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Abstract 

An Evapotranspiration (ET) Cover is to be deployed over the Mixed Waste Landfill at 
Sandia National Laboratories in Albuquerque, New Mexico. This design report details 
the ET Cover design with all supporting information. The design is to be a soil cover 4 
feet 3 inches thick (3 feet 6 inches of compacted native soil overlain by 9 inches of gravel 
admixture). The cover is to be seeded with a mixture of native grasses. The design 
assumes the soil will act similar to a "sponge" in that it will store all moisture from the 
worst case infiltration event until it can be removed via the combination of evaporation 
and transpiration known as ET. 

The design is based on myriad of supporting data and calculations. A first order estimate 
of the required soil thickness was based on the soil's measured storage capacity. It was 
fine tuned using the combination of numerical modeling, relevant natural analog data, 
and available field data. 
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The gravel admixture surface layer was designed to assist any established vegetation
minimize surface erosion.  A very detailed set of calculations complimented by computer
simulations was used to determine a 9 inch thick layer composed of one part gravel to
two parts soil by weight would be adequate for the final cover design slopes to minimize
surface erosion.
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1.0  SECTION 1

1.1 Introduction

1.1.1 Mixed Waste Landfill Background

The Mixed Waste Landfill (MWL) is a fenced 2.6 acre landfill located at Sandia National
Laboratories, New Mexico (SNL/NM).  It is located in Tech Area 3, (Figure 1).  The
MWL is a Radioactive Materials Management Area (RMMA) and a Resource
Conservation and Recovery Act (RCRA) solid waste management unit (SWMU).  The
MWL was operated from March 1959 to December 1988 as the primary disposal site for
SNL/NM technical and remote test areas involved in nuclear weapons research and
development.  The MWL was originally opened as the "Area 3 Low-Level Radioactive
Dump" when the prior low-level radioactive dump in Tech Area 2 was closed in March
1959.  Approximately 100,000 ft3 of low-level radioactive waste and minor amounts of
mixed waste containing approximately 6300 Ci of activity (at the time of disposal) were
disposed of at the MWL.
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Figure 1.  Location Map

The MWL consists of two distinct disposal areas: the classified area, occupying 0.6 acres,
and the unclassified area occupying 2.0 acres (Figure 2).  Wastes in the classified area
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were disposed of in a series of vertical, cylindrical pits.  Historical records indicate that
early pits were 3 to 5 ft in diameter and 15 ft deep.  Later pits were 10 ft in diameter and
25 ft deep. After the pits were filled with waste, they were backfilled with soil then
capped with concrete.  Waste in the unclassified area was disposed of in a series of
parallel, north-south excavated trenches.  The trenches were 15 to 25 ft wide, 150 to 180
ft long, and 15 to 20 ft deep.  Waste filled trenches were backfilled with soil on a
quarterly basis and covered with soils that were originally excavated from the site.
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Wastes disposed in classified area pits included thorium, barium, enriched lithium,
depleted, natural, and enriched uranium, liquid scintillation vials and beakers, neutron
generator tubes and targets, plutonium-contaminated wastes, and plutonium-
contaminated weapons-test debris from the Nevada Test Site.  Between 1959 and 1962,
small quantities of radioactively contaminated inorganic acids and organic solvents were
disposed of in the southeast corner of the classified area.  Wastes in unclassified area
trenches were disposed of at random with no regard to waste source or type and included
construction and demolition materials, contaminated equipment and soils, lead shielding,
wood crates, steel drums, shipping casks, cardboard boxes, and dry solids.

1.1.2 General Site Environmental Conditions

SNL/NM is located within Kirtland Air Force Base (KAFB).  The Base is bounded on the
north by the City of Albuquerque, on the east by the Cibola National Forest, on the south
by the Isleta Pueblo, and on the west by vacant land owned by the State of New Mexico
and held in trust for the University of New Mexico.  Tech Area 3 occupies about 1920
acres.

The topography in the general area has slopes ranging from 0 to 10% dipping westerly
towards the Rio Grande River.  Most slopes in the immediate area of the MWL are about
2%.  The MWL is not in the 100-year floodplain (Sandia, 1993). The average elevation at
SNL/NM is about 5400 ft above sea level (the mean elevation at the MWL is 5381 ft)
(Sandia, 1996).  The groundwater table maintains an irregular sloping surface generally at
a depth of about 500 ft.

The climate in the Albuquerque area is generally mild and dry, with large diurnal and
seasonal variations in temperature.  Typical days are clear and sunny with light to
moderate winds.  The normal daily temperature ranges for winter months are from 23° F
to 52° F and 57° F to 91° F during summer months.  The average annual precipitation is
about 8.5 inches, most of this occurring in brief, heavy thunderstorms from July through
September.  For a 100-year storm frequency, the 1-hour precipitation is 2.046 inches with
the 6-hour precipitation being 2.494 inches per the National Oceanic and Atmospheric
Administration (NOAA) found in Atlas 2, Precipitation-Frequency Atlas of the Western
United States, Volume IV, New Mexico (Miller, 1973).  The winter months are generally
dry.  The predominant wind direction is from the east particularly in the dry seasons.
Strong easterly winds are experienced as they are channeled through the Tijeras Canyon.

KAFB is situated in the eastern portion of the Albuquerque-Belen basin, one of the
largest of a series of north-trending basins in the Rio Grande trough.  The Sandia and
Manzano Mountains bound the basin to the east, the Lucero Uplift and Pueblo Plateau to
the west, and the Nacimiento Uplift to the north, with the Socorro Channel defining the
southern boundary.  The upper strata of the basin is a complex sequence of gravel, sand,
silt, clay, and caliche deposits (Santa Fe Formation) underlain by sedimentary rocks
extending to about 10,000 ft below sea level.
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KAFB/SNL/NM is located in Seismic Zone 2B alluding that there is a low to moderate
risk for seismic activity.  Although there have been no strong earthquakes in the past 300
years, the Tijeras and Hubbel Springs faults are considered active.  These fault lines are
located east of Tech Area 3, running north-south.

Two major plant groups comprise the existing natural vegetation at KAFB: Grassland
Association, found through the mesa, and Pinon-Juniper Association, found at higher
elevations in the Manzano Mountain area.  The Grassland Association includes sage,
cactus, and native grasses, with shrubs and small trees along arroyos.  As the elevation
increases to 5800 ft above sea level, juniper, scrub oak, pinon, and ponderosa pines
appear.

Most wildlife on the SNL/NM site feed on grasses and other range plants.  Fauna of the
open mesa includes reptiles, rodents, rabbits, coyotes, and a variety of birds.  Deer,
bobcats, black bears, and an occasional cougar have been sighted in the wetter mountain
areas.

1.1.3 Regulatory Requirements

Applicable state regulations for corrective action at the MWL are as follows:

The MWL is regulated as a SWMU under the Hazardous and Solid Waste Amendments
(HSWA) to RCRA.  The State of New Mexico is authorized by the EPA to implement the
hazardous waste management provisions of RCRA for treatment, storage, and disposal
facilities within the state.  In addition, the state is authorized to implement corrective
action provisions under HSWA and is the Administrative Authority for the HSWA
Module of the RCRA operating permit.  The purpose of the HSWA Module was to
establish specific guidance for assessment, characterization, and remediation of SWMUs
at SNL/NM.  Under Module IV of the RCRA Part B Permit (HWSA Module), the MWL
is identified as ADS 1289, E Site No. 76, and RFA Site No. 24, 25, 26, 27, 28, 29, 30, 11,
5, and 116.  DOE Orders provide requirements for landfill closure and cover design in
establishing performance requirements for the closed facility.

Hazardous waste management statutes for the State of New Mexico are codified in the
New Mexico Hazardous Waste Act enacted in 1985, and regulations governing hazardous
waste management are set forth in Title 20 NMAC 4.1, which incorporates Title 40 CFR
Part 264.

Because HSWA regulations provide only general guidance for corrective actions,
SNL/NM has elected to use landfill closure requirements as guidance.  Title 40 Code of
Federal Regulations (CFR) Part 264. – specifically 40CFR 264.310 Subpart G establishes
the closure requirements for such permitted facilities, and 40CFR264 Subpart N includes
requirements for hazardous waste landfills.  Most relevant to this design are the
regulatory requirements (40CFR264.310) for the design and performance of a final cover
system, and the need for the cover to limit infiltration into the underlying wastes:
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§264.310 Closure and post-closure care.

(a) At final closure of the landfill or upon closure of any cell, the owner or operator
must cover the landfill or cell with a final cover designed and constructed to:
(1) provide long-term minimization of migration of liquids through the closed

landfill;
(2) function with minimum maintenance;
(3) promote drainage and minimize erosion or abrasion of the cover;
(4) accommodate settling and subsidence so that the cover's integrity is

maintained; and
(5) have a permeability less than or equal to the permeability of any bottom

liner system or natural subsoils present.

(b) After final closure, the owner or operator must comply with all post-closure
requirements contained in §§264.117 through 264.120, including maintenance and
monitoring throughout the post-closure care period (specified in the permit under §
264.117).  The owner or operator must:
(1) maintain the integrity and effectiveness of the final cover, including making

repairs to the cap as necessary to correct the effects of settling, subsidence,
erosion, or other events;

(2) continue to operate the leachate collection and removal system (if such a
system exists) until leachate is no longer detected;

(3) maintain and monitor the leak detection system (if such a system exists) in
accordance with §§264.301(c)(3)(iv) and (4) and §264.303(c), and comply
with all other applicable leak detection system requirements of this part;

(4) maintain and monitor the ground-water monitoring system and comply with
all other applicable requirements of subpart F of this part;

(5) prevent run-on and run-off from eroding or otherwise damaging the final
cover; and

(6) protect and maintain surveyed benchmarks used in complying with §
264.309.
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2.0  SECTION 2

2.1 Evapotranspiration (ET) Cover Design

Figure 3 shows a profile for the proposed cover design for deployment at the MWL.

Figure 3.  ET Cover Design for Deployment at MWL

2.1.1 Subgrade Layer

Prior to the placement of the subgrade soil, the existing MWL surface will be
dynamically compacted with a (minimum 80,000-pound) vibratory kneading compactor.
This will be done in an effort to reduce the threat of continued differential settlement.
The subgrade material is to be made up of excavated soils from the Corrective Action
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Management Unit (CAMU) site located in the southeast section of Tech Area 3.  This soil
is piled northwest of the CAMU site.  This soil has up to a 10% calcium carbonate
content level (Appendix I) and is therefore not adequate for use as the native soil layer of
the cover that will maintain plant root activity for moisture removal.  This soil will be
therefore placed and compacted to provide a stable foundation layer.  The soil will be
compacted as dry as reasonable but will not have the dry of optimum constraint as will
the upper soil layer (the lower the initial moisture content, the higher the initial storage
capacity of the soil).  This soil is be placed to bring the site to grade before the actual
cover soils are placed.  Therefore the thickness of the subgrade soil will vary.  Refer to
the drawings in Appendix E for details.  Also refer to the specifications in Appendix F for
material specifications and details of the installation of this layer.  The final grade of this
layer will generally be between 3 and 5% as recommended by the EPA (EPA, 1991).
These slopes will allow for adequate runoff but will not be too steep to induce significant
surface erosion.  The slopes will also allow for a small amount of differential settlement
without much threat of ponding and thus increased infiltration potential.

2.1.2 Native Soil Layer

This soil layer’s purpose is to act as a sponge and absorb the worst case
precipitation/infiltration event until the water can be removed via evapotranspiration.
Thus the thickness and soil texture is such to allow for the worst case scenario.  In this
case the thickness is to be 3.5 ft while sloped between 3 and 5% as recommended by the
EPA (EPA 1991).  The borrow site for the native soil layer is to be excavated from
undisturbed topsoil directly adjacent to the MWL (west side).  Only the upper 18 to 24
inches of borrow site soil is to used.  This upper soil level will ensure that adequate
nutrient levels for acceptable arid vegetation growth will be available.  The in-situ soil
beneath the borrow soil has a high level of calcium carbonate and consequently will not
be used.  The native soil layer is to be placed on the MWL in compacted lifts not to
exceed 6 inches.  The soil is to be placed dry of optimum and compacted to
approximately represent the undisturbed borrow site in-situ density.  The compaction will
be enough to ensure uniform density while not too dense to inhibit root establishment.
Refer to the drawings in Appendix E and specifications in Appendix F for complete
details.

2.1.3 Biointrusion Layer

Biointrusion refers to the movement of plant roots and animals into the cover profile.  A
brief visit to the MWL site will reveal that small burrowing animals are present in the
area.  Refer to Figure 4.  To protect against these small mammals burrowing through the
cover and into the waste a biointrusion protection layer will be installed.  The material of
choice for this layer is a horizontally placed galvanized steel fence with ¼” squares to
stop virtually all burrowing animal penetration past this point.  This fencing will be
placed between the topsoil gravel admixture layer and the compacted native soil layer at a
depth of about 9 inches beneath the surface.  The biointrusion layer will allow root
penetration to accommodate evapotranspiration.  Root penetration into the underlying
waste is not a problem because the design cover depth exceeds the expected plant root
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depth.  Adequate soil depth and water storage will be available to encourage growth of
native grasses and shrubs.  For the bulk of these species, the root depths are 6-12 inches
deep, with a few species having a root depth reaching several feet.  The design
procedures outlined in this report have demonstrated that water infiltration should not
exceed the 4’-3” depth of the cover and thus, roots should not extend beyond a 4’-3”
depth.

