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ABSTRACT

This paper reports the results from a series of
two-dimensional, time-dependent simulations of heat
and mass transfer through a partially saturated
mesa-top landfill in northern New Mexico. Simula-
tions use the finite element approach to solve the
governing equations for a problem, wherein air mass,
water mass, and energy are conserved. We use a
computational grid that maintains complex topo-
graphic and stratigraphic boundaries. The 30 m of
topographic relief at the site allows atmospheric
communication with the subsurface air and water
vapor within the mesa. Time-dependent heat and
gas generated in the landfill through the decompo-
sition of organic waste provide the main driving
forces for vapor phase migration. We show that the
magnitude of vapor phase migration is primarily
controlled by gas generation source strength. In-
creased temperature has a secondary effect on va-
por phase flux. Flow paths change considerably from
pre-landfill to post-landfill conditions. Pre-landfill
upflow of air through the mesa with maximum flux
of 2 cm/yr is driven by ambient density gradients.
Post-landfill gas input reverses the direction of flow
beneath the landfill, forcing gas into dry, permeable
pathways that lead into the mesa. Vapor advection
along high permeability zones beneath the landfill
may explain observations of landfill gas found at
depth. Post-landfill vapor flux most likely peaked
with a maximum flux on the order of 30 m/yr, within
the first 20 years since closure. Advective transport
of gas below the landfill is shown to dominate dur-
ing the high productivity phase of gas generation.
Transport of landfill gas is shown to be dominated
by diffusion when the vapor phase flux falls below
1 to 3 m/yr. Model results suggest that capping the
landfill with a low permeability layer could cause
the vapor flux to be diverted into the surrounding
mesa via dry pathways.

INTRODUCTION

Transport of landfill gas has been the subject of a
number of studies in the last few years (e.g., Hackley
etal., 1996). Landfill gases include methane (CH,), carbon
dioxide (CO,) and volatile trace contaminants {(e.g., toluene,
benzene, trichloroethylene). These gases are transported
within landfills by advective-diffusive processes. An im-
portant driving force for transport of vapor within landfills
is the decomposition of organic waste which produces
heat, carbon dioxide, and methane (Senior, 1990).

Transport of landfill gases in the subsurface is im-
portant for several reasons. First, gas phase contaminants
may migrate in the subsurface into buildings and affect
the health and safety of inhabitants (Mauldin, 1992;
Kjeldsen and Fischer, 1995). Subsurface migration of
landfill gas also may affect agricultural activities adjacent
to landfills through crop damage (Jones and Elgy, 1994).
Second, vapor phase migration can be significant with
respect to ground-water contamination because contami-
nants such as trichloroethylene are able to transfer readily
from the liquid phase to the vapor phase. Vapor phase
migration in unsaturated porous material is generally faster
than liquid phase migration due to higher gas diffusivity
and high vapor phase permeability (Ward et at., 1996).
Highly volatile contaminants can migrate in the vapor
phase, then later equilibrate with, and therefore contami-
nate ground water along the vapor flow path. As a result
of vapor equilibration, ground water may become con-
taminated with volatiles even if there is no direct liquid
flow path involved. Because velocities are higher in the
vapor phase than the liquid phase, vapor contamination
happens on time scales that are much shorter than typical
for ground-water systems. Third, development of landfill
methane as a source of power generation has spurred
research to optimize the extraction process (Bogner et
al., 1995).

In this paper, we use a numerical model to examine
multiphase transport at a landfill site situated on a mesa-
top which stands about 30 m above the canyons that
border it. The topographic relief at the site results in a
hydrogeologic system that is well connected to the at-
mosphere (e.g., Kipp, 1987; Weeks, 1987). The sirnulated
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landfill includes time-dependent heat and gas sources that
drive vapor transport. The water budget of the landfill-
mesa system evolves in response to the resulting changes
in vapor flux, water vapor pressure, and temperature. For
example, the increased temperature leads to increased
evaporative drying, which in turn reduces liquid phase
permeability and increases vapor phase permeability.

This modeling study was motivated by environmental
restoration activities at an inactive landfill, located on a
mesa adjacent to the airport in Los Alamos, New Mexico.
Los Alamos National Laboratory (LANL) is currently
assessing potential migration of landfill gases at this site.
We performed a series of two-dimensional, time-depen-
dent simulations of gas flow through partially saturated
porous media at the Los Alamos Airport Landfill to assist
in the site assessment. The simulations are intended to
guide the decision-making process of the remediation
effort.

Previous modeling work has examined diffusion pro-
cesses in homogeneous systems (Moore et al., 1979), and
barometric pumping effects on monitoring data (Young,
1992). The simulations we present in this paper advance
the state of landfill modeling by examining a complex
system which includes atmospheric interaction with the
subsurface, multiple hydrogeologic units, and advec-
tive/diffusive multiphase flux.

SITE DESCRIPTION

The Los Alamos Airport Landfill is located in north
central New Mexico on the Pajarito Plateau. The Pajarito
Plateau lies on the east flank of the Valles Caldera and

is capped with thick units of volcanic tuff erupted from
the Valles Caldera between 1.2-1.6 Ma. Canyons have
deeply incised the caldera flank, leaving behind the current
system of finger mesas. The Airport Landfill occupies
80,000 m? of a small E-NE trending canyon cut into Los
Alamos Mesa (Figure 1).

Los Alamos Mesa is composed of the Tshirege and
Otowi Members of the Bandelier Tuff, separated by tephras
and volcaniclastic sediments of the Cerro Toledo interval.
The Otowi is a massive, poorly indurated ash-flow tuff
unit. The Tshierege is made of several cliff-forming, ash-
flow tuff units which have been divided into subunits
by various investigators based on primary cooling unit,
erosional characteristics, and welding and crystallization
characteristics (Broxton and Reneau, 1995). The Landfill
terminates in Pueblo Canyon at a cliff face 30 m below
the mesa-top and is situated 360 m above the water table.
Data from well logs on the Pajarito Plateau place water
table temperature near 25°C with an average heat flow
of 110 mW/m? (Reiter et. al., 1978, 1976).

Between 1945 and 1973, the unlined Airport Landfill
received mainly municipal waste. To maintain sanitary
conditions, the disposal area was backfilled with crushed
volcanic tuff on a semi-regular basis. In 1974, a 1-m thick
cap of crushed volcanic tuff was added. Field data from
monitoring wells at the site show maximum in situ
temperatures of 26°C to 28°C in the core of the landfill,
with values as high as 55°C on the perimeter. The high
temperatures seen on the landfill perimeter are indicative
of aerobic bacteria converting CH,; to CO, and water
(Senior, 1990). The volumetric concentration of CH, plus
CO, in the pore vapor reaches a maximum value of ~55
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Figure 1. Plan view of the Los Alamos Airport Landfill and model cross section A-A'. (adapted from original by A. Kron, cARTography,

1996)
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percent in the near surface and decreases to < 20 percent
at the deepest monitoring port, 55 m below ground surface
(Figure 2). The pore vapor CH,/CO, ratio is high ( 0.6)
near the surface and decreases considerably ( 0.2) with
depth (Figure 2 and Neff et al., 1998). Kjeldsen and
Fischer (1995) propose that the only mechanisms which
can lead to significant changes in the CH,/CO, ratio are
oxidation of methane to carbon dioxide, and preferential
dissolution of CO, into pore water. They note that simple
mixing with background air should merely reduce the
total concentration of landfill gas without changing the
CH,/CO, ratio, and show that density differences between
CH, and CO, lead to negligible separation of the two
components. Because preferential dissolution of CO,
would tend to increase the CH,/CO, ratio, oxidation of
CH, below the landfill appears to be the only plausible
explanation for the data.

The climate in Los Alamos is semi-arid. Local
climatologic data from the Los Alamos area collected
from 1961 through 1996 (http://weather.lanl.gov; Bowen,
1992) shows average yearly surface temperature fluctu-
ates from a high of 15.4°C to a low of 2.2°C. The average
mean temperature for all years combined is 8.8°C. At-
mospheric pressure varies during the year as storm systems
move through the area. Average atmospheric pressure on
the mesa (2,250 m above sea level) is 0.0786 MPa (~80
percent sea level pressure) and average yearly relative
humidity is near 50 percent. Rainfall varies greatly from
a yearly low of 17.3 cm to a high of 77.1 cm. Average
over the 26 years recorded is 47.6 cm. Yearly evapotrans-
piration is estimated to be near 90 percent of the total
precipitation, leaving very little water on the mesa-top
to infiltrate. Estimated long-term average mesa-top in-
filtration below the root zone is on the order of 1 to 2
mm/yr (Springer, 1995). In the canyon bottoms where
intermittent streams form during the spring and summer,
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Figure 2. Concentration versus depth for carbon dioxide and meth-
ane at the landfill. Well locations are given on Figure |.

and in mesa-top depressions that pond rainfall and snow
melt, infiltration may be more than 10 mm/yr (Turin,
1995).

CONCEPTUAL MODEL

Because we are interested in the transport of landfill
gas, liquid water, water vapor, and heat, our model
incorporates liquid phase flux, vapor phase flux, and energy
flux. The liquid and vapor phase mass balances include
terms for transport between the two phases. Air dissolved
in the liquid phase is treated via Henry’s Law. Liquid
water is assumed to be in equilibrium with its vapor, lying
on the Clapeyron curve where water vapor pressure is
a function of temperature only. Liquid and vapor phase
permeabilities are functions of liquid saturation after van
Genuchten (1980). Thermal equilibrium between the gas,
liquid and rock is assumed. ,

Gas and heat are generated through anaerobic reac-
tions by subsurface bacteria as they decompose organic
carbon in landfill waste. Approximately equal amounts
of methane and carbon dioxide are created. The anaerobic
reactions that produce the landfill gases are mainly
exothermic, increasing landfill temperatures during times
of high gas production. We assume that the source regions
in the landfill are fixed in space with variable output of
gas and heat through time. Our estimates of gas volumes
and temperatures are taken from Bingemer and Crutzen
(1987). Since gas production is controlled mainly by
anaerobic bacteria, we place sources of heat and gas in
the deep parts of the landfill where measured saturations
are the highest. Methane and carbon dioxide source terms
are represented by an equivalent volume of dry air. We
use air as the non-condensable gas phase because it is
the predominant gas in the mesa/atmosphere system.

In well-oxygenated parts of a landfill, aerobic reac-
tions break down methane and produce water and ad-
ditional carbon dioxide (Senior, 1990; Czepiel et al.,
1996). Physical fractionation of methane, carbon dioxide,
and air due to density and solubility differences further
complicates the distribution of individual gases at a
particular site. To simplify the following analysis, we
ignore all secondary effects associated with multi-com-
ponent gas flow and concentrate on the movement of gas
from source regions in the landfill. Therefore, our analysis
calculates only advective volume fluxes and we explore
the relative importance of diffusive flux in the discussion
section.

Observations that water saturation within the land-
fill reaches 100 percent in places and that some of the
waste was buried in trenches lead us to believe that water
saturation in the landfill is highly heterogeneous with,
on average, higher saturation, lower permeability and
smaller capillary passages than the crushed tuff material
(see Hinchee et al., 1994). Two sets of hydraulic parameters
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are used in the landfill to simulate this heterogeneous
nature, one set for wet landfill waste (“trash”), and one
set for relatively dry crushed tuff regions. The model
landfill contains an arbitrary and approximately equal mix
of trash and crushed tuff.

We expect higher infiltration into the landfill than
undisturbed parts of the mesa. This is because as landfill
waste degrades and compacts over time, post-emplace-
ment sag ponds develop. Ponded water creates local areas
of very high near-surface saturation resulting in increased
infiltration below the root zone. In addition, Los Alamos
Mesa contains several paved areas (e.g., Airport runway,
hangers) that are not explicitly included in our represen-
tation. Paved areas block evaporation and create zones
of higher near-surface saturation. Higher near-surface
saturations will allow more water to infiltrate below the
root zone. For the above reasons, we increase infiltration
in all post-landfill simulations.

We model the mesa/landfill system as a layered porous
media, with pinch-outs and sharp material boundaries.
High permeability fractures in the top units of the mesa
may provide bulk vapor phase permeability on the order
of 107! to 10712 m? (Vold, 1997). We do not include
fractures in the current work, however we note that frac-
tures could increase the vapor flux estimates we present
by one to two orders of magnitude. Although we do not
include fracture effects we expect the simulations to cap-
ture the general flow field of the system.

Land surface temperature, humidity and pressure are
assumed to be constant as functions of time; these
parameters are fixed in time to their yearly average values.
Daily variations in air temperature are quickly damped
by the heat capacity contrast at the air/land interface.
Relative humidity varies little over monthly periods.
Although monthly and daily variations in the above prop-
erties are usually small, annual variations can be signifi-
cant. Annual variation in relative humidity from 39 percent
(8.7 g/m3) during July to 59 percent (2.4 g/m3) during
December, combined with the winter/summer tempera-
ture variation, yield the heaviest column of atmosphere
during winter and the lightest column in summer. Since
the weight of the atmospheric column is a primary forc-
ing function in our pre-landfill model, yearly variation
in atmospheric properties may be important for in-depth
analysis of the mesa water budget. Also, barometric
pumping due to variations in atmospheric pressure would
be important for examining multi-component gas flow
(Auer et al., 1996).

NUMERICAL MODEL
Conservation Equations

The numeric model (Table 1) used is based on three
conservation equations: conservation of total water mass

Table 1. Symbols.

Rock heat capacity (J/[kg"C])

Flux of water mass, air mass, and energy (kg/
[m?s], kg/[m?s], W/m?)

Acceleration due to gravity (m/s?)

Specific enthalpy for vapor and liquid phases,
respectively (J/kg)

Saturated permeability (m?)

Relative permeability for liquid and vapor
phases respectively ()

Experimental capillary pressure parameter ( )
Source/sink terms for water, air, and energy
(kg/m3s, kg/m3s, W/ m?)

Time (s)

Internal energy of the rock matrix, vapor and
liquid phases (J/kg)

Volume flux for vapor and liquid phases,
respectively (m/s)

Water and air mass per volume, energy per
volume (kg/m>, J/m?)

Concentration ( )

Fick’s Law diffusion coefficient (m%/s)
Chemical flux (kg/[m?s])

Effective thermal conductivity of saturated
rock matrix (W/[mC])

Capillary pressure (Pa)

Phase pressure for liquid and vapor phases
respectively (Pa)

Specific gas constant (J/[kg"C])

Maximum and residual water saturation ( )
Saturation for vapor and liquid phases,
respectively ()

Temperature (°C)

Density for the rock matrix, vapor and liquid
phases, respectively (kg/m?)

Experimental capillary pressure parameter
(p,g/air entry pressure) (1/m)

Porosity of the matrix ()

Mass fraction of air in the liquid (1) and
vapor (v) ()

Viscosity for liquid and vapor phases
respectively (Pa s)
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(vapor and liquid), conservation of air, and conservation
of energy. (Zyvoloski et al., 1995). Conservation of total
water mass (vapor and liquid) is expressed as:

A -
d_m +V'.fm+qm=0

where the mass per unit volume of water, is given by:

Am=¢(SvPv(1—nv)+SIP1(1”T|1)) Eq. 1-2
and the water mass flux, ?m , is given by:
.-fmz(l_nv)pvav'*(l_nl)plﬁl Eq 1-3
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where S is the saturation of a given phase (with S, + S,
= 1), n is the mass fraction of air in the subscripted
phase, V is the volume (Darcy) flux, p is density, ¢ is
porosity, and g,, is the water mass source term. Subscripts
[ and v refer to the liquid and vapor phases, respectively.
Subscripts m, 1, and e refer to water mass, air mass, and
energy respectively. Note in Equations 1-2 and 1-3 that
the liquid phase includes liquid water and air dissolved
in liquid water, and the vapor phase includes both air
and water vapor.

Conservation of total air mass is expressed by the
equation:

dA

~—n+V-?n+qn=0

ot Eq 2-1

The mass flux and mass per unit volume are defined
similarly for air as follows:

-

Fa=MPyiy + NPV, Eq. 2-2

Ay= ¢(Svpmv + Slpm,) Eq. 2-3

Conservation of energy is expressed by the equation:

0A, -
ot +V'fe+qe+0 Eq3-l
The energy flux, fo is given by:
}‘e = thV{;V + h[pl‘jl_ KVT Eq. 3'2

and the energy per unit volume, is given by:

Ac=(1-0pu, +0(Syp.u, + Spu) Eq. 33

where u, = ¢, T, ¢, is rock heat capacity, T is tempera-
ture (Kelvin), K is equivalent thermal conductivity of the
porous media, and / is enthalpy.

Water density, enthalpy, viscosity, and their deriva-
tives are fit to National Bureau of Standards data as ra-
tional polynomial functions of both pressure and tem-
perature (Harr et al., 1984; Zyvoloski and Dash, 1991).
The water functions are applicable over the following
ranges: 0.001 MPa P 20.0 MPa; 0.5°C T 360°C.
Enthalpy of air is solely a function of temperature as h,
= Cpel. Air heat capacity (c,,) is obtained from a poly-
nomial expansion fit to data of Sychev and others (1987).
Density of air obeys the ideal gas law. Air viscosity is
fixed at 1.82 x 10°8 (Pa s). Phase properties are calculated
as a linear combination of air and water. The phase pres-
sures are related by P, = P; + P, where P, is the
capillary pressure. We model all landfill gas generation
as excess air pumped into zones of methanogenesis via
the source/sink term, g, in Equation 2-1.

Constitutive Relationships

It is assumed that Darcy’s Law applies to the move-
ment of each phase, with the vapor and liquid fluxes given
by:

, kp .
b == {VP-p.g) Eq. 4-1

and:

P = —%’(VP,—p,g) Eq. 4-2

where £, is the relative phase permeability, UL is viscosity,
and & is the gravitational field vector.

The relationship between permeability, saturation, and
capillary pressure can be described by a number of
empirical mathematical expressions. We use the formu-
lation described by van Genuchten (1980) with modifi-
cations to eliminate the singularity created in the model
equations at zero effective saturation (Zyvoloski et al.,
1995). The unmodified relationships (presented for brev-
ity) are described by the following equations:

% V5. [1.0.(1.o-§”"’)m}2 Eq. 51

a1 /m (l,O—m
Pcap=éplg'(s 1 _10) Eq 5-2

where k; is liquid phase permeability at 100 percent rela-
tive water saturation, and m and o are experimentally
determined fitting parameters, and g is the magnitude of
the gravitational force vector. Relative saturation is de-
fined as:

S,-S,

S = 3

Eq. 5-3

%]

5 r

where S, and S, are residual and maximum liquid satu-
rations respectively. We also assume that &k, + k,,
= k.

Numerical Methods

We use the finite element heat and mass transfer code
FEHM (Zyvoloski et al., 1995) for our simulations. FEHM
solves the highly nonlinear equations of multiphase flow
using the Galerkin technique to discretize the spatial
derivative, and a standard first order approach to the time
discretization. FEHM uses a control volume finite ele-
ment approach to obtain the geometric coefficients of the
stiffness matrix. In this approach, low order finite ele-
ments are constrained to strict Delaunay conditions to
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insure that area projections between neighboring nodes
remain positive. This approach also uses node based
parameters like conventional finite difference methods.
Lobbato integration is used to evaluate volume integrals,
and a modified Newton iterative procedure is used to
solve the resulting system of equations. Time stepping
is controlled dynamically, with timestep size increasing
by a fixed multiplier until a user specified maximum is
reached. If the solver fails to converge for a given step
size, the timestep is decreased and the solution is retried.
Dependence of density, enthalpy and viscosity on pressure
and temperature is represented as a ratio of third order
polynomials. Results of FEHM are in excellent agreement
with accepted unsaturated flow theory over a wide range
of analytic solutions and test criteria (Zyvoloski et al.,
1995).

Grid Generation

Grids were created using GEOMESH (Gable et al.,
1995), a software tool for generating, editing and opti-
mizing multi-material unstructured finite element grids
(triangles and tetrahedra). GEOMESH maintains the
geometric integrity of complex input volumes, surfaces,
and geologic data while producing an optimal Delaunay
grid that satisfies the constraint that the geometric cou-
pling coefficients be positive for all elements.

Unsaturated Vapor Phase Flow:
Modeling Considerations

To model the Los Alamos Airport Landfill problem,
we need to simulate non-isothermal convection of air in
sloped systems. Stauffer and others (1997) used FEHM
to simulate the finite amplitude convection of dry air (no
water vapor) heated from below in a square two-dimen-
sional domain. This study showed that convection is
initiated, as linear stability theory predicts, when the
Rayleigh number is above 40. A porous media filled with
humid air convects at a much lower critical Rayleigh
number than when filled with dry air due to difference
in the efficient transport of energy via latent heat. Zhang
and others (1994) presented a semi-analytic stability
analysis for the convection of 100 percent humid air in
porous media heated from below. We modeled this prob-
lem as well with FEHM. For temperatures over which
theoretical results apply (small temperature gradients and
average temperature well below 100°C, since the stability
analysis did not allow for spatially variable saturation),
our results agree well with those of Zhang and others
(1994).

We also simulated the convection of dry air in a sloping
porous layer with a constant top and bottom temperature
and compared our results with the model results for the
same system reported by Rose and Guo (1995). Unlike

flat systems, the potential for broad upflow of pore gas
exists given sufficient topography and air density gra-
dients. The results (Figure 3) agree qualitatively with
Rose and Guo (1995), however volume fluxes calculated
in FEHM are nearly an order of magnitude lower. Our
fluxes are more consistent with Rayleigh number versus
Nusselt number correlations found in previous air con-
vection studies (Stauffer et al., 1997; Nield and Bejan,
1992). Analysis of the Rose and Guo (1995) problem
revealed the importance of correctly calculating the
pressure boundary condition for air along the top of our
model domain. Slight imprecision (<1 percent) in cal-
culating air pressure as a function of elevation leads to
convective gas flow in a system with no temperature
gradient. We recommend running such a simulation (e.g.,
no temperature gradient) as a check on any model of
convective air flow in sloped systems. The magnitude of
this error increases with system height. Since we assume
temperature is constant along the top of the domain,
pressure with elevation at the land surface may be cal-
culated as:

0o
P, =P, +[ (gfz)dz Eq. 6-1

Neglecting changes in the gravitational field strength,
Equation 6-1 may be combined with the ideal gas law
and integrated to obtain the barometric equation (Fleagal

and Businger, 1980):

P, =P e(%)

vy =Py Eq. 6-2
where R* is the gas constant R (8.314 J/mol K) divided
by the molecular weight of the gas. For moist air, we
take R* to be a linear combination of water vapor and
air mole fractions. Equation 6-2 is used to set the top
boundary condition for all atmospheric boundaries pre-
sented in this paper.

Model Domain and Hydrostratigraphy

The two-dimensional model domain of 1795 triangular
finite elements is a cross-section of the mesa consisting
of seven hydrostratagraphic layers: the landfill, 4 Tshirege
units (Ia/Ib, IIa, IIb, III), the Cerro Toledo and the Otowi
(Figure 4). These choices were based on the best available
hydrologic data. Details regarding hydrogeologic prop-
erties of the Los Alamos Airport Landfill site and other
nearby locations are discussed in several Los Alamos
National Laboratory reports (Rogers and Gallaher, 1995
and references therein).

The model domain is composed mainly of Bandelier
Tuff. In general, values for saturated permeabilities of
the Bandelier Tuff are 1074 m? to 1072 m? (~0.01-1
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Figure 3. Volume flux (Darcy velocity) of dry air in sloped porous media heated from below after Rose and Guo (1995). Maximum flux =

1.4 m/yr.

darcy) and porosities average ~0.45. The Bandelier Tuff
has high moisture retention characteristics. This means
that the capillary pressure required to drain Bandelier Tuff
is very high, and that conversely, the capillary pressures
required for water to imbibe into Bandelier Tuff is very
low. Measured saturations in the Bandelier Tuff range

from less than 0.04 to greater than 0.3. Hydrologic
properties were assigned to the various model units based
on a calibration effort, described in a later section.
The following rock properties are fixed for all units
in all simulations presented. Rock density is set to 2,200
kg/m3, rock specific heat is set to 760 J/(kg K), rock

Ryjr = Po +j aa&;gz) dz

- 10°C

ﬂow

no flow

(0,0) metrs
A

mmmm Landfill

. Tshirege IlI
mmmm  Tshirege lib
pmmmm Tshirege lla

15°C  RyF 0.077 MPa

(360,200) meters
®

Moubu. SN

BN Tshirege | (aand b)
M Cerro Toledo
s Otowi

Figure 4. Model domain and boundary conditions.
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thermal conductivity is set to 2.7 W/(m K), and porosity
is set to 0.45. These rock property values were chosen
based on site data where possible and average values for
similar rock types otherwise. Limited sensitivity analyses
were made, demonstrating that the conclusions of this
work are not sensitive to these values.

Model Boundary Conditions

Boundary conditions are shown in Figure 4. The right
boundary below ground surface in Pueblo Canyon and
the left boundary are set as no-flow boundaries with respect
to heat and mass. The bottom boundary is set to 15°C.
The bottom of the domain requires a fixed pressure to
allow water to drain from the domain. We run a gas only,
no-flow bottom boundary simulation until gas pressure
reaches equilibrium with the prescribed atmospheric
boundary, and fix the bottom boundary pressures for all
pre- and post-landfill simulations. Lowering the bottom
boundary to the true water table, ~360 m below the mesa
surface, has minimal effect on flow or saturations in the
overlying units. The bottom boundary depth was chosen
to reduce computer storage requirements and boundary
effects.

An atmospheric boundary condition is set across the
top of our model domain with temperature set to be 10°C.
Vapor phase pressure on the boundary is set according
to Equation 6-2. Infiltration occurs along the top boundary
above the landfill and in Pueblo Canyon, and is set to
1.6 mm/yr. No infiltration is specified on the cliff face,
because of the high degree of evaporation and run-off
along this steep slope. All mass enters the system at 10°C,
while mass leaving the system carries the enthalpy of the
exit flow. Use of site-specific average pressure and tem-
perature for the mesa system means that the density of
air is ~75 percent of the value at sea level. Lower density
gas requires higher pressure gradients to achieve equiva-
lent mass flux. Also, relative humidity is higher for a
given temperature at lower average total pressure since
vapor pressure is solely a function of temperature. The
temperature used for the top boundary is not critical, since
we are interested primarily in the difference between
ambient and perturbed flow fields rather than in the exact
details of the ambient case.

Pre-Landfill Simulation

We need a pre-landfill solution to compare with our
post-landfill simulations so that we can separate the effects
caused by landfill gas production from pre-landfill air
flow. Pre-landfill simulations have no trash, heat, or gas
generation. To allow use of the same grid for both pre-
and post-landfill simulations, the pre-landfill grid includes
the volume of the landfill present only as a volume as
crushed tuff. We used saturated bulk permeabilities

compiled by Rogers and Gallaher (1995), set the bound-
ary conditions as described above, and simulated a steady-
state solution. We calibrated our pre-landfill model by
matching average water saturations for each unit with
measured values given by Rogers and Gallaher (1995).
Water saturation depends strongly on the capillary forces
of the various tuff units and considerable scatter exists
in the data on key tuff parameters, mainly capillary pressure
as a function of saturation. To achieve a match between
our steady state model and measured values, van Genuchten
n and « parameters (Equations 5-1 and 5-2) were varied
within one standard deviation. The pre-landfill steady-
state model includes an average surface infiltration rate
of 1.6 mm/yr and the hydrologic parameter values given
in Table 2. Infiltration corresponds to the mass source
term, ¢,,, in Equation 1-1).

Results of the pre-landfill simulation can be seen in
Figures 5 and 6. The steady state pre-landfill model serves
as the initial condition for the time-dependent modeling
described below. Note the heterogeneity in water satu-
ration, which reflects the complex hydrostratigraphy and
boundary conditions in our model. Figure 6 shows the
background vapor velocity field driven by differences
between soil air density and atmospheric density. As
expected, the flow is qualitatively similar to the flow field
in Figure 3, with air exiting through the top of the mesa.
For the pre-landfill simulation, total air flow through the
domain, entering via the cliff face in Tshirege Ila and
the Pueblo Canyon bottom is approximately 1 m?/yr.

Post-Landfill Simulations

We next put “trash” into the landfill and used steady-
state results discussed above as initial conditions. To
approximate the in situ conditions at the airport landfill,
we selected about half of the landfill nodes to be “trash”
nodes and assign hydrologic properties to these nodes
accordingly (Table 2). We simulated gas and heat pro-
duction driven by microbial activity in the Los Alamos
Airport Landfill, randomly selecting roughly half of the
landfill “trash” nodes to be “active trash” nodes. Active
trash nodes are sources of heat and mass (dry air). The
distribution of active versus inactive trash can be seen
by comparing Figure 5, which shows all trash nodes as
regions of higher saturation, to Figure 7, which shows
the placement of active trash only.

Gas production in typical landfills increases rapidly
at first, reaching 70 percent of the total gas generated
over the life of a landfill in the first 20 years, then slow-
ing considerably. About 90 percent of the total gas is
produced during the first 80 years and the next 120 years
produce only 10 percent of the total gas (Bingemer and
Crutzen, 1987). We fit the smooth gas generation curve
presented by Bingemer and Crutzen with three straight
line segments that allow us to use constant gas production
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Table 2. Hydrogeologic properties used in model.

van Genuchten

Unit Permeability (m?) S, a(m!) m
Crushed Tuff 3.0e-13 0.046 0.66 0.5
Tshirege 111 7.0e-14 0.050 029 0.27
Tshirege IIb 6.0e-13 0.040 0.66 0.33
Tshirege Ila 1.2e-13 0.008 030 05
Tshirege I (a and b) 1.2e-13 0.009 071 0.33
Cerro Toledo 8.7e-13 0.008 152 033
Otowi Member 1.3e-13 0025 0.66 0.33
Trash 1.0e-15 0.100 025 023

through each of the three Stages (Figure 8). We have
labeled these stages of gas production in landfills as I,
IT and III. The maximum characteristic temperature of
the landfill in Stage I (0-20 years) is ~32°C. During Stage
I (20-80 years), temperatures are typically lower, ~26°C.
During Stage III (80-200 years), temperatures in the landfill
are near pre-landfill values. A typical density of dry landfill
waste is estimated at 500 kg/m? (Matsufuji et al., 1993),
and each kilogram of dry waste is expected to produce
approximately 0.045 m? of methane and an equal amount
of carbon dioxide (Senior, 1990). We estimate the total
volume of dry waste in our cross-section of the Los Alamos
Airport Landfill to be 750 m?. Assuming a density of
1.25 kg/m® for CH, + CO, yields total landfill gas
production of ~1500 kg/yr in Stage I and 140 kg/yr in
Stage II (Figure 8). We note that because the code utilizes
a volume element approach, two-dimensional simula-
tions are given unit thickness (1 m) in the third-dimension.
The mass and heat sources described above are g, and
gn, Tespectively in Equations 2-1 and 2-2.

Infiltration is increased in the post-landfill simulations
to 16 mm/yr. Actual infiltration at the site is unknown.
We choose 16 mm/yr as a conservative estimate for the
effects of sag ponds and paving. The left boundary in
Tshirege III and Tshirege IIb are fixed to their pre-landfill
pressure and saturation. Opening this boundary to airflow
allows us to estimate horizontal subsurface vapor flux
into the mesa away from the landfill. The initial time
step for the post-landfill simulations was 1 day, with a
steady increase of 1.4x per step 1o a maximum step size
of 183 days which was maintained stably to completion.

Air velocity fields for the landfill-mesa system are
shown in Figures 9 and 10. In addition, we simulated
the system with “active trash” nodes as heat pumps only
(no gas production) to examine the separate effects of
increased pressure and temperature.

DISCUSSION
Simulation Results

Comparing Figure 6 with Figures 9 and 10 shows that
the effect of landfill gas on the vapor volume flux is

significant. Maximum flux increases from 2 cm/yr under
pre-landfill conditions to 30 m/yr. Stage I reaches a new
vapor flux quasi steady-state within less than one year.
It is not a true steady-state because saturation and tem-
perature profiles never fully equilibrate before Stage II
is initiated. When gas production is reduced in Stage II,
gas flow rapidly equilibrates to the new source strength,
with maximum flux decreasing to 3 m/yr. Vapor phase
advective flow driven by gas generation is much greater
than pre-landfill vapor phase advective flow in the hill-
side.

In addition to the magnitude of the velocity, the flow
paths are changed significantly as well. In the pre-landfill
flow field, air enters through the cliff side and exits the
top of the mesa. In contrast, during Stage I and II, three
different flow paths exist. Approximately 80 percent of
the total flux is directed out the landfill surface, along
what we refer to as the surface escape route. The remain-
ing 20 percent of the vapor phase flux is forced down
into the mesa where it splits into two flow paths. Ap-
proximately 9 percent is forced out the upper left side
of the domain, predominantly in the Tshirege IIb unit
which provides a relatively dry pathway for air flux. The
remaining 11 percent is routed down into the mesa.
Simulations in which a very low permeability cap is added
to the landfill surface “escape route” to simulate exten-
sive paving resulted in an order of magnitude increase
in vapor phase flux from the landfill into the mesa. Stage
I gas generation reverses the background air to depths
of 100 m below the mesa surface. The reversal in the
pre-landfill air flow is most likely responsible for the
observed concentrations of landfill gas at depth (Figure
2). We discuss the distribution of landfill gas in more
detail in the final section of this paper.

Comparison of the steady state saturation profile (Fig-
ure 5) with vapor fluxes seen during Stage I of the simu-
lation (Figure 9) illustrates the relationship between air-
flow and saturation profiles. High saturations effectively
block airflow, focusing flow into dry pathways. In the
model domain, dry pathways are limited to units with
hydrologic properties that allow them to stay well drained.
This has important implications for landfill gas manage-
ment. First, any open fractures or narrow zones of high
air permeability the site would serve to focus landfill gas
flow dramatically. This might be used to design an effective
gas management system by introducing open boreholes
which would serve as large, open fractures. Second,
changes in saturation within the landfill due to heavy rain
storms could cause major and rapid changes to the flow
of landfill gas at the site. The sensitivity of the flow field
to the saturation field also suggests that detailed site-
specific engineering calculations require the use of a three-
dimensional model.

The effect of adding only heat to the landfill, with
no gas source, is illustrated in Figure 11. Although the
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Figure 5. Saturation field of the pre-landfill steady-
state model.
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Figure 6. Volume flux for the pre-landfill steady-
state simulation. Maximum flux is 2 cm/yr. Vectors
are normalized to show the flow path, color repre-
sents magnitude.

Figure 7. Temperature field immediately after land-
fill gas generation is initiated in Stage I. The “active
trash” nodes in Stage I are fixed at 32°C.
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Figure 8. Model input of landfill gas generated versus time. Ninety
percent of the landfill gas is produced during the first 80 years after
refuse burial (after Bingemer and Crutzen, 1987).

flow cell is nearly the same as the pre-landfill case, air
is pulled into the domain from the open left boundary
in the Tshirege IIb unit. The addition of heat creates a
density gradient in the system, increasing the Rayleigh
number and driving convective flow. Increased tempera-
ture lowers air density via the ideal gas law. Additionally,
the density of the vapor phase is lowered as the vapor
pressure of water increases with temperature. The sum
of these various effects is small relative to the volumes
of gas produced during Stage I and II. Comparison of
the heat-only case (Figure 11) with the combined heat
and gas case (Figures 9 and 10) shows that the heating
effect is small relative to the Stage I gas source of 1,500
kg/yr with the heat contribution amounting to less than
1/50 the total flux.

Relative Importance of Diffusive Flux

In the simulations, we model only advection of gas
from the landfill. The following analysis examines the
relative importance of diffusive fluxes in the mesa below
the landfill. Let us assume that the diffusive mass flux
of gas (in kg/m?-s) can be described by Fick’s law,
J =—-DVC where C is the concentration in kg/m?, and
D is the diffusion coefficient in m%s. D for gases in
porous media is lower than measured in free space, and
is a function of porosity and tortuosity (Fetter, 1994).
For this site, we use D = 10 m?%s and simplify the
follow-ing analysis by assuming the density of landfill
gas (Cy = CHy + COy) is fixed at 1.25 kg/m3. We make
two rough estimates of downward diffusive flux based

on the landfill gas data for a high and a low vertical
concentration gradient below the landfill (Figure 12). Both
flux estimates are based on the highest measured con-
centration in the near surface while the bottom points
were picked to show a range of current in situ conditions
(Table 3). To determine the advective mass flux of landfill
gas, the vapor phase flux must be multiplied by the gas
concentration. Thus, as the absolute concentration of
landfill gas decreases with depth, the vapor phase flux
required to exceed the diffusive flux becomes greater.
Figure 13 shows the vapor phase flux required to match
the diffusive fluxes along the profiles presented in Figure
12. Current diffusive mass flux values correspond to vapor
phase fluxes of 1 m/yr at the deepest data point on the
low VCj line and 3 m/yr at the deepest data point on
the high VCy¢ line. Comparison of Figure 13 with Figure
9 shows that diffusion beneath the landfill is of minor
importance during Stage I when advective flux is greater
than 3 m/yr to depths of ~100 m. During Stage II, diffusive
flux becomes dominant for the low VCj line at about
25 m depth, where vapor phase flux is reduced to less
than 1 m/yr. For the high VCy line during Stage II,
advection will dominate only immediately below the
landfill. Diffusion will be the dominant mechanism for
landfill gas transport during Stage III, when simulated
advective fluxes throughout the model domain drop well
below 1 m/yr. Although Stage III is expected to be domi-
nated by diffusion, there is the potential for substantial
migration below the landfill because of flux along exist-
ing concentration gradients.

CONCLUSIONS

The magnitude of vapor phase migration from a hillside
landfill in northern New Mexico is primarily controlled
by gas generation source strength. Increased temperature
has a secondary effect on vapor phase flux. Flow paths
change considerably from pre-landfill to post-landfill
conditions. Pre-landfill upflow of air through the mesa
with maximum flux of 2 cm/yr is driven by existing den-
sity gradients. Post-landfill gas input reverses the direc-
tion of flow beneath the landfill forcing gas into dry
permeable pathways that lead into the mesa. Vapor
advection along high permeability zones beneath the
landfill may explain observations of landfill gas found
at depth. Maximum post-landfill vapor flux on the order
of 30 m/yr likely occurred in the 24 years since closure.
The maximum present day advective vapor flux is es-
timated to be 3 m/yr. Advective transport below the
landfill is shown to dominate during the high productiv-
ity phase of gas generation. Transport of landfill gas is
shown to be dominated by diffusion when vapor phase
fluxes fall below 1 to 3 m/yr. This study emphasizes the
importance of the relationship between degree of water
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Figure 9. Volume flux during Stage I. Maxi-
mum flux is 31 m/yr, while the scale bar ends
at 3.1 m/yr to allow comparison with Figure10.
The pattern of flow in Stage I and Stage II is
nearly the same.
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Figure 11. Volume flux for the heat only case. Maxi-
mum flux is 0.6 m/yr.
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Figure 12. Landfill gas concentration data show with high and low
concentration gradients (see text).

saturation and gas flow, suggesting that capping the landfill
with a low permeability layer could cause the vapor flux
to be diverted into the surrounding mesa via dry path-
ways, and that a management system based on open bore-
holes could be effective in ventilating the site and re-
ducing the flux of gas into the subsurface.
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Table 3. Values use for simple diffusive flux calculations.

Diffusive

Top Top C‘}f Bottom Bottom C;; Mass Flux

Depth  kg/m>  Depth kg/m? kg/(m?-yr)
HighVC, 4m 069 305m 019 0.6
LowVC, 4m 069 543m 025 0.3

Concentration of landfill gas (kg/m3)
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Figure 13. Volume flux at which advection equals diffusion along
the two concentration gradients shown in Figure 12.
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