10,000-year timeframe.
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The concentration of thé leachate inflow was assumed to be 1,000 gram/m’ (1 gm/L)
and constant for the fufl length of the simnlation. The initial concentration of the vadose zone
was assumed to be zero. The computer program input file for the base condition is shown in
Table 2. '

5.3  Sensitivity Analysis

The sersitivity of the model resuits to changes in several parameter values was
evaluated, The following parameters were changed from the base condition:

+ Hydraulic conductivity - 10% cmisec
+ Initial concentration - 200 g/m® (200 mg/L)

» Leakage rate - 0.41 gal/day
»  Uniform leakage - pressure head of 30 cm along the top row
= Dispersivity - 1 meter

«  Vadose zone thickness - 6 meters
»  Hydrauiic conductivity - 10Y cm/sec
- adsorption, k; = 1 mL/gm
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Table 2 V$2DT Computer Model input - Base Gondition
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6.0 SUMMARY OF MODELING RESULTS
6.1 Base Condition

The model was run with no leachate inflow until steady-state conditions were reached.
The base simulation at a constant selute inflow rate with a concentration of 1,000 gram/m’ was
run using the steady state as initial conditions, The mass balance sumrnary for the modeling
results at the end of 5,000 years is presented in Table 3. The initial vadose zone concentration
was assumed to be zero. These values represent steady-state flow conditions. The inflow rate
and outflow rate are both about 2x10* m/day ot about 0.052 gal/day. However, the solute
mass balance is far from a steady-state condition. The solute mass inflow raie is about
0.2 grams/day, while the outflow rate is only 3.2x10°®, or essentially zero. Both the flow and
solute mass balance errors are less than 1%, which is acceptable.

The solute volume and mass flow mass balance for various simnlation times are shown
in Tabie 4. The solute volurne outflow rate was about 43% of the inflow rate at the end of 30
years, and 99% at the end of about 326 years,

The solute mass outflow rate is essentially zero until about 3,000 years, when the mass
flux begins to increase more rapidly (Figure 3). The mass balance surnmary (Table 3) shows a
total solute mass inflow of 0.2 grams/day and mass outflow of 0.09 grams/day after 10,000
years. :

The moisture distribution in the vadose zone at the end of the simulation period is
shown in Figure 4. The moisture content is at saturation near the water table and in the arez
directly beneath the simulated leakage. Comparing the moisture content with Figure 1 shows
that, even over the small range of valies shown, the hydraulic conductivity varies almost an
order of magnitude ilower than the saturated hydraulic conductivity. The moisture distribution
shows that the simulated leakage spreads laterally away from the source a short distance, but
remains within the 10-meter radius of the moedeled area.

The model simulation results indicate that there is an immediate increase in the outflow
of water across the lower boundary to the groundwater table. Table 4 shows that the volume
cutflow rate jumps from O at the instant the simulated lezkage inflow is applied to
2.7x10* gm/day at the end of 2 years, and graduaily rises over time to equal the inflow rate.
However, the outflow of water is not the leakage applied at the upper boundary, but rather is
the water in the unsaturated zone prior to applying the leakage. The outflow pulse is simifar to
a pressure response in a confined aquifer system. Gelhar (1993) uses a linear, unsaturated flow
model to show that the rate of propagation of a moisture pulse to the groundwater table will
generally be faster than the moisture flux itself. The addition of moisture produces a pressure
disturbance that propagates rapidly downward through the unsaturated zone due to the steep
slope of the hydraulic conductivity-moisture content curve at a high moisture content.

The arival of the appiied leakage at the lower boundary should be evidenced by an
increase in the mass outflow rate. However, the model simuiation results show that there is
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essentially no contaminant mass outflow at the lower boundary for an initial vadose zone .
concentration of zero. When the initial vadose zone concentration was increased to

200 grams/m?, the solute mass outflow was equal to the initial vadose zone concentration. No

increase from that level was observed, which indicates that the ouflow did not include any of

the applied leachate water:

6.2 - Sensitivity Analysis

The sensitivity of the model to hydranlic conductivity was tested by increasing the
hydraulic conductivity from 1x10* em/sec to 1x107 cm/sec and repeating the simulation. The
resuiting mass flux rate is shown in Figure 3. The arrival of the solute begins in about 500
years mstead of 3,000 years, as in the previous simulation. The higher conductivity increased
the flow rate as expected, and equilibrium conditions between inflow and ourflow were

reached after 6,000. years.

The base simuiation was repeated with an initial vadose zone concentration of 200
grams/nr’ (Table 5). The values represent steady-state flow conditions. The inflow rate and
outflow rate are both about 2x16™ m*/day, or about 0.052 gal/day. The solute mass flux
~ outflow is close to steady-state conditions. The solute mass inflow rate is the same as with an
initial concentration at zero, about 0,2 grams/day, but the outflow rate has increased from
3.2x10°™ to 3.9x102. However, the mass inflow rate s still almost 10 times greater than the
cutflow rate. Both the flow and solute mass balance errors are less than 1%, which is .
acceptable,

A model simulation was run to simulate a uniform leakage rate across the disposal cell
area compared to a point source or hole in the liner. A head of 30 crmn was appiied to the upper
layer of the model. The hydraulic conductivity was kept at 1x10*® cm/sec. The results are
shown in Figure 3. Leachate breakthrough occured at about 600 years, much eariier than the
previous simulation of a leakage from a hole in the liner. This simulation shows 2 more typical
breakthrough curve than the other simulations, because the uniform nature of the recharge is
more representaiive of the one-dimensional analytical equations that are used to simulate
chemical transport. As would be expected, the steady-state inflow rate is equivalent to the flow
calculated for a unit gradient at the hydraulic conductivity of 1x10% em/sec. Travel time
would-be about 1,300 years, assuming a unit gradient and the porosity and hydranlic
conductivity used in the simulation. Sirnulated steady-stare conditions were reached in about
1,900 years, The difference between the simulated travel time and the estimated travel time is
due to hydrologic and mumerical dispersion. In comparison, steady-state conditions for the
peint source simulation were not reached in 18,000 years.

The base condition head was increased from 30 cm to I meter 1o allow for the higher
heads expected in the sump. Using Giroud's equation, the leakage was estimated to be about
0.41 gal/day, which was higher than the 0.052 gal/day used in the base condition. The
distribution of the head in the upper layer of the model was adjusted (the mumber of ceils wera .
increased) 10 achieve the leakage rate and radius of the wetted area suggested from Girond's
equation. The resuits of the simulation for leakage from the leachate collection sump are
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shown in Figure 3, The mass flix rate increased as expected, but still did not reach steady-
state conditions within 10,000 years. Initial breakthrough occured earlier than with the lower
head, at about 2,000 years instead of 3,000 years.

A simulation was run with the vadose zone thickness decreased from 10 meters o
6 meters. The resuits are shown in Figure 5. The initial breakthrough time was much earlier,
at about 900 years, with the &-meter thickness than with the 10-meter thickness, at about 3,000
years.

A simulation was run with the dispersivity set to 10 times the base condition of 0.1 for
the longitdinal and transverse dispersivity, The breakthrough occured sconer than in the base
condition—about 2,000 years compared to 3,000 years (Figure 5}. However, the shape of the
breakthrough curve was flatter and broader than in the base condition, as was expected for the
larger value of dispersivity. The larger value of dispersivity causes the breakthrough curve to
smear, with the initjal breakthrough occuring earlier but with the maxirown concentration
occuring later. The midpoint on the breakthrough curve will be the about same for any value
of dispersivity,

The solute concentration in the vadose zone at the end of the period is showa in
Figure 6. The concentration decreases radially from 1,000 grams/m’® at the source to wnhm
about 2 meiers of the groundwater table located at the bottom of the figure.

The effect of retardation was evaluated by using the linear Freundlic isotherm and a k,
value of 1 mi/gram. The hydrauiic conductivity was assumed to be Ix10™ cm/sec, rather than
the base condition value of 1x10-® cm/sec, so that the effects would be more visible within the
10,000-year simulation peried. The resuits are shown in Figure 7. The effect of retardation
was o delay the breakthreugh until 1,200 years instead of 500 vears and reduce the overail
mass cutflow rate to the gronndwater table. Steady state was not reached within the 10,000
year simuiation. The outflow was reduced by adsorption onto the vadose zone soil. The
adsorption rate was about 1.4 grams/day until after about 1,200 years, and then gradualiy
deciined to 0.2 gram/day as the adsorption capacity of the soil was depleted.
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Table 4 Volume and Mass Flow Rates Across Model Boundaries {Zaro Initial

Cantamination)
E].l?'ipnf:ﬂ I;f::: U:LI:;W Mass Inflow Rata Mass Cutflow Rate
years) {m3/day] tm3/day) igrams/day) {grams/day}
2 2.6842-04 -4.8342-07 2.894e-01 -7.778a-78
& 2.192e04 -7.198e048 2.1928-01 -B8.679a-7
T4 2.063e-04 -3.501e-05 2.083e-01 -5.583e-56
ag 2.004a-04 -8.66%e-00 2.004e-01 -4.6745-42
62 1.975e-04 -1.478e-04 1.875e-01 C-1.217e-30
126 1.963e-04 -1.783e-04 1.863e-01 -1.22be-21
224 1.959:-04 -1.817e-04 1.958e-01 1,027e-18
326 1.958e-04 -1.948e-04 C1.958e-01 -3.7492-1%
42726 1.958e-04 -1.958e-04 1.958e-01 -6.645e-14
526 1.958e-04 -1.957e-04 T.958a-01 -F.F22e-13
626 1.9579-04 -1.957e-04 1.857a-01 -5,647e-12
726 1.957e-04 ~1.957e-04 1.857e-01 ~-4.515e-11
828 1.957e-04 -1.857e-04 1.957e-01 -2.5622e-10
9zg 1.857e-04 -1.957a-04 1.957e-01 -1.2018-09
990 1.957e-04 -1.957ae-04 1.957e=-01 ~-2.819a-09
1000 1.957e-04 -1.957a-04 1.957a-01 -3.192e-03
2000 1.9672-04 -1.957a-04 1.857e-01. -2.865e-0hb
0G0 1.957a-04 -1.957a:04 1.857e-0M1 -1.323e-03
4000 | 1857804 | -1.957e-04 1.957e-01 -7.7068-03
5000 1.957e-04 -1,967e-04 1.957e-01 -1.963e-02
10000 1.957e-04 -1,957e-04 1.957a-01 -8.4583e-02
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Figure 3 = Solute Mass flow for Base Condition, Head, K, and Leakage
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Figure 4 Simulated Volumetric Moisture Content After 1000 Years (porosity = .402)
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Figure 5 = Solute Mass Flux for Base Condition, Thickness, and Dispersivity

- MEES Doc. No,
PLUCPSMGTASE £12 (201 31 23  3B40-G:EN-K-05-3506-0



Elavation Abcve the VWater Tabie {m)

| 0 |
200 / i
—
1.00 .
0,00 | | | | | |
000 100 200 300 400 500 600 700 800 900 1000

Radius {m}

Figure 6 Simulated Selute Concentration in grams/m® After 1000 Years
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TaI;Ie 5 Volume and Mass Flow Ratas {200 grams/m? Initial Contamination)

Elapsed Time Inﬂn:w-Ratn Gutftgw Rate Mas’;:;mw Massng::ﬂnw
(years) (miday) (m/day) {grams/day gramsiday)
2 2.694a-04 -4.634e-07 - 2.6%48-01 -8.267e-05
6 2.192s-04 -7.198e-06 2.192s-01 -1.440e-03
14 2.0682:-04 -1,5016-05 2.063-01 -7.002¢-03
30 2.004e-04 -8.6898-05 2.004e-01 -1.734e-02
62 1.976e-04 -1.418e-04 1.875e-01 -2.837e-02
126 1.963e-04 -1.783e-04 1.963e-01 -3.566e-02
226 1.95%¢-04 -1.817e-04 1.959e-01 -3.834e-02
326 1.958e-04 -1,848e-04 1.958:-01 -3.8982-02
426 1,958e-04 -1.855e-04 1.968a2-01 -3.911e-02
526 1.858e-04 -1,957e-04 1.958e-01 -3.814e-02
626 1.957e-04 -1.957e-04 1.857e-01 -3.915e-02
728 - 1.957e-04 -1.957e-04 1.857e-01 -3.915e-02
828 1.957e-04 -1.967e-04 1.857e-01 -3.915e-02
926 1.957e-04 -1.967e-04 1.857e-01 -3,915¢-02
990 1.957e-04 -1.957=-04 1.957¢-01 -3.915e-02
1000 1.857e-04 -1.957e-04 1,957e-01 -3.915e-02
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7.0 CONCLUSIONS ' | @

The unsaturated flow computer program VS2DT was used to simniate the flow of
leachate from the disposal cell through the vadose zone to the groundwater table. The programn
was used 1o estimate the travel time 1o the water table for various hydrologic conditions.
Simulationis were run to test the sensitivity of the estimated travel time to changes in hydraulic
conductivity, vadose zone thickness, leakage rate, and dispersivity. The simulations were run
for 10,000 years.

The parameter values for the base condition were a hydraulic conductivity of
1x10™ cm/sec, a thickness of 10 meters, and 2 leakage rate of 0.05 gal/day simulated with a
bead of 30 cmr over a Limited ares, as suggested by Giroud's equations, The base condition
parameter values were assumed to represent the most likely condition, Other simulations were
run to evaluate the sensitivity of the model to the selected parameters. Hydraulic conductivity
was increased to 1x10% cm/sec, head was increased to 1 meter, and the thickness was redaced
to 6 meters for the other simulations. The effect of 2 uniform leakage rate was also simuiated
with a 30-cm head applied across the entire upper mode!l boundary. Dispersivity was increased
by a factor of 10 from 0.1 meter to 1 meter.

. The simulations show that the initial pulse of flow from the vadose zone to the aquifer
occurs earlier than the mass flux breakthrough. Steady-state outflow in the base condition
occurs at the simudated groundwater table after about 300 years, compared to 3,000 years for - .
the first leachate to arrive. The early flow pulse is a characteristic of pision-like flow where
pressure caused by the inflow at one end of a path pushes water out the at the other end of a

path:.

Among the parameters evaluated, the simulated leachate travel time or breakthrough
time is most sensitive to the hydraulic conductivity and least sensitive to the dispersivity. The
vadose zone (hickness is an important factor, but it is not as important as the hydraulic
conductivity.

The simulations indicate that the quantity of leakage has a significant impact on the
travel time for leakage to flow from the ceil to the waier table. Although the uniform leakage
simulatton 1s not likely to occur, it represents a leakage rate of about 11 gal/acre per day or
0.15 inch/year across the entire cell and would require 100% failure of the liner system.

The breakthrough time for the base condition occurs at about 3,000 years. The earliest
simuiated breakthrough occurs at about 300 years with the hydraulic conductivity at 1x10%
cm/sec, However, the leachate may not be detectable in the groundwater at the mass flux rate
associated with that time. With the reduced vadose zone thickness, the initial breakthrough
occurs at about 900 years, but the maximum flux rate is less than when the hydraulic
conductivity is 1x10 em/sec. Increasing the head, and consequently the leakage rate, o -
1 meter moved the breakthrough time up to gbout 2,000 years. With a uniform leakage rate, .
the bregkthough time was 600 years, The dispersivity of I meter increased the hreakthmugh
time from 3,000 years to about 2,000 years.
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