Figure 4.  MWL, Holes from Burrowing Animals

2.1.4 Surface Layer

The surface layer is to be a soil/gravel admixture.  A gravel admixture can be effectively
used in combination with vegetation.  Erosion (Ligotke 1994) and water balance studies
(Waugh et al.. 1994) suggest that moderate amounts of gravel mixed into the cover
topsoil will control both water and wind erosion with little effect on vegetation or soil-
water balance.  As wind and water pass over the surface, removal of fines from the
admixture is expected, leaving a vegetated erosion resistant pavement.

The ALCD described in Appendix K has installed covers with 1) no gravel mix, 2) a
gravel to soil mix (gravel admixture), and 3) a gravel veneer on cover designs.  Both the
gravel admixture and gravel veneer have shown these designs to be effective at reducing
surface erosion due to runoff when compared with the simple soil vegetation surface
layer.  The gravel admixture (Figure 5) and gravel veneer (Figure 6) have also provided
for a superior plant coverage when compared to an untreated soil surface (Figure 7).  The
gravel admixture was chosen over the gravel veneer because it encouraged a better
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vegetation (native grasses) than the gravel veneer (deep rooted weeds and shrubs).  The
gravel admixture does not reduce evaporation while the gravel veneer does reduce
evaporation.

Figure 5.  ALCD, Vegetation Covering with No Surface Treatment

Figure 6.  ALCD, Vegetation Covering with Gravel Admixture
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Figure 7.  ALCD, Vegetation Covering with Gravel Veneer

2.1.5 Vegetation

The MWL cover will be drill-seeded with a mix of native species (Appendix F).  The
seed mix was selected to match the favorable vegetation found in the vicinity of the
MWL (e.g., native grasses).  The drill-seeding procedure will help reduce loss of seed
due to wind and bird consumption.  A tackified hydro-mulch will be applied over seeded
areas to assist with moisture retention during seed germination.  This seeding procedure
may need to be repeated the following spring if the conditions were not adequate to allow
adequate plant coverage from the first attempt.

2.2 Construction of the MWL

2.2.1 Construction Quality Assurance (CQA)

The Quality Assurance (QA) requirements for construction of the MWL cover closely
adhere to that recommended by the EPA (EPA 1993).  The QA process is intended to
ensure that the cover is constructed as specified and that the design intent is achieved.
QA procedures and results are to be thoroughly documented.

Materials quality assurance is of utmost importance.  Materials and their installation must
be tested to ensure compliance with the design, and recorded throughout the construction
process.  Soil testing includes plasticity index, sieve analysis, maximum size aggregate or
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debris, placement and compaction, moisture content, bond between lifts, lift thicknesses,
etc.  The QA Plan for the construction of the MWL is found in Appendix H.

2.2.2 Run-on Controls

The run-on control area for the MWL consists of about 6 acres east of the MWL.  Using
the Rational Formula, the flow rate is 15 cfs for undisturbed soil and 27 cfs for disturbed
soil based on a 5-minute peak, 100-year flood event.  Refer to Appendix G for a copy of
the calculations.  A proposed diversion trench located between the sled track (located east
of the MWL) and MWL must be able to handle this flow as a minimum.  Because many
parties must be consulted to place this trench, it will be designed during the construction
phase of this project.

2.3 Post-Construction Maintenance and Repairs of the MWL

2.3.1 Maintenance Issues

Periodic visual observations of the installed cover will be required after its installation to
ensure that its integrity is continued. Observations will consist of a site walk-over by a
registered professional engineer.  Observations will occur at a minimum of once every six
months for the first five years, then annually for the next 25 years.  They will also be
performed after each significant precipitation event.  The observations should note any
differential settlement, surface cracking, erosion, ponding, biointrusion, or other
problems that could affect the integrity of the landfill cover.

2.3.2 Repair

Suggested repairs for the potential problems should be as follows:
•  Settlement – add topsoil to depressed areas to bring the surface elevation back

to its original grade.
•  Surface cracking – cracks are to be filled with soil and reseeded.  If the cracks

extend into the compacted soil layer, the refilled soil will require compaction
to match that of the existing landfill cover.  This is to be performed with
minimal disruption of vegetation.

•  Erosion control – small gullies should be repaired by simply filling in the
gullies with topsoil.  Large gullies will require reengineering to avoid the
problem from reoccurring.

•  Ponding – fill in ponded area with additional soil.
•  Biointrusion – requires occurrence specific repairs.

* For all repairs, compaction requirements will be the same as originally specified for
the MWL and after repair all affected areas are to be reseeded as specified for the
MWL.
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3.0  SECTION 3

3.1 Alternative Cover Technology Versus Traditional Cover
Technology

3.1.1 Evapotranspiration Cover Concept

The ET Cover consists of a single, vegetated soil layer constructed to represent an
optimum mix of soil texture, soil thickness, and vegetation cover (Dwyer, 1997).  The ET
Cover is a monolithic soil layer that has adequate soil water storage capacity to retain any
infiltrated water until it can be removed via ET (Figure 8).

Figure 8.  Typical ET Cover Profile

The concept relies on the soil acting like a sponge.  The soil used will generally come
from a nearby borrow site, for economic reasons.  Any infiltrated water is held in this
sponge until it can be evaporated and or transpired through vegetation.  Studies have
shown that a simple soil cover can be very effective at minimizing percolation and
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erosion, particularly in dry environments (Nyhan et al.. 1986, Nyhan et al.. 1990, Hauser
et al.. 1994, and Dwyer 1998, Lass 1999).

3.1.1.1 Cover Soil Thickness

A first-order estimate of cover thickness can be determined from estimates of the storage
capacity of the soil and the amount of infiltration that has to be stored.  The design
strategy for an ET Cover System is to ensure that the storage capacity is sufficient to
store the worst case infiltration quantity due to the design precipitation event until it can
be removed via ET.  The maximum water content a soil can hold before it drains
downward is referred to as its field capacity.  This is essentially the soil water content
after free or gravity drainage.  Field capacity is often arbitrarily reported as the water
content at about 330-cm of matric potential head (Jury et al.. 1991).  Below field
capacity, the hydraulic conductivity is often assumed to be so low that gravity drainage
becomes negligible and the soil moisture is held in place by suction or matric potential.
The storage capacity of a soil layer is thus calculated by multiplying its field capacity by
the soil layer thickness.  This assumes a consistent field capacity.  However, not all of
this stored water can be removed via transpiration (by plants).  Vegetation can reduce the
soil moisture content to the permanent wilting point, which is typically defined as the
water content at 15,000 cm of matric potential head (Cassel and Nielsen 1986).
Evaporation from the soil surface can further reduce the soil moisture below the wilting
point to the residual saturation, which is the water content at an infinite matric potential.
If water is only removed by plants, the net storage capacity, also referred to as the
available water capacity, of a soil layer can be approximated by (Stormont and Morris,
1998):

NSC = (FC- PWP)b
where:

NSC = net storage capacity
FC = field capacity
PWP= permanent wilting point
b = soil layer thickness

From soil properties measured for the MWL borrow soil (Appendix I), the field capacity
is estimated to be 16%.  The permanent wilting point was assumed to be about 5%.  Thus,
the net storage capacity for this soil will be about 0.1 times its thickness.

It is important to note that the use of field capacity and permanent wilting point here is
arbitrary and ignores other factors that affect the amount of moisture retained in a soil
layer (e.g., Jury et al.. 1991, Cassel 1986).  Nevertheless, these are simple and commonly
used concepts.  These terms should only be used to approximate the water storage
capacity of a soil layer.

Commonly in dry environments, plants will reduce the water content of a near-surface
soil to the permanent wilting point every growing season (Anderson et al.. 1993), making
the entire net storage capacity available to store subsequent precipitation when ET is low
and plants are dormant.  Thus, an estimate of the required amount of infiltration that an
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ET Cover has to store annually is the precipitation during dormant periods.  For an
average year in Albuquerque, there may be about 5 cm of precipitation from November
through mid-March (estimated dormant period).  Equating the dormant precipitation to
the net storage capacity results in a required cover soil thickness of 50 cm (1.64 ft.)
conservatively account for unusually wet years, the average dormant precipitation can be
increased by some arbitrary amount.  Doubling the dormant precipitation to 10 cm yields
a required cover soil thickness of 100 cm (3.28 ft.).  The water storage capacity depends
on the soil’s texture and density.  It is recommended that the water storage capacity be
determined at or near the in-situ density of the surrounding site soils since this is where it
will eventually equilibrate.

3.1.1.2 Vegetation

The ultimate goal is to design a maintenance-free landfill cover.  Some degree of
maintenance or post-construction refinement may be necessary until the cover reaches a
state of equilibrium with its inherent environment.  A key element in the stability and
performance of an ET Cover System is vegetation.  A cover should be stabilized with
vegetation comprising plant communities that closely emulate a selected local “climax”
(Reith 1993).  A “climax” community, in ecological terms, is the type of plant
community one finds in an area that has long been undisturbed and is in equilibrium with
all other environmental parameters (e.g., climate, soil, and landscape properties, fauna
and other flora).  Central to the concept of “climax” is the community’s relative stability
in the existing environment (Whittaker 1975).  A diverse mixture of native plants on the
cover will maximize water removal through ET (Link 1994).  The cover will then be
more resilient to natural and man-induced catastrophes and fluctuations in environments.
Similarly, biological diversity in cover vegetation will be important to community
stability and resilience given variable and unpredictable changes in the environment
resulting from pest outbreaks, disturbances such as overgrazing, fires, etc., and climatic
fluctuations.  Local native species that have been selected through thousands of years of
natural processes are best adapted to disturbances and climatic changes (Waugh 1994).
In contrast, plantings of non-native species common on waste sites are genetically and
structurally monotonous (Harper 1987) and are therefore more vulnerable to
disturbances.  Pedogenic processes will gradually change the physical and hydraulic
properties of earthen material used to construct covers (Hillel 1980).  Plant communities
inhabiting the cover will also change in response to these changes in soil properties.

3.1.1.3 Surface Treatment

In very dry climates where the evaporation rate is higher than the precipitation rate,
surface treatments may be warranted to help encourage native vegetation and reduce
erosion.  In these types of dry environments, a surface gravel veneer (Reith and Caldwell
1993) or gravel admixture (Waugh et al., 1994) can be utilized.  The addition of a surface
gravel veneer can actually encourage vegetation.  A gravel veneer is constructed by
placing a one or two-inch thick layer of 1/2 inch to 2-inch diameter rounded gravel on the
surface of the cover.  It has several advantages in very dry climates.  A gravel layer will
reduce surface erosion due to runoff and wind erosion.  It will serve to hold seed in place
until it can germinate.  In addition, moisture will be retained in the upper most layer of
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soil allowing vegetation such as native grasses to be established.  This increases the
transpirational capacity available to remove moisture and prevent drainage after a desert
deluge.  The difference between this gravel veneer and a rock or riprap covering is that
the moisture is retained in soil near the surface, apart from the waste, where water-
seeking roots will not damage the cell.

Disadvantages of a gravel veneer include the reduced evaporation rate.  Fine-grained soil
has a higher evaporation rate than coarse-grained soil once the coarse-grained soil has
become less conductive than the fine-grained soil.  After the surface (gravel) dries, the
lower portions will tend to remain moist because this coarse-grained gravel layer at this
point is non-conductive.  This reduced evaporation may be a large enough factor to
disallow the use of a surface gravel veneer.  There is no hard evidence revealing whether
the added vegetation as a result of the gravel and consequently the additional
transpiration will outweigh the reduced evaporation.  This decision will need to be a site-
specific decision.

An alternative to a surface gravel layer is a gravel admixture.  A gravel admixture can be
used in combination with vegetation.  Erosion (Ligotke 1994) and water balance studies
(Waugh et al.. 1994) suggest that moderate amounts of gravel mixed into the cover
topsoil will control both water and wind erosion with little effect on vegetation or soil-
water balance.  As wind and water pass over the surface, some winnowing of fines from
the admixture is expected, leaving a vegetated erosion resistant surface sometimes
referred to as a “desert pavement”.

The design of a gravel admixture layer should be based on the need to protect the soil
cover from water and wind erosion.  A gravel admixture generally protects a cover from
long-term wind erosion; the protection from water erosion will depend on the depth,
velocity, and duration of water flowing across the landfill cover.  These flow values can
be established from the physical properties of the cover (slope, convex or concave
grading, slope uniformity, and length of flow paths) and the intensity of the application of
water (precipitation rates, infiltration - runoff relationship, snowmelt and off-site flows).
For the Albuquerque area, runoff from severe storm events presents the critical stress on
gravel admixture stability.

The need to use any gravel admixture for a soil cover can be established through a
geomorphologic procedure or an empirical procedure (Anderson and Stormont, 1997).  A
geomorphologic evaluation involves the consideration of the geology, hydrology and
specific landforms at a site; and comparing the results with similar conditions to predict
what will happen over time.  Equations of geomorphologic thresholds for water erosion
and the formation of rills and gullies have been established for sites much larger than the
MWL so that their application here is not warranted.  The empirical Universal Soil Loss
Equation (USLE) (Wischmeier and Smith, 1978) is particularly directed to the prediction
of erosion from agricultural land and for areas disturbed by construction.  The USLE
equation is limited to the determination of average annual erosion rates and cannot
establish erosion from specific events and peak erosional years.  There is no direct
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method within the USLE procedure to determine the depth or magnitude of gully or rill
erosion on a landfill cover.

In humid climates, the establishment of a permanent vegetation cover will substantially
minimize the potential for surface erosion.  Vegetation serves to reduce the quantity of
runoff, reduce soil mobilization due to raindrop impact, bind soil particles together
through root systems, and reduce the surface velocity of flow.  In arid and semi-arid
climates the permanent vegetation cover may not have sufficient density to adequately
provide erosion protection.  Grasses and shrubs tend to be clumped leaving a substantial
percentage of the soil exposed to direct wind and water flow.  Such is the case at the
MWL site.

Based on the above concerns, the gravel admixture for the MWL should be based on
maintaining long term ecological stability and protection of the soil cover from runoff
generated by a major storm event.  The design condition for the major storm event will be
to prevent rill or gully erosion from penetrating into the soil layer.  The following steps
were followed to design the gravel admixture at the MWL.

a. Establish physical parameters for the cover including area, maximum slope
and slope length.

b. Determine rainfall quantities for the design storm from the NOAA Atlas 2
(Volume IV, New Mexico).  Determine 5, 10, 15, 30 and 60-minute rainfall
intensities using procedures in NOAA Atlas 2.  A storm event with a 100-year
frequency was used for the MWL.

c. Using appropriate surface infiltration conditions, establish a runoff
hydrograph for the 100-year precipitation event.  It is proposed that the
hydrograph analysis use an initial abstraction / uniform infiltration loss
method with a unit hydrograph procedure based on a three segment gamma
function parameters calibrated to New Mexico rainfall-runoff conditions.
This methodology is available in the AHYMO97 Program (Anderson, 1997).

d. Sheet flow erosion could be computed using the USLE (Williams, 1975) with
a wash load factor based on Albuquerque area recommendations.

e. Rill or channelized erosion can be computed from the runoff hydrograph
based on Meyer-Peter, Muller-Woo (MPM-Woo) Method (Mussetter, et al.,
1994) and geomorphologic factors for channelized flow spacing and channel
width and depth ratios.

f. From the hydraulic analysis of the cover surface, a critical particle size can be
computed using the Shield's relation.  This is the minimum size required to
maintain an armored or stable channel configuration for the design flow event.

g. Based on the percentage of gravel in the gravel admixture layer, the scour
depth necessary to establish an armor layer can be computed.

Additionally the total recommended depth for the gravel layer could be established based
on scour depth, minimum thickness-diameter ratios and design safety factors.
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Computations following this sequence are located in Appendix J.  Based on these
computations, the following criteria for the gravel admixture layer can be established.

3.1.2 Traditional RCRA Subtitle C Landfill Cover Concept

A design guidance document issued by the EPA in 1989 recommended that landfill
closures for RCRA Subtitle 'C' and/or Comprehensive Environmental Response,
Compensation, and Liability Act (CERCLA) facilities incorporate the following layers in
a cover profile (EPA 1991):

1. Composite Barrier Layer. A layer consisting of a low hydraulic conductivity
geomembrane/soil layer.  A 60-cm (24-in.) layer of compacted natural or
amended soil with a maximum saturated hydraulic conductivity of 1 x 10-7 cm/sec
in intimate contact with an overlying 0.5-mm (20-mil) thick (minimum)
geomembrane liner.  The function of this composite barrier layer is to block
moisture movement downward from the overlying drainage layer.

2. Drainage Layer.  A minimum 30-cm (12-in) soil layer having a minimum
hydraulic conductivity of 1 x 10-2 cm/sec, or a layer of geosynthetic material
having the same characteristics.  This layer’s design intent is to minimize the time
the infiltrated water is in contact with the bottom composite barrier layer and
hence, to lessen the potential for the water to reach the waste.

3. Topsoil Vegetation Layer.  A top layer with vegetation (or an armored top
surface) and a minimum of 60 cm (24 in.) of soil graded at a slope between 3 and
5 percent.  This layer should be capable of sustaining nonwoody plants, have an
adequate water-holding capacity, and be sufficiently deep to allow for expected,
long-term erosion losses.

4. Optional layers include:
(a) Gas Vent Layer.  This layer should be at least 30-cm (12-in.) thick and be

above the waste and below the composite barrier layer.  The layer is generally
composed of coarse-grained soil, similar to that used for the drainage layer.
Perforated, horizontal pipes within this layer should channel gases to a
minimum number of vertical risers at a high point (in the cross section) to
promote gas ventilation.

(b) Biointrusion Layer.  A 90-cm (3 ft) biotic barrier of cobbles directly beneath
the top vegetation layer may stop the penetration of some deep-rooted plants
and the invasion of burrowing animals.

Figure 9 depicts the traditional Subtitle “C” Soil Profile.
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Figure 9.  Traditional Subtitle ‘C’ Compacted Clay Cover

3.1.3 Performance History of Traditional RCRA Landfill Covers

Traditional covers presently in use for RCRA Subtitle ‘C’ and ‘D’ regulated facilities as
recommended by the EPA are used throughout the country with little regard for regional
conditions.  RCRA Subtitle ‘C’ facilities are for hazardous waste while RCRA Subtitle
‘D’ facilities are for municipal solid waste.  Experience in the western United States has
shown these designs to be vulnerable to such things as desiccation cracking when
installed in arid environments.  An EPA design guidance document (EPA 1991) for final
landfill covers states: “In arid regions, a barrier layer composed of clay (natural soil) and
a geomembrane is not very effective.  Since the soil is compacted ‘wet of optimum’, the
layer will dry and crack”.  The clay barrier layer in the traditional Subtitle ‘C’ Cover
must be constructed to yield a maximum hydraulic conductivity of 1 x 10-7 cm/sec.  To
achieve this, the soil often requires amendment (e.g. mixed with bentonite) and should be
compacted ‘wet of optimum’.  Compacting this layer ‘wet of optimum’ in dry
environments leads to drying and cracking of this layer.  Desiccation, which can occur by
several mechanisms, is an important failure mode for compacted soil hydraulic barriers,
especially in arid environments (Suter et al.. 1993).  The basic soil cover used with
Subtitle ‘D’ covers has a barrier layer that is also subject to desiccation cracking, as well
as deterioration due to freeze/thaw cycles, among other problems.

These traditional covers such as the Subtitle ‘C’ Cover are not only inherently
problematic but are very expensive (Dwyer 1998c) and difficult to construct (Dwyer,
1998d).  A study (EPA 1988) of existing landfills revealed that these traditional landfill
cover technologies may not be working as well as intended.  Randomly selected landfills
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revealed that the vast majority are leaking.  Many have serious problems including
groundwater contamination and serious ecological impacts such as flora and fauna
mortality.  Virtually all parts of the nation have experienced water contamination due to
leachate leaking from landfills to some degree (EPA 1988).  Not all of these problems are
the result of inadequate covers.  Many older landfills were crudely installed (e.g., poor
siting, inadequate or lack of liner) thus destined for failure, but these problems can be
mitigated by capping the entire landfill with a properly designed cover.  A more recent
study (Mulder 1995), titled the California Solid Waste Assessment Test Report found that
72 to 86 percent of existing landfills with compacted clay barrier layers are failing.  It
also concluded that these clay barriers leak regardless of climate or site-specific geology.

3.1.4 New EPA Landfill Closure Design Guidance (currently in print)

A common misconception by some design engineers and regulators is that the cover
profile described in Section 3.1.2 is the closure required by regulation for
RCRA/CERCLA facilities.  The regulations for these facilities outlined in 40CFR264 and
265 are fairly vague and discuss minimizing infiltration and erosion and make no
reference toward a specific design.  The “EPA Recommended Design” shown in Figure 9
was actually born from the earlier Design Guidance Document (EPA 1991) issued.  Due
to information obtained from past and ongoing research efforts, as well as studies
assessing existing waste disposal facilities, this document is currently being rewritten.
The new guidance document “Technical Guidance for RCRA/CERCLA Final Covers”
(EPA in print) scheduled for release in late 1999 will discuss a number of recommended
designs taking into consideration site specific information such as climate and geology.
This differs from the 1989 edition that recommended one design nationally with no
regard for site specifics.  Among the recommended designs considered are: the resistive
barrier type as detailed in the 1989 edition and a number of alternative designs
recommended for dry environments such as an Evapotranspiration (ET) Cover and a
Capillary Barrier.  A number of new products will be discussed as well as emerging
materials to be considered.

3.1.5 Why ET Cover is a Good Choice for the MWL

An important advantage of ET Covers is they are much less expensive than their
traditional counterparts.  This issue is probably the single most important driving force
for the deployment of these covers at present because they save large amounts of money
during construction.  At Warren Air Force Base in Cheyenne, Wyoming, the Air Force
estimated they would save over $16 million by installing an ET Cover rather than a
Compacted Clay Cover over a 42-acre hazardous waste landfill.  A side-by-side study of
constructed values showed that the cost savings for an ET Cover versus a Compacted
Clay Cover is in excess of 50 percent  (Dwyer 1998c).

Other advantages of an ET Cover system are that it is essentially maintenance free and it
makes use of unsaturated conditions that govern water flow in dry environments.  It
allows for relatively easy repairs due to differential settlement problems.  With an ET
Cover, if differential settlement occurs within an ET cover, more soil can be applied to
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the surface to bring the cover back to its original grade.  With a RCRA Subtitle 'C' Cover,
any significant differential settlement can lead to the tearing of the geomembrane and
cracking in the underlying clay barrier layer.  The effectiveness of the drainage layer may
be compromised.  These potential flaws will typically occur at the landfills low point
where ruptures or cracks will serve as a funnel for water to flow down to and through the
underlying waste.

The MWL is still experiencing differential settlement (Figure 10).  The ET Cover is
much easier to build and requires less quality assurance during construction than its
traditional counterpart (Dwyer 1998d).  The ET Covers are usually better able to prevent
side slope instability than a RCRA Subtitle 'C' cover because they do not have a
geomembrane which creates a slip plane.  The ET Cover performance also increases with
time as the plant community gets fully established, while the RCRA 'C' barrier layer
continues to decline in its effectiveness due to barrier layer deterioration.

Figure 10.  Differential Settlement at MWL
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3.1.5.1  Darcy's Law

A flawed assumption with the use of traditional RCRA Subtitle 'C' Covers is that flow
occurs under saturated conditions.  On the contrary, flow generally occurs under
unsaturated conditions.  This is particularly the case in dry environments.  Darcy’s Law
can be used to represent the fundamental equation of flow for both scenarios:

For saturated systems: Q = Ksat i A
where: Q = flow rate

Ksat = saturated hydraulic conductivity
i = hydraulic gradient = f(gravity and

positive pressure)
A = area

For unsaturated systems: Q = Kunsat i A
where: Q = flow rate

Kunsat = unsaturated hydraulic conductivity
i = hydraulic gradient = f(gravity and matric

potential)
A = area

3.1.5.2  Moisture Driven by Total Potential Difference Toward Equilibrium

Water moves toward regions of higher water potential and is consequently governed by
gravity and matric potential equilibrium for unsaturated flow.  Under saturated
conditions, the soil’s matric potential is zero.

ψTotal = ψgrav + ψmatric + ψs + ψa
where: ψTotal = total soil water potential

ψgrav = gravitational potential
ψmatric = matric potential or soil suction
ψs = solute potential
ψa = air pressure potential

but ψs and ψa are generally considered to be zero for landfill cover
applications, therefore the relationship can be simplified to:

ψTotal = ψgrav + ψmatric

However, in the field water movement patterns are complicated by a number of things
such as: climatic conditions, plants, structural voids, secondary pathways, non-
homogenous soils, and hysteresis.
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Figure 11.  Typical Soil-Plant-Atmosphere Water Potential Variation (Hillel 1998)

ET provides the mechanism to remove stored water from the cover soil layer.  Water can
move upward in response to matric potential gradients induced from ET drying the upper
portions of the cover soil layer.  Evaporation from the surface will decrease the water
content and increase the matric potential of the soil, resulting in an upward matric
potential gradient and inducing upward flow.

Plant transpiration also relies upon matric potential gradients to remove water from the
cover soil layer.  Figure 11 shows the large matric potential difference between the soil
and atmosphere.  In dry environments, the total potential difference between soil moisture
and atmospheric humidity can be up to 1000 bars (Hillel 1998).  The largest portion of
this overall potential difference occurs between the leaves and the atmosphere.  The
larger the soil-plant-atmospheric potential gradient, the more effective an ET Cover
System can be.  This is why well vegetated cover systems are well suited for dry
environments such as the arid Southwest.

3.1.5.3  Potential Evapotranspiration versus Precipitation

Another way to explain why an ET Cover is effective in dry environments is due to the
much larger potential evaporation compared to precipitation.  Potential Evapo-
transpiration (PET) is essentially the climatic ‘demand’ for water.  The number can be
calculated using Penman’s equation (Jensen et al. 1990) found in Appendix C.  The total
calculated PET for Albuquerque (Albuquerque Airport per the National Weather Service)
from 1991 through May 1999 was 690.2 inches while the actual precipitation during this
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period was only 66.54 inches (Appendix A).  This equates to greater than a 10:1 PET to
precipitation ratio. There is generally a much greater demand for water by the atmosphere
and plants than can be supplied to the soil in an area such as the Mixed Waste Landfill.
A monthly break-out of PET versus precipitation for 1998 is graphically shown in Figure
11.  The 1998 monthly data used in this figure is found in Appendix B.

Precipitation vs. PET @ Albuquerque Airport (1998)
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Figure 12.  Actual Precipitation vs. PET in Albuquerque, NM for 1998

The principle features of the regulations (40CFR264) for the closure of a hazardous waste
facilities allude to minimization of surface erosion and infiltration into the underlying
waste.  Much of this paper centers on the ability of the ET Cover to successfully reduce
infiltration.  An ET Cover has a lower erosion potential than a traditionally constructed
RCRA Subtitle C Cover.  An existing site in Oregon demonstrates this (Figure 13).  A
traditional cover consisting of an upper vegetation layer, middle drainage layer, and
bottom barrier layer constructed in a semiarid region in Oregon reveals that the topsoil
layer was not capable of maintaining an adequate vegetation stand.  Eventually, sparsely
located deep-rooted shrubs were established on the cover in contrast to the ideal more
desirable grasses surrounding the landfill.  Additionally, the high ground cover grasses
are more efficient than the sparsely distributed shrubs at reducing surface erosion due to
both runoff and wind.
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Figure 13.  Oregon Landfill – Surface Vegetation of Undisturbed Rangeland versus Landfill

3.2 Equivalence Determination of an ET Cover System versus
a Traditional RCRA Subtitle 'C' Compacted Clay Cover

3.2.1 Equivalence Determination Contained in New EPA Design Guidance
Document

The equivalency determination of an alternative cover system versus a traditional RCRA
Subtitle 'C' Compacted Clay Cover is discussed in the new EPA Design Guidance
Document (Dwyer et al., in print).  A landfill cover system must be able to protect and
isolate waste the length of time required for the contaminants to be deemed harmless to
the surrounding community.  The cover must limit percolation into the underlying waste;
thereby, minimizing leachate generation, and remain intact for the duration of its design
life.  This includes erosion control with minimal or no maintenance requirements.

There is an increasing trend throughout the country to directly substitute alternative cover
technologies for conventional landfill cover designs.  As data on existing landfill system
performance is documented, conventional cover designs utilizing impermeable clay
barriers are being shown to be less effective.  A recent study (Mulder et al.. 1995) found
that 72 to 86 percent of landfills using clay barrier layers are failing regardless of the
site’s climate or geology.

Although alternative cover designs may be more effective than traditional covers, cost in
most cases is the driving factor for the desired use of an alternative cover technology.  A
basic cost estimate comparison of the construction of alternative cover technology to that
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of conventional covers is usually sufficient to convince owners and/or operators to
propose this cover system for acceptance by the regulatory community.  In essence, if an
alternative cover’s performance can be proven as good or better than its conventional
counterpart, the regulatory entity will likely grant its use.  In general, the performance
criterion includes the landfill’s continued ability to isolate the waste from the surrounding
environment by limiting percolation rate or the cover system’s flux rate.  The percolation
rate has generally been believed to be dependent on the barrier layer’s constructed
saturated hydraulic conductivity.  The saturated hydraulic conductivity is a measured
value that has been traditionally considered to remain constant over the life of the
landfill, generally changes over time.  Therefore, this performance equivalence is a
complex issue.  Equivalence should include not only the cover’s initial ability to prevent
percolation, but also its ability to prevent biointrusion, resist erosion, require minimal
maintenance, control gas emissions, etc.  All of these factors contribute to the cover’s
ability to prevent percolation over its life span.

As more alternative cover systems are installed, and successfully perform, they establish
confidence for their continued use at other sites.  However, it may take years to obtain
sufficient data from these deployments to establish alternative landfill cover performance.
Many experiments and field-scale demonstrations throughout the country are currently
producing field data to document the short-term performance of alternative cover
technologies (Dwyer 1997, Benson 1997).  Natural analogs can be used to show how a
system may perform over longer periods (Waugh 1994).  Computer modeling can also be
used for direct comparisons among alternative cover systems (Khire 1995, Morris and
Stormont 1997), and supplement information gained from field studies and natural
analogs.  The combination of these elements form the basis required by regulators for
issuing alternative cover system permits.

3.2.2 Cover System’s Flux Rate versus Barrier Layer’s Saturated Hydraulic
Conductivity

The regulations (40CFR264) governing the design and construction of hazardous waste
landfill covers are vague.  They simply state that infiltration and erosion should be
minimized.  The EPA issued a guidance document in 1989 (DOE 1991) that recommend
a single design (Figure 9).  This cover’s ability to prevent percolation into the underlying
waste centered on a barrier layer with a saturated hydraulic conductivity of 1 x 10-7

cm/sec.  This also incorrectly assumed the system to have a flux rate of 1 x 10-7 cm/sec or
lower.  The problem with this design was that it was recommended for the entire nation
with little regard for site geologies or climate.  Many studies (Suter 1993, Mulder 1995,
Dwyer 1997) have shown that the clay barrier layer is subject to desiccation and thus an
increase in its saturated hydraulic conductivity over time.

A recent and very thorough investigation of an existing closure of a Uranium Mill
Tailings Disposal Site (Waugh 1997) concluded that clay barrier layer’s hydraulic
conductivity will increase several orders of magnitude with time.  The study noted that
root intrusion, insect and earthworm intrusion, density changes, and desiccation effects
will all contribute to increase the saturated hydraulic conductivity of the clay barrier
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layer.  This exposes the earlier flawed thinking that hydraulic conductivity at construction
will hold for the life of the cover system.  In the past, the changed hydraulic conductivity
properties would have been deemed a failure of the cover – but in reality considering all
environmental factors, the cover may still have prevented moisture from reaching the
underlying waste.  It has been shown that even with higher hydraulic conductivity values,
flux rates can still decrease because of an increase in transpiration due to the root
intrusion.  With the realization of the numerous studies throughout the country, the EPA
has rewritten its EPA guidance document (EPA in print) to reflect these findings and
move the designer more toward a flux rate basis for design.  The flux rate is the entire
cover system’s ability to prevent percolation.  The lower the flux rate, the better the cover
system is at limiting percolation and thus minimizing the potential of leachate generation.

Figure 14.  Root and Earthworm Intrusion into Clay Barrier Layer

3.2.3 Field Data to Predict Short Term Performance

Field data is perhaps the most valuable piece of information for determining whether a
system is really going to work as planned.  This is especially true for large-scale field
data performed in representative sites with similar climates and geologies.  Several sets of
field data of this type are described below.

The first studies are those that are centered on the use of existing EPA recommended
technologies, such as, the use of a compacted clay layer to act as an impermeable barrier.
Suter et al. (1993) concluded that in general all compacted clay barrier layers will fail in
the long-term.  More specific studies performed on real sites are also examined.  A study
(EPA, 1988) of existing landfill performance revealed that many have serious problems
from groundwater contamination to serious ecological impacts such as killing flora and
fauna.  Virtually all parts of the nation have experienced water contamination due to
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leachate leaking from landfills in some degree (EPA, 1988).  Not all of these problems
are the result of inadequate covers.  Many older landfills were crudely installed (e.g.,
poor siting, inadequate or lack of liner) thus destined for failure, but these problems can
be mitigated by capping the entire landfill with a good quality final cover.  A more recent
study (Mulder et al.. 1995) found 72 to 86% of landfills utilizing clay barrier layers are
failing.  This study was performed on 544 existing sites in the State of California.  The
failures reported in this study occurred regardless of climate or site-specific geology.  The
conclusion of all of these studies on existing landfill closures with compacted clay barrier
layers is that they are likely to fail.  This leads to those studies that address improving on
currently used technologies.

3.2.3.1  Alternative Landfill Cover Demonstration

An important study dealing with alternative covers is conveniently located just a few
hundred yards southeast of the MWL.  This study is referred to as the Alternative Landfill
Cover Demonstration (ALCD).  There are six cover designs being tested in this
demonstration project: two baseline cover profiles (traditional RCRA Subtitle 'D' and
Subtitle 'C' Covers respectively) and four alternative cover designs.  Alternative Test
Cover 4 is an ET Cover System similar to that proposed for deployment at the MWL.
Generally, a test plot such as this is all that is required by regulators to supply them with
field data to make a decision on whether or not to permit an alternative cover system.

The first year’s data is as follows (Dwyer 1998b):

Alternative Landfill Cover Demonstration

Figure 15.  ALCD First Year Results
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These percolation volumes for year 1 put into terms of flux rates and cover efficiency are
listed in Table 1:

Table 1.  ALCD First Year Flux Rates
Title Flux rate (cm/sec) Flux Rate (cm/yr) Efficiency*
Subtitle D Cover 2 x 10-8 0.600 99.98%

GCL Cover 2 x 10-9 0.050 99.998
Subtitle C Cover 1 x 10-10 0.004 99.9999
Capillary Barrier 2 x 10-9 0.070 99.998
Anisotropic Barrier 2 x 10-10 0.006 99.9998
ET Cover 2 x 10-10 0.007 99.9998

* Efficiency = (percolation volume ÷ volume of precipitation) x 100%

A de minimus flux rate has been suggested as 0.5 cm/yr (Benson 1998).  Based on this
factor, all of the covers, with the exception of Subtitle D Cover, are essentially
impermeable.

The second year’s data is currently being summarized.  Copies of this data report will be
available upon request.

3.2.3.2  ET Cover Results at California Sites

There are a number of alternative landfill cover systems installed in the United States
today.  Two installed in Southern California are described below.  The Milliken Landfill
in San Bernardino County, California had an ET Cover installed on it.  This is a
municipal solid waste landfill.  The prescriptive landfill requirements for California are
more stringent than that for most of the rest of the country as outlined in 40CFR Parts
257 and 258.  The California Code of Regulations (CCR) Title 23, Chapter 15 provides
the basis for Title 14 closure standards which state that the cover must have a minimum
of a two-foot thick foundation layer, a one-foot thick barrier layer with a hydraulic
conductivity maximum of 1 x 10-6 cm/sec, and a minimum one-foot thick vegetation top
layer.    The Cal EPA (Mulder 1995) study showed these barrier layers to be ineffective.
Therefore the State of California is very receptive to allowing the use of alternative
covers, such as an ET Cover.  The Milliken site receives an annual precipitation average
of about 12.7 inches a year (approximately 50% higher than Albuquerque).  The design
saturated hydraulic conductivity of the soil used was 5.2 x 10-5 cm/sec.  Beginning in
October 1996 to date, directly measured flux rates of this cover are: north slopes = 2.1 x
10-8 cm/sec, east slopes = 2.5 x 10-9 cm/sec, south slopes = 1.3 x 10-8 cm/sec, flat area =
2.1 x 10-9 cm/sec.  Appendix D contains more details on flux rates (Lass, 1999).

Another alternative landfill with an ET cover known as the Phelan Landfill, is located
northeast of Los Angeles near Palmdale, California. The design saturated hydraulic
conductivity of the soil used for this site was 1.7 x 10-4 cm/sec.  The average annualized
rainfall is similar to the MWL – 7.3 inches per year.  The directly measured flux rates
(annualized) of the installed cover beginning in December 1997 to date are: upper layer =
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3.7 x 10-8 cm/sec, north slopes = 3.1 x 10-8 cm/sec, and the east slopes = 2.4 x 10-9 cm/sec
(Lass 1999).  These flux rates show these covers appear to be working very well.  As the
vegetation becomes better established, the flux rates are expected to get lower.  Refer to
Appendix D for more details.

The role of plants on covers should not be underestimated.  Ten sites in arid areas of
California were evaluated for the effects of flux with no plant coverage versus limited
plant coverage (up to 5%).  The reduction in flux due to this minimal increase in
vegetation is summarized in Table 2 (Lass 1999):

Table 2. Flux Reduction Due to up to a 5%
Plant Coverage Increase

Site Percent Reduction in Flux
(up to 5% plant coverage)

Yermo 45%
Coachella 93%
Highgrove 91%
Lucerne Valley 97%
Miramar 99%
Mead Valley 86%
Picacho 99%
Baker 90%
Trona Argus 100%
29 Palms 98%

3.2.4 Natural Analogs for Predicting Long Term Performance

Conventional engineering approaches for designing landfill covers often fail to fully
consider ecological processes.  Natural ecosystems effective at capturing and or
redistributing materials in the environment have evolved over millions of years.
Consequently, when contaminants are introduced into the environment, ecosystem
processes begin to influence the distribution and transport of these materials, just as they
influence the distribution and transport of nutrients that occur naturally in ecosystems
(Hakonson et al., 1992).  As the ecological status of the cover changes, so will
performance factors such as water infiltration, water retention, ET, soil erosion, gas
diffusion, and biointrusion.  The objective in constructing an effective landfill is to design
the cover so that subsequent ecological change will enhance and preserve the
encapsulating system.  Consideration of natural analogs can enhance a cover design by
disclosing what properties are effective in a given environment or what processes may
lead to possible modes of failure.  These factors can in turn be avoided during the design
and construction phases.  Natural analog studies provide clues from past environments as
to possible long-term changes in engineered covers.  Analog studies involve the use of
logical analogy to investigate natural and archaeological occurrences of materials,
conditions, or processes that are similar to those known or predicted to occur in some part
of the engineered cover system (Waugh 1994).
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One use for analog studies (Suter 1993, Mulder 1995, Dwyer 1997, Waugh 1997) is to
look at the effectiveness of traditional landfill covers.  Another use is to look at the
potential effectiveness of alternative covers.  A number of studies cited earlier in this
paper have identified that the traditional RCRA Subtitle C Compacted Clay Cover and its
dependence on its clay barrier layer maintaining its impermeability does not perform as
well as it original intent.

A study at Sandia National Laboratory concluded that there has been essentially no
infiltration beyond a 20-foot depth in the past 35,000 years (Figure 16).  Consequently,
since the groundwater depth is about 500 ft, there is essentially no risk of recharge.
Because this natural analog study reveals that there is no practical chance for the
groundwater to be contaminated due to the landfill’s leachate generation, one could draw
the conclusion that no further action is required (no cover system is warranted).
However, this is not the case since tritium contamination is found at the surface and there
is still ongoing differential settlement.  Because of this, a cover system is needed to
ensure isolating the waste from the surrounding environment.  Other reasons for a cover
is the need to protect the site from damage due to erosion, redundancy, and potential
climatic changes resulting in increased precipitation.
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Figure 16.  Chloride Concentration Profiles in Boreholes 1 and 7 at the MWL (Peace 1999)
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The primary waste concern in the MWL is tritium.  This waste form will be deemed
harmless in the next couple hundred years.  Consequently a natural analog to determine
the cover systems performance over this length of time is warranted.  The best analog for
this is trenching adjacent to the site and determining the depth of calcium carbonate
deposits or formation of a caliche layer.  Soils in semiarid and arid regions commonly
have carbonate-rich horizons at some depth below the surface, or if the climate is dry
enough or the surface erosion intensive enough, these horizons may extend to the surface.
The position of the CaCO3 bearing horizon is therefore, related to depth of leaching,
which, in turn, is related to climate (Birkeland 1984).

The origin of carbonate horizons involves carbonate-bicarbonate equilibria (Birkeland
1984), as shown by the following reactions:

CO2 + H2O
g l
↑↓

CaCO3 + H2CO3 ⇔ Ca2+ + 2HCO3
-

c aq aq aq

An increase in C02 content in the soil air or a decrease in pH will drive the reaction to
dissolve carbonate and cause the reaction to move as Ca2+ and HCO3- with the soil water.
Dissolution is also favored by increasing the amount of water moving through the soil, as
long as the water is not already saturated with respect to CaCO3.  Precipitation of
carbonate occurs under conditions when the reaction to CO2 lowers.  As the pressure
lowers, the pH and ion concentration increases until saturation takes place.  At this point,
precipitation and/or evapotranspiration will occur.

All the above conditions are found in soils in which CaCO3 has accumulated.  Carbon
dioxide partial pressures in soil air are 10 to more than 100 times that in the atmosphere;
this decreases the pH, which, in turn, increases CaCO3 solubility.  The partial pressure of
C02 is high as a result of C02 produced by root and microorganism respiration and
organic matter decomposition.  Thus, one would expect the highest C02 partial pressure
to be associated with the A horizon located near the surface, with values diminishing
down to the base of the zone of roots.  The amount of water leaching through the soil also
is greater near the surface than at depth, so as the water moves vertically through the soil,
the Ca+ and HCO3- content might increase to the point of saturation after which further
dissolution of CaCO3 is not possible.  Combining the effects of high C02 partial pressure
and downward-percolating water, we might visualize the formation of a CaCO3-rich
horizon as follows.  In the upper parts of the soil, Ca2+ may already be present or may be
derived by weathering of calcium-bearing minerals.  Due to plant growth and biological
activity, C02 partial pressure is high and forms HCO3- upon contact with water.  Water
leaching through the profile can carry the Ca2+ and HCO3- downward in the profile.
Precipitation as a CaCO3-rich horizon would take place by a combination of decreasing
C02 partial pressure below the zone of rooting and major biological activity and the
progressive increase in concentration with depth in Ca2+ and HCO3- in the soil solution as
the water percolates downward, and water is lost by evapotranspiration.  The position of
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the CaCO3
- bearing horizon is, therefore, related to depth of leaching, which, in turn, is

related to the climate.

A total of 10 test pits were excavated from undisturbed areas just west of the MWL.  A
very well defined caliche/calcium carbonate layer was found to be at 18-inches to 24-
inches deep in all test trenches.  From this natural analog it is concluded that infiltration
does not generally go deeper than this.  Figures 17 and 18 are photographs of two MWL
trenches showing the CACO3/soil interface.

Figure 17.  Trench A - CaCO3/Soil Interface at Shallow Depth
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Figure 18.  Trench B - CaCO3/Soil Interface at Shallow Depth

3.2.5 Numerical Modeling of Landfill Cover Design to Predict Performance

Numerical simulations were conducted to provide insight into the expected performance
of the proposed landfill cover and along with other information, can be used to evaluate
the proposed cover.

Two computer programs were used for the simulations: UNSAT-H and HELP.  UNSAT-
H contains more sophisticated models of water flow, transpiration, and evaporation in
unsaturated soils compared to HELP.  On the other hand, more input data and parameters
are required for UNSAT-H.   Consequently, UNSAT-H has principally been used for
research and detailed studies of water balance.  In contrast, the HELP model is widely
used by design engineers and regulatory agencies to evaluate and compare landfill cover
and liner designs.  Comparative evaluations of these models can be found in the literature
(e.g., Khire et al.., 1997; Nichols, 1991; Thompson and Tyler, 1984;  Schroeder et al..,
1994; Fleenor and King, 1995).
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3.2.5.1  UNSAT-H Simulations

3.2.5.1.1  Overview of UNSAT-H

UNSAT-H is a finite difference computer program to solve for water and heat flow in
soils. This program has been used to study near-surface water movement in soils and
particularly landfill cover systems by a number of investigators (e.g., Fayer and Jones,
1990; Khire et al.., 1997; Fayer and Gee, 1997).  Version 2.05 of UNSAT-H was used for
these simulations, and is documented in the Version 2.0 manual (Fayer and Jones, 1990)
and subsequent updates available from the code author.

3.2.5.1.2  Input Parameters

A set of input parameters were developed for the UNSAT-H simulations based on
measurements, values from the literature, and expert opinion.  These input parameters are
referred to as the “baseline parameters,”  and the simulations using these parameters are
referred to as the “baseline simulations.”

3.2.5.1.2.1  Model Geometry and Nodal Spacing

The modeled geometry was a 183-cm thick soil profile, consisting of one layer from the
ground surface to 122 cm and another layer from 122 to 183 cm depth.  The top layer is
identified as the cover soil, and is intended to serve as the principal soil water storage and
rooting medium.  The underlying 61-cm layer is a foundation layer to establish a suitable
surface onto which to place the cover soil.

A total of 69 nodes were used to construct the model.  Near the top boundary, bottom
boundary and the interface between the two layers, nodal spacing was as small as 0.1 cm.
The largest nodal spacing of  4 cm was used in the midsections of the two layers.

3.2.5.1.2.2  Soil Data

The input parameters for the soils used in these simulations came from tests on specimens
obtained from probable borrow sources for the MWL cover.  The “MWL west” borrow
soil is a likely source for the topmost 122 cm of the cover system and is referred to as the
cover soil.  The “CAMU” borrow source soil will be used for the underlying foundation
soil. The borrow locations and a complete description of the test program are given in
Anderson and Stormont (1999).

3.2.5.1.2.2.1  Saturated Hydraulic Conductivity

Saturated hydraulic conductivities were measured on both the MWL west soil and the
CAMU borrow soil.  The geometric mean of the three tests on the MWL west soil
resulted in a value of 1.94 x 10-4 cm/sec, and was used as the saturated hydraulic
conductivity for the cover soil. The single measured hydraulic conductivity on the
CAMU soil was 2.16 x 10-4 cm/sec, and this value was used for the saturated hydraulic
conductivity of the foundation soil.
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3.2.5.1.2.2.2  Moisture Characteristic Curve

The van Genuchten function was used to represent the moisture characteristic curves of
the cover and foundation soil layers in the UNSAT-H simulations.  Moisture
characteristic curves were measured for the MWL west soil, and used in the RETC
computer program (van Genuchten et al.., 1991) to compute the van Genuchten parameters.
Average values for these parameters computed from the four moisture characteristic
curves were assigned to the MWL west soil.  The van Genuchten 'm' parameter was
assumed to be equal to '1-1/n'.  For the development of the baseline parameters, the
residual water content was treated as a fitting parameter and the best fit of the
experimental data was achieved with a residual water content of zero.  Simulations with a
more physically realistic value of θr are discussed in a subsequent section of this report.
For the CAMU soil, the saturated volumetric water content was derived from a dry
density measurement on the soil, and the residual water content was assumed to be the
same value as that previously measured for a soil-gravel mixture.  The remaining
parameters were assumed to be the same as those assigned to the MWL west soil.  The
parameters are summarized in Table 3.  See Appendix I for details of the soil properties.

Table 3.  Van Genuchten parameters (with m=1-1/n)
Soil type θs θr

* α (1/cm) n
MWL west 0.405 0.00 0.012 1.622
CAMU 0.382 0.053 0.012 1.622

*θr  equaling zero is not physically realistic but serves as a fitting parameter computed by the
RETC model.

3.2.5.1.2.2.3  Unsaturated Hydraulic Conductivity Function

The Mualem conductivity function was assumed to describe the unsaturated hydraulic
conductivity of the soils.  The parameters used to describe this model are the same as
those that describe the moisture characteristic curves.

3.2.5.1.2.3  Vegetative Data

The parameters for the models that describe vegetation included in UNSAT-H were
derived from expert opinion as well as the open literature.  The type of vegetation is
assumed to be both cool season and warm season grasses, similar to those used in
vegetative studies associated with the ALCD project.

3.2.5.1.2.3.1  Onset and Termination of Growing Season

The dates for the onset and termination of growing season were based on conversations
with personnel at the USDA Plant Material Center in Los Lunas, NM.  Their opinion was
that a growing season that began on day 75 and terminated on day 299 was reasonable for
the MWL site.
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3.2.5.1.2.3.2  Leaf Area Index (LAI)

A value of 1.0 was assigned as the maximum Leaf Area Index (LAI) as suggested by
Steve Dwyer.  This value was confirmed as reasonable by the USDA personnel, and
corresponds to a “poor stand of grass” in HELP documentation.  The LAI increased from
0 at day 75 to 1.0 at day 135, remained at this value until day 250, after which it
decreased linearly to 0.0 at day 299.

3.2.5.1.2.3.3  Percent Bare Area (PBA)

Based on observations from the ALCD re-vegetation plots,  a value of 70% was decided
to be representative of the area used as the PBA.

3.2.5.1.2.3.4  Rooting Depth

The maximum rooting depth was assumed to be 80 cm.  This value is conservative with
respect to reported values for rooting depths of various grasses, such as blue grama and
Indian ricegrass, which often exceed 100 cm (Foxx et al.., 1984;  Weaver, 1920).

3.2.5.1.2.3.5  Root Length Distribution Function

In UNSAT-H, the root length distribution (RLD) is assumed to follow an exponential
function:

RLD = a exp(-bz) + c
where:
z = depth below the surface
a, b, and c are fitting parameters.

The parameters used for the RLD function are a=0.315, b=0.0073, and c=0.076.  These
values were measured for bunchgrass (Fayer and Jones, 1990).  These resulting
distribution of roots with these parameters are appropriate for a grass that has
considerable roots at depth, consistent with observations of grasses such as blue grama
and buffalo grass that are expected to be dominant at the MWL site (Weaver, 1920).

3.2.5.1.2.3.6  Root Growth Model

The roots were assumed to grow over a period of 60 days, based on the time it takes for
blue grama grass to reach maturity (Foxx et al.., 1984).   The rate of growth was assumed
to follow a common sinusoidal growth model (e.g., Mathur and Rao, 1999).

3.2.5.1.2.3.7  Ratio of Actual to Potential Transpiration

Transpiration is a function of the water status of the soil.  Below the wilting point, there
is no transpiration.  Wilting was assumed to occur at 2,400 cm of suction to correspond to
a water content of 5%, which is in the range of water contents at which plants in sandy
soils wilt (Hillel, 1998).  Between 2,400 and 1,500 cm of suction, the ratio of actual
transpiration to potential transpiration increases linearly from zero at 2,400 cm to one at
1,500 cm .  Between 1,500 cm and 30 cm, actual transpiration is equivalent to the
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potential transpiration.  At 30 cm, the soil conditions are assumed to become anaerobic
and transpiration at lower suctions is prohibited.

3.2.5.1.2.4  Climatic Data

3.2.5.1.2.4.1  Precipitation

A ten-year precipitation history (1981-1990) for Albuquerque was used as input to the
simulations.  The precipitation history included the five wettest consecutive years from
Albuquerque’s official precipitation record for the years 1932 through 1997 (Peace et al.,
1999). The approach of selecting the five wettest consecutive years is consistent with the
recommendations by the State of New Mexico for the evaluation of alternative landfill
covers (State of New Mexico, 1997).  Three preceding years and two subsequent years of
the five wettest consecutive years (1984-1988) were included to obtain a 10-year history.
Consequently, the precipitation data used as input was obtained from 1981 through 1990.
The annual precipitation record is included in Figure 19.  Because the precipitation was
applied over a 6 hour period, the infiltrability of the soil was never exceeded and
consequently there was no run-off.
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Figure 19.  Annual Precipitation, Evaporation and Transpiration for Baseline Simulations

3.2.5.1.2.4.2  Potential Evapotranspiration

The potential evapotranspiration (PET) was obtained from HELP3 simulations, as
reported by Peace et al. (1999).  The daily PET values were obtained directly from
previous UNSAT-H input files (Wolford, 1998).

3.2.5.1.2.4.3  PET Partitioning

In UNSAT-H, PET is partitioned into potential evaporation (PE) and potential
transpiration (PT) using a function that is based on the value of the LAI for a particular
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day.  The parameters for this function are those recommended in the UNSAT-H
documentation for Version 2.05.

3.2.5.1.2.5  Initial Condition

The initial condition for the simulations is a suction head for each node.  From
compaction tests and construction practices, the estimated volumetric water content of the
as-placed soils are expected to be in the range of 10 to 16%, corresponding to suction
heads between 350 cm and 750 cm.   To be consistent with these values, the initial
suction heads were assumed to linearly decrease from 660 cm at the ground surface to
477 cm at the 183-cm depth (bottom of the model).

3.2.5.1.3  Results

The annual flux at the 122-cm depth from the results of the baseline simulations
(corresponding to the bottom of the cover layer) is given in Figure 20.  The annual flux at
the 61-cm depth is also given.  These results indicate that there is an upward flux at the
base of the cover soil during all 10 years of the simulation.   At the 61-cm depth, there is
a downward flux for years 1984 through 1990.   This downward flux is relatively small,
less than 2x10-8 cm/sec for all years.

Figure 20.  Annual Flux for Baseline Simulations

The calculated water balance components for the ten-year period are given in Figure 19,
excluding the flux past the 122-cm depth because these values were so small.  As there
was no run-off in these simulations, the precipitation is equivalent to the infiltration into
the top of the cover soil.  The results shown in the figure indicate how significant
evaporation is to the water balance, accounting for well over half of the precipitation
every year.  The transpiration achieves a maximum value of about 10 cm.  As part of an
ongoing evapotranspiration study, the annual transpiration from a blue grama dominated
grass near Albuquerque is expected to be more than 12 cm per year (James Cleverly,
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Department of Biology, University of New Mexico, personal communication).  Thus, the
calculated transpiration may be underpredicted.

The water contents at the 61-cm and 122-cm depth are given in Figure 21.  At 122 cm,
the soil loses moisture from the initial value associated with the cover construction and
approaches a nearly constant value of about 6% by volume.  This value is consistent with
the values measured to a depth of 30 m near the MWL site that predominately fall in the
4 to 7% range (Peace et al.., 1999).  The decrease in water at this depth is due to upward
flow to the zone at which water is being removed by evapotranspiration.  The soil at this
depth is essentially isolated from precipitation events as the water content does not
increase.   The soil at the 61 cm depth also decreases from the initial construction value,
but does not remain as constant.  The volumetric water content varies between about 5
and 10% on an approximately annual behavior.  The water contents increase during
periods when the potential evapotranspiration is low, and decreases when the potential
evapotranspiration is great.  This result is consistent with observed behavior of monitored
soil covers (e.g., Nyhan et al.., 1990).
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Figure 21.  Water Contents from Baseline Simulations

3.2.5.1.4  Additional Simulations

A number of additional simulations were conducted to investigate some of the
sensitivities of the model response to the input parameters.

3.2.5.1.4.1  Initial Condition

The baseline simulations indicated that there was considerable drying out of the cover
during the ten-year simulation period, resulting in an upward annual flux at the 122-cm
depth.   A simulation was conducted that allowed the cover to first dry out for a period of
ten years, and then be subjected to the ten-year climatic record of the years 1981 to 1990.
This was accomplished by simulating the climatic record of year 1981 for ten consecutive
years to establish a new initial condition (i.e., drier) before simulating the 1981 to 1990
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climatic record.  The annual flux for these simulations are given in Figure 22.  The annual
flux at the 122-cm depth is positive for three of the ten years, however, it reaches a
maximum value of only about 1x10-9 cm/sec.  The annual flux at the 61-cm depth is
positive every year.
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Figure 22.  Annual Flux for Simulations with Drier Initial Conditions

3.2.5.1.4.2  Progressive Establishment of Vegetation

Two studies of vegetation were modeled.  One consisted of a baseline simulation where
the vegetation was modeled as being completely established beginning with the first year.
The other study modeled the establishment of the vegetation over a 2-year period.  For
the first year, there was assumed to be no vegetation as reflected in a LAI of 0.0.  In the
second year, the vegetation was assumed to be partially established and a LAI of 0.5 was
assigned.  For the third year and beyond, the LAI was assumed to reach its maximum
value of 1.0.

When the LAI was varied as described, the results were nearly identical to the baseline
simulations.  In order to have this condition have more impact on the results, the
simulation was changed.  The first year of the simulation was 1984 (the first year of the 5
wettest consecutive years), and the initial condition was the relatively wet suction profile
used for the initial condition in the baseline simulations.  The simulation then
corresponded to construction of the cover at the beginning of 1984 with no vegetation in
the first year, limited vegetation in the following year (1985), and full vegetation for the
remaining 3 years of the simulation (1986, 1987 and 1988).

Results for these simulations are given in Figure 23.  As expected, there is more
downward flux during the first and second years as the vegetation is increasing.   At the
122-cm depth during the first year, the annual flux rate is 2x10-8 cm/sec.  The flux
decreases the second year to less than 10-8 cm/sec, and becomes negative indicating
upward flow by the third year. These simulations indicate that even with reduced
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transpiration during first and second years, there is sufficient evaporative demand to
result in low annual flux rates from a 122-cm thick soil cover.
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Figure 23.  Annual Flux for Simulations with Progressive Development of Vegetation

3.2.5.1.4.3  Increased Hydraulic Conductivity of Cover Soil

To provide some insight into how the hydraulic properties of the cover soil affect water
movement within the cover, simulations were conducted with a saturated hydraulic
conductivity of the cover soil that was doubled to 3.88 x 10-4 cm/sec.  The remaining
properties of the soil are assumed to remain unchanged.  Results from these simulations
are given in Figure 24.  The increased hydraulic conductivity resulted in more upward
and downward water flow compared to the baseline simulations.  At the 122-cm depth,
there is downward flow in one of the ten years simulated.  Obviously, these simulations
do not consider the full range of possible soil properties and consequently simulation
results.
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Figure 24.  Annual Flux for Simulations with Increased Saturated Hydraulic
Conductivity of Cover Soil

3.2.5.1.4.4  Simulations with Different Unsaturated Hydraulic Parameters

Simulations were conducted with an alternative set of parameters for the unsaturated
hydraulic properties of the cover soil.  These parameters were developed using the same
experimental data and fitting program as described above for the baseline simulations
with the exception that the residual water content was fixed at 3.5%.  These alternative
properties are given in Table 4 below.  The properties for the foundation soil were not
changed.

Table 4.  Alternative van Genuchten Parameters (with m=1-1/n)
Soil type θs θr α (1/cm) n

MWL west 0.404 0.035 0.012 1.724

The calculated annual fluxes from these simulations were very similar to those from the
baseline simulations.  The annual flux (that is, upward or downward flow) at the 61 cm
and 122 cm were the same for both sets simulations, and the magnitude of the annual
fluxes were within about 10% of one another.  The water content that the soil was
equilibrating toward was 1 to 2% greater from these simulations compared to the baseline
simulations.

3.2.5.1.4.5  Simulation Including Year with Doubled Precipitation

A simulation was conducted with doubled precipitation during the middle year (1986) of
the baseline simulation precipitation history.  The purpose of this simulation is to
investigate the response of the cover to a year of extreme precipitation.  The doubling
was accomplished by doubling the quantity of each precipitation event for a total
precipitation of 66 cm.  This quantity of precipitation is well in excess of any recorded
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precipitation for Albuquerque, and consequently represents a highly improbable
occurrence.

Results for these simulations are given in Figure 25.  Prior to 1986, the response of the
cover is identical to the baseline simulations.  During 1986, there is a relatively large
annual flux past the 61 cm depth (greater than 10-7 cm/sec).  Subsequent years have
annual fluxes that are an order of magnitude or smaller at this depth.  The maximum
water content at 61-cm depth of 14% occurs during 1986.  At 122-cm depth, the
maximum flux occurs during 1987 as the preceding year’s precipitation increased water
content within the cover soil and moved downward.  The annual flux at this depth was
2.4x10-8 cm/sec during 1987, which was the only year with a downward annual flux.  The
maximum water content of 9% (excluding the initial water content in 1981) is reached
during 1987.
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Figure 25.  Annual Flux for Simulations with Doubled Precipitation During 1986

3.2.5.1.4.6  Alternative Climatic Conditions

Simulations were conducted with a different set of climatic input obtained from the New
Mexico Climate Center web site (http://weather.nmsu.edu/).  These climatic data
(Appendix A) were from Albuquerque’s Pino weather station for the period of time
beginning in the middle of 1991 (Julian day 226) through 154th day of 1999.  The Pino
station, which is located near Interstate 25 and Montgomery Boulevard and is operated by
the City of Albuquerque, was selected because it contained the longest climatic record for
Albuquerque available from this web site.  In addition to the daily precipitation data,  the
daily potential evapotranspiration calculated using the Penman method is tabulated at this
web site and was used as input to the simulations.

The Pino precipitation record contained two years with well above average precipitation
ranging from 45 cm in 1992 and 35 cm in 1997.  Although the daily data does not reflect
the intensity of the precipitation, it is likely that some of this precipitation came in the
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form of high intensity, short duration storms in which appreciable run-off would be
expected.  Consequently, the precipitation data was “pre-processed” using the SCS curve
number method to proportion precipitation into run-off and infiltration.   An SCS curve
number of 80 was assumed.

The annual flux past the 61 and 122-cm depths for these climatic conditions are given in
Figure 26.  These results indicate that the maximum annual flux at the 61 cm depth
reaches 10-7 cm/sec during 1992, but reduces to lesser values in the remaining years of
the simulation.  At the 122-cm depth, downward fluxes occur only during two years:
1993 and 1998, with a maximum flux of about 4x10-8 cm/sec during 1993.  The flux is
upward at this location for all of the remaining years.  Downward fluxes occur during
years immediately following the years with the very large annual precipitation data.
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Figure 26.  Annual Fluxes for Simulations Using Pino Station Climatic Data

The calculated major water balance components (precipitation, evaporation and
transpiration) for these simulations are given in Figure 27.  The run-off is not included in
this figure as it is less than 0.5 cm every year except 1992, during which time a total of 4
cm run-off was predicted.  In addition, the flux past the 122-cm depth is not included in
this figure as it very small for every year except 1993 in which had a value of 1.31 cm.
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Figure 27.  Precipitation, Evaporation and Transpiration for Simulations Using
Pino Climatic Data

The volumetric water contents at the 61 and 122-cm depths are given in Figure 28.  The
61-cm depth water contents increased significantly late in 1992 and into the early
portions of 1993.  The water contents subsequently decrease rapidly, coincident with an
increase in the evapotranspirative demand beginning in the mid-spring.  A similar pattern
of increase during periods of low PET and decrease during periods of greater PET is
observed during 1997 and 1998.  The rapid decrease of water at the 61-cm depth occurs
because it is modeled as being within the transpirative zone (i.e., within the 80 cm rooting
depth), and thus water can be removed directly from the soil.  The water content changes
occurring at the 122 cm depth are more gradual and indicate an overall drying trend,
although the water content does increase in response to the wetting of the overlying soil
during late 1992 to early 1993.  Drying of the soil at this level is much slower than at the
61-cm depth because water has to be drawn up to the rooting zone to be available for
transpiration.  After reaching peak values during 1993 (during which time the largest flux
past this depth is calculated), the water contents gradually decrease to a value of about
7% by the end of the simulation history.  During 1998, a slight increase in water content
is predicted, coincident with a small annual flux at this depth.
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Figure 28.  Calculated Water Contents from Simulations Using the Pino Climatic Data

3.2.5.2  HELP Simulations

3.2.5.2.1  HELP Overview

Conventional cover and liner designs are commonly evaluated using the Hydrologic
Evaluation of Landfill Performance (HELP) computer program developed by the U.S.
Environmental Protection Agency.  This program is used by many designers to analyze
landfill cover designs and is widely accepted by engineers and regulators.  The HELP
computer program utilizes a quasi-two-dimensional, deterministic, water routing
numerical approach to determine water balances (Schroeder et al., 1994).   A notable
difference between HELP and UNSAT-H is that HELP simulates unsaturated flow by
assuming downward, gravity flow once the water content exceeds the field capacity.
Flow due to suction gradients is not permitted.   Shortcomings of this modeling approach
are expected to be exacerbated in dry climates.

3.2.5.2.2  Input Parameters

The intent was to conduct HELP simulations that were comparable to the UNSAT-H
baseline simulations.  Because of the difference in these programs, there are some
differences between the input parameters used for the two simulations.

3.2.5.2.2.1  Model Geometry

The HELP model consisted of a single, 122-cm thick soil layer.  Another model that
included an additional underlying 61-cm thick layer intended to represent the foundation
soil was also constructed.  These results were virtually identical to the single layer model,
and for ease of obtaining flux rates from the bottom of the 122-cm cover soil layer the
single layer model was used here.
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The HELP model assumed a 2% slope with a slope length of 50 meters.  The HELP
program calculated a SCS run-off number of 86.2.  UNSAT-H does not account for
surface slope nor utilize a run-off number.

3.2.5.2.2.2  Soil Data

The HELP program uses unsaturated soil parameters based on the equation of Brooks and
Corey.  The RETC program can be used to compute Brooks and Corey parameters using
the same moisture-matric potential data that is used to compute the van Genuchten
parameters.  The HELP model incorporates constraints on the relationship between
residual moisture and the wilting point that must be applied with the RETC program in
order to derive values for the HELP model. The RETC model can be used to fit moisture-
matric potential data so that parameters derived for the Brooks and Corey equation
(Brooks and Corey, 1964) in the HELP model are consistent with van Genuchten
parameters used in the UNSAT-H model.   Additionally, the HELP model uses the
unsaturated hydraulic conductivity equation of Campbell (Campbell, 1974), which was
fitted using the measured saturated hydraulic conductivity.

3.2.5.2.2.3  Vegetative and ET Data

The vegetation was assumed to be a fair stand of grass, this corresponds to LAI of 1.0.
The evaporative zone depth was 80 cm and the growing season was from Julian Days 98
to 299 which are the HELP default values for Albuquerque.

3.2.5.2.2.4  Climatic Data

The same precipitation history used for the UNSAT-H simulations was used for the
HELP simulations.  The temperature and solar radiation data was synthetically generated
by the HELP program for Albuquerque.

3.2.5.2.2.5  Initial Condition

The initial condition for the HELP simulations was a water content of 13% throughout
the cover soil layer, corresponding to a suction head of about 500-cm.

3.2.5.2.3  Results

The HELP simulations provided percolation out of the bottom of the cover soil layer.
Results from the baseline simulation is given in Figure 29.  The percolation rate out of
the bottom of the 122-cm thick cover soil layer is on the order of 2x10-9 cm/s every year
except for 1981.  The greater rate during this year is believed to be due to a reduction
from the initial as-placed water content of about 13% to values in the range of 6 to 8%
where the cover remains for most of the simulated period.
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Figure 29.  Percolation Rate out of Cover Soil from Baseline HELP Simulations

3.2.5.3  Discussion and Summary

The two computer programs, although there are substantial differences between them,
produce results from the baseline simulations that are in reasonable agreement.  Both
programs indicate that there will be very little if any flux past the 122-cm depth.  The
UNSAT-H simulations indicate that there will be an upward flux at the 122 cm depth as
the soil is slowly dried by evapotranspiration in the upper portions of the cover and water
is drawn upward by suction gradients.   The HELP program does not account for suction
driven flow, and thus only downward flow is possible beneath the evaporative depth.
Both programs calculated very small fluxes, and it is hard to differentiate between an
upward flux of 10-9 cm/sec and a downward flux of 10-9 cm/sec.  (A 10-9 cm/sec annual
flux corresponds to less than 0.5 mm over the course of a year).  Both simulations are
consistent with the 122-cm thick soil cover serving to limit flux into underlying waste to
very small quantities.

Without data with which to compare the numerical results, it is not possible to definitely
state which program produces “better” results.  However, the more complete model of
unsaturated flow contained in UNSAT-H would seem to be a large advantage in its
predictive capability.   At the same time, UNSAT-H requires more input for which there
may not be a substantial database (e.g., root length density function parameters).   The
ease of use of the HELP model, and particularly the ready availability of default values,
may actually be a limitation since little understanding of the models embedded in HELP
is needed to produce results.

The additional UNSAT-H simulations with varied input parameters indicate that the soil
cover limits annual fluxes past the 122-cm depth to very small values and often-negative
values due to upward flow.   Even in the cases of extreme precipitation and no vegetation,
the predicted annual fluxes remain small.  These results indicate the importance of the ET
component of the water balance for the conditions and properties used in these
simulations.   Additional simulations further investigating the sensitivity of the models to
soil properties and vegetative model parameters may be insightful.



79

References
1. Anderson, C. E., 1997. AHYMO (AHYMO-97) Computer Program User’s Manual.

Albuquerque, NM.
2. Anderson, C. E., and J. C. Stormont.  1997.  Prediction of Long-Term Erosion for

Landfill Covers in the Southwest.  Proceedings: International Containment
Technology Conference, St. Petersburg, FL.  Pp. 389-395.

3. Anderson, C. E., and J. C. Stormont, Report on Soil Testing for the Mixed-Waste
Landfill Cover Project, prepared by the University of New Mexico Department of
Civil Engineering for Sandia National Laboratories, 1999.

4. Anderson, J. E., R. S. Nowak, T. D. Ratzlaff, and O. D. Markham. 1993.  Managing
Soil Moisture on Waste Burial Sites in Arid Regions, in Journal of Environmental
Quality, Vol. 22, pp. 62-69.

5. Benson, C. H., and M. V. Khire. 1995. Earthen Covers for Semi-Arid and Arid
Climates, in Dunn, R. J., and U. P. Singh, eds., Environmental Protection and
Landfill Covers...Environmental Protection and Land Recovery, ASCE, San Diego,
CA. pp. 201-217.

6. Benson, C. H.  1997. A Review of Alternative Landfill Cover Demonstrations.
Environmental Geotechnics Report No. 97-1, Geotechnical Engineering Program,
Department of Civil & Environmental Engineering, University of Wisconsin-
Madison.

7. Birkeland, P. W.  1984. Soils and Geomorphology, in Oxford University Press, pp.
138-140.

8. Bowders, J. J., J. P., Tan, and D. E. Daniel.  1997. Expanded Clay and Shale
Aggregates for Leachate Collection Systems, in Journal of Geotechnical and
Geoenvironmental Engineering, Vol. 123, No. 11, pp. 1030-1034.

9. Brooks, R. H., W. T. Corey.  1964. Hydraulic Properties of Porous Media, Colorado
State University Report: Hydrology Paper No. 3.

10. Campbell, G. C.  1974.  A Simple Method for Determining Unsaturated Hydraulic
Conductivity from Moisture Retention Data, in Soil Science, Vol. 117, No. 6, pp. 311-
314.

11. Cassel, D. K., and D. R. Nielsen.  1986. Field Capacity and Available Water
Capacity, Methods of Soil Analysis, Part 1, Physical and Mineralogical Methods,
Agronomy Monograph No. 9, 2nd Edition, Soil Society of America, Madison,
Wisconsin.

12. Daniel, D. E., D. C. Anderson, and S. S. Boynton.  1985. Fixed-Wall Versus Flexible-
Wall Permeameters, in Hydraulic Barriers in Soil and Rock, ASTM STP, Vol. 874,
pp. 107-126.

13. Daniel, D. E., and R. M. Koerner.  1993. Quality Assurance and Quality Control for
Waste Containment Facilities. Technical Guidance Document, EPA/600/R-93/182,
Chapters 1-5.

14. Dwyer, S. F.  1996. Landfill Covers for Dry Environments, in SPECTRUM96
Proceedings, held in Seattle, WA. Sandia National Laboratories, Albuquerque, NM.

15. Dwyer, S. F.  1995. Alternative Landfill Cover Demonstration, in R. J. Dunn and U.
P. Singh, eds., Environmental Protection and Landfill Covers and Land Recovery.
ASCE, San Diego, CA. pp. 19-34.



80

16. Dwyer, S. F.  1997. Large-Scale Field Study of Landfill Covers at Sandia National
Laboratories, in Conference Proceedings: Landfill Capping in the Semi-Arid West:
Problems, Perspectives, and Solutions, edited by T.D. Reynolds and R.C. Morris,
held in Grand Teton National Park, Wyoming, May 1997. Sandia National
Laboratories, Albuquerque, NM, pp. 87-107.

17. Dwyer, S. F., 1998a.  Data Quality Management Plan (DQMP) for the Alternative
Landfill Cover Project, SAND98-2050. Sandia National Laboratories, Albuquerque,
NM, September 1998.

18. Dwyer, S. F.  1998b.  Alternative Landfill Covers Pass the Test, in Civil Engineering.
pp. 50-52, 1998.

19. Dwyer, S. F., 1998c.  Construction Costs of Six Landfill Cover Designs, SAND98-
1988. Sandia National Laboratories, Albuquerque, NM, September 1998.

20. Dwyer, S. F., 1998d.  Construction Overview of Six Landfill Cover Designs,
SAND99-1988, Sandia National Laboratories, Albuquerque, NM.

21. Environmental Protection Agency, Technical Guidance for RCRA/CERCLA Final
Covers, United States Environmental Protection Agency, Office of Emergency and
Remedial Response, Washington DC, (in print 1999).

22. Environmental Protection Agency, Office of Solid Waste. Case studies on ground
water and surface water contamination from municipal solid waste landfills.
EPA/530-SW-88-040, 1998.

23. Environmental Protection Agency, Seminar Publication: Design and Construction of
RCRA/CERCLA Final Covers.  EPA/625/4-91/025, May 1991.

24. Environmental Protection Agency, Technical Guidance Document: Quality
Assurance and Quality Control for Waste Containment Facilities. EPA/600/R-
93/182, 1993.

25. Fayer, M. J., and G. W.Gee.  1997. Hydrologic model tests for landfill covers using
field data, in Proceedings of Landfill Capping in the Semi-Arid West, edited by T.D.
Reynolds and R. C. Morris, Environmental Science and Research Foundation, Idaho
Falls.

26. Fayer, M. J., and T. L. Jones.  1990. UNSAT-H version 2.0: Unsaturated soil water
and heat flow model, Report PNL-6779, prepared by Pacific Northwest Laboratory
for the U.S. Department of Energy.

27. Fleenor, W. E., and I. P. King. 1995.  Identifying limitations on use of the HELP
model, in Geotechnical Special Publication No. 53, Landfill Closures, edited by R. J.
Dunn and U. P. Singh, ASCE, New York.

28. Foxx, T. S., G. D. Tierney, and J. M. Williams.  1984. Rooting depths of plants on
low-level waste disposal sites, Report LA-10253-MS, prepared by Los Alamos
National Laboratory for the U.S. Department of Energy.

29. Grogan, W. P., and W. G. Johnson.  May 1994.  Stabilization of High Plasticity Clay
and Silty Sand by Inclusion of Fibergrids® for Use in Pavement Structures. CPAR-
GL-84-2, U.S. Army Corps of Engineers.

30. Hakonson, T. E., K. L. Maines, R. W. Warren, K. V. Bostick, G. Trujillo, J. S. Kent,
and L. J. Lane.  1994.  Hydrologic Evaluation of Four Landfill Cover Designs at Hill
Air Force Base, Utah.  LA-UR-93-4469, Los Alamos National Laboratory, Los
Alamos, NM.



81

31. Hakonson, T. E.  1986.  Evaluation of Geologic Materials to Limit Biological
Intrusion into Low-Level Radioactive Waste Disposal Sites. LA-10286-MS, Los
Alamos National Laboratory, Los Alamos, NM.

32. Hakonson, T. E., et al..  1992.  Chapter 4: Biotic and Abiotic Processes, in Deserts as
Dumps?, edited by C. C. Reith and B. M. Thomson, University of New Mexico Press.

33. Hakonson, T. E., L. Karr and B. Harre.  May 1997. A Water Balance Study of
Infiltration Control Landfill Cover Designs at Marine Corp Base Hawaii, in
Conference Proceedings – Landfill Capping in the Semi-Arid West: Problems,
Perspectives, and Solutions, edited by T. D. Reynolds & R. C. Morris, held in Grand
Teton National Park, Wyoming. pp. 129–144.

34. Hakonson, T. E.  1996.  The use of HELP3 for design and evaluation of some cover
alternatives at the ALCD. CSU-DRHS-SNL-ALCD-96-1, Department of
Radiological Health Sciences, Colorado State University report submitted to Sandia
National Laboratories, Albuquerque, NM.

35. Harper, J. L., The Heuristic Value of Ecological Restoration, in W. R. Jordan III, M.
E. Gilpin, and J. B. Aber, eds.  1987. Restoration Ecology: A Synthetic Approach to
Ecological Research. Cambridge University Press, New York, NY, pp. 35-45.

36. Hauser, V. L., M. A. Shaw, B. L. Weand.  December 1994. Effectiveness of Soil-
Vegetative Covers for Waste Sites, in SUPERFUND XV: 15th Environmental
Conference and Exhibition for the Hazardous Materials/Hazardous Waste
Management Industry, held in Washington DC, pp. 368-374.

37. Hillel, D.  1980.  Fundamentals of Soil Physics. Academic Press, Inc., San Diego,
CA.

38. Hillel, D.  1998.  Environmental Soil Physics, Academic Press, San Diego, CA.
39. Hillel, D. and R. S. Baker.  1998. A Descriptive Theory of Fingering During

Infiltration into Layered Soils, in Soil Science, Vol. 146, pp. 51-56.
40. Jensen, M. E., R. D. Burman, and R. G. Allen.  1990. Evapotranspiration and

Irrigation Water Requirements, ASCE Manuals and Reports on Engineering Practice,
No.70, American Society of Civil Engineers, NY, pp. 1-332.

41. Jury, W. A., W. R. Gardner, and W. H. Gardner.  1991.  Soil Physics, 5th Edition,
John Wiley & Sons, Inc., NY, NY.

42. Khire, M.  1995. Field Hydrology and Water Balance Modeling of Earthen Final
Covers for Waste Containment. Ph.D. Dissertation, University of Wisconsin-
Madison.

43. Khire, M. V., C. H. Benson, and P. J. Bosscher.  1997.  Water Balance Modeling of
Earthen Final Covers, in ASCE Journal of Geotechnical and Geoenvironmental
Engineering, Vol. 123, No. 8, pp. 744-754.

44. Koerner, J.,  T. Y. Soong, and R. M. Koerner.  1998.  Earth Retaining Wall Costs in
the USA, GRI Report No. 20, Philadelphia, PA, 37 pgs.

45. Landreth, R. E., D. E. Daniel, R. M. Koerner, P. R. Schroeder, and G. N. Richardson.
1991. Design and Construction of RCRA/CERCLA Final Covers. Seminar
Publication: EPA/625/4-91/025, Chapters 1-7.

46. Lass, G., C. Benson, B. Albright, S. Dwyer.  1999.  Alternative Final Covers, in
Municipal Solid Waste Landfills Conference, held in Riverside, CA, February 10-11.



82

47. Ligotke, M. W.  1994. Control of Eolian Soil Erosion from Waste-Site Surface
Barriers, in In-Situ Remediation: Scientific Basis for Current and Future
Technologies, edited by G. W. Gee, G. W. and N. R. Wing, Battelle Press, Richland,
Washington, pp. 545-559.

48. Link, S. O., W. J. Waugh, and J. L. Downs. 1994. The Role of Plants in Isolation
Barrier Systems, in G. W. Gee and N. R. Wing, eds., In-situ Remediation: Scientific
Basis for Current and Future Technologies. Batelle Press, Richland, WA, pp. 561-
592.

49. Mathur, S. and S. Rao.  1999.  Modeling Water Uptake by Plant Roots, in ASCE
Journal of Irrigation and Drainage, Vol. 125, No.3, pp. 159-165.

50. Melchoir, S., K. Berger, B. Vielhaber, and G. Miehlich.  1994.  Multilayered Landfill
Covers: Field Data on the Water Balance and Liner Performance, in G. W. Gee and
N. R. Wing, Eds. In-Situ Remediation: Scientific Basis for Current and Future
Technologies, 33rd Hanford Symposium on Health and the Environment, held in
Pasco, WA, pp. 411-425.

51. Miller, J. F., R. H. Frederick, and R. J. Tracy.  1973.  NOAA Atlas 2, Precipitation
Frequency Atlas of the Western United States, Vol. IV-New Mexico, U.S.
Department of Commerce, National Oceanic and Atmospheric Administration,
National Weather Service, Silver Spring, Maryland.

52. Morris, C. E., and J. C. Stormont.  1997.  Capillary Barriers and Subtitle D Covers:
Estimating Equivalency, in Journal of Environmental Engineering, Vol. 123, pp. 3-
10.

53. Morris, C. E., J. C. Stormont.  1997.  Numerical Simulations of Capillary Barrier
Tests, in Conference Proceedings: International Containment Technology
Conference, held in St Petersburg, FL, pp. 275-281, February 9-12.

54. Mulder, J. H., E. L. Haven.  1995.  Solid Waste Assessment Test “SWAT” Program.
Document No.: 96-1CWP, Report to the Integrated Waste Management Board,
Division of Clean Water, Water Resources Control Board, California Environmental
Protection Agency.

55. Musetter, R. A., P. F. Lagusse, M. D. Harvey.  1994.  Sediment and Erosion Design
Guide. C. E. Anderson contributing Editor, Albuquerque Metropolitan Arroyo Flood
Control Authority, Albuquerque, NM.

56. National Weather Service.  1973.  NOAA Atlas 2, Precipitation Frequency Atlas of
the western United States.  Volume IV, New Mexico, US Dept. of Commerce,
National Oceanic and Atmospheric Administration, Silver Springs, MD.

57. Nichols, W.  1991.  Comparative simulations of a two-layer landfill barrier using the
HELP version 2.0 and UNSAT-H version 2.0 computer codes. Report No.: PNL-7583,
prepared by Pacific Northwest Laboratory for the U.S. Department of Energy.

58. Nyhan, J. W., and L. J. Lane.  1986. Erosion control technology: a user's guide to the
use of the universal soil loss equation at waste burial sites. Report, LA-10262-M, Los
Alamos National Laboratory, Los Alamos, NM.

59. Nyhan, J. W., T. E. Hakonson and B. J. Drennon.   1990.  A Water Balance Study of
Two Landfill Cover Designs for Semiarid Regions, in Journal of Environmental
Quality, Vol. 19, pp. 281-288.



83

60. O’Donnell, E., R. W. Ridky, R. K. Schulz.  May 1997.  Controlling Water Infiltration
Through Radioactive Waste and Landfill Covers – A Field Demonstration at
Beltsville, Maryland, in Conference Proceedings: Landfill Capping in the Semi-Arid
West: Problems, Perspectives, and Solutions, edited by T. D. Reynolds and R. C.
Morris, held in Grand Teton National Park, Wyoming, pp. 109-128.

61. Peace, J., R. Wolford, T. Goering, D. Van Hart, and M. McVey.  1999.  Strategy for
Deployment of the Alternative Cover and Final Closure of the Mixed Waste Landfill,
Sandia National Laboratories, New Mexico, Internal report, Sandia National
Laboratories, Albuquerque, NM.

62. Reith, C. C., J. A. Caldwell.  1993. Principles and Practice of Waste Encapsulation.
63. Sandia National Laboratories, Report of the Mixed Waste Landfill Phase 2 RCRA

Facility Investigation, Sandia National Laboratories, Albuquerque, NM. September
1996.

64. Sandia National Laboratories, Site Development Plan, April 1993.
65. Schroeder, P. R., N. M. Aziz, C. M. Lloyd, and P. A. Zappi.  1994.  The Hydrologic

Evaluation of Landfill Performance (HELP) Model: User’s Guide for Version 3.
EPA/600/9-94/xxx, U.S. Environmental Protection Agency Risk Reduction
Engineering Laboratory, Cincinnati, OH.

66. Schroeder, P., C. Lloyd and P. Zappi.  1994.  The Hydrologic Evaluation of Landfill
Performance (HELP) Model User’s Guide for Version 3.0. EPA/600/R-94/168a, U.S.
Environmental Protection Agency, Cincinnati, OH.

67. Schroeder, P. R., T. S. Dozier, P. A. Zappi, B. M. McEnroe, J. W. Sjostrom, and R. L.
Peyton.  1994.  The Hydrologic Evaluation of Landfill Performance (HELP) Model:
Engineering Documentation for Version 3. EPA/600/9-94/xxx, U.S. EPA Rick
Reduction Engineering Laboratory, Cincinnati, OH.

68. Shackleford, C. D., T. C. Chiu, and M. A. Malusis.  1995. Final Report: a Capillary
Barrier Cover System for the Alternative Cover Demonstration at Sandia National
Laboratory, Colorado State University, Ft. Collins, CO.

69. State of New Mexico. Guidance Document for Performance Demonstration for an
Alternative Cover Design. New Mexico Environment Department, Solid Waste
Bureau, Draft April 1, 1998.

70. Stormont, J. C.  1995.  The Performance of Two Capillary Barriers During Constant
Infiltration, in R. J. Dunn and U.P. Singh eds. Landfill Closures, Geotechnical
Special Publication, American Society of Civil Engineers, NY, No. 53, pp. 77-92.

71. Stormont, J. C.  1996.  The Effectiveness of Two Capillary Barriers on a 10% grade,
in Geotechnical and Geological Engineering, Vol. 14, pp. 243-267.

72. Stormont, J. C., C. E. Morris and R. E. Finley.  1996.  Capillary Barriers for Covering
Mine Wastes in Proceedings of Tailings and Mine Waste ’96 Conference, held in
Balkema, Rotterdam, pp. 201-210.

73. Stormont, J. C., and C. E. Morris.  April 1998.  Method to Estimate Water Storage
Capacity of Capillary Barriers, in Journal of Geotechnical and Geoenvironmental
Engineering, ASCE, Vol. 124, No. 4, pp. 297-302.

74. Stormont, J. C., K. S. Henry, and T. M. Evans.  1997.  Water Retention Functions of
Four Nonwoven Polypropylene Geotextiles, in Geosynthetics International, Vol. 4,
No. 6, pp. 661-672.



84

75. Stormont, J. C.  May 1997.  Incorporating Capillary Barriers in Surface Cover
Systems, in Conference Proceedings - Landfill Capping in the Semi-Arid West:
Problems, Perspectives, and Solutions, edited by T. D. Reynolds and R. C. Morris,
held in Grand Teton National Park, Wyoming, pp. 39-51.

76. Stormont, J. C. and C. E. Morris.  April 1998. Method to Estimate Water Storage
Capacity of Capillary Barriers, in Journal of Geotechnical and Geoenvrionemntal
Engineering, Vol. 124, No. 4, pp. 297-302.

77. Suter II, G. W., R. J. Luxmoore, and E. D. Smith.  1993.  Compacted Soil Barriers at
Abandoned Landfills will Fail in the Long Term, in Journal of Environmental
Quality, Vol. 22, pp. 217-226.

78. Thompson, F. and S. Tyler.  1984.  Comparison of Two Groundwater Flow Models
(UNSAT1D and HELP) and Their Application to Covered Fly Ash Disposal Sites.
EPRI Document Service, Electric Power Research Institute, Palo Alto, CA.

79. Travis, B. J. and K. H. Birdsell.  1991.  TRACR3D: a Model of Flow and Transport in
Porous Media. Report LA-11798-M, Los Alamos National Laboratory, Los Alamos,
NM.

80. U.S. Department of Energy. Closure of Municipal Solid Waste Landfills (MSWLFs).
EH-231-036/0793, Office of Environmental Guidance, RCRA Information Brief,
1993.

81. U.S. Environmental Protection Agency, Office of Solid Waste. Case Studies on
Ground Water and Surface Water Contamination from Municipal Solid Waste
Landfills. EPA/530-SW-88-040, 1988.

82. van Genuchten, M. Th., F. J. Leij, and S. R. Yates.  1991.  The RETC Code for
Quantifying the Hydraulic Functions of Unsaturated Soils. Report EPA/600/2-
91/065, prepared by the U.S. Salinity Laboratory, USDA Agriculture Research
Service, Riverside, CA.

83. Waugh, W. J.  1994. Paleoclimatic Data Application: Long-Term Performance of
Uranium Mill Tailings Repositories, in Workshop Proceedings: Climate Change in
the Four Corners and Adjacent Regions, held in Grand Junction, CO, September 12-
14, 1994.

84. Waugh, W. J., G. M. Smith.  1997.  Effects of Root Intrusion at the Burrell,
Pennsylvania, Uranium Mill Tailings Disposal Site. GJO-97-5-TAR, GJO-LTSM-4.

85. Weaver, J. E.  Root Development in the Grassland Formation. Published by the
Carnegie Institution of Washington, Washington D.C., 1920.

86. Wentz, C. A.  1989.  Hazardous Waste Management, p. 374.
87. Whittaker, R. H.  1975. Communities and Ecosystems, 2nd Edition. Macmillan

Publishing Co., Inc., New York, NY.
88. Williams, J. R., 1975.  Sediment-Yield Prediction with Universal Equation using

Runoff Energy Factor. In Present and Prospective Technology sediment Yields
proceedings: The Sediment-Yield Workshop, Oxford, Mississippi.  Nov. 28-30, 1972.
ARS-S-40.  USDA Agriculture Research Service.

89. Wing, N. R.  1993. Permanent Isolation Surface Barrier: Functional Performance.
Report  WHC-EP-0650, Westinghouse Hanford Corporation, Hanford, WA.

90. Wolford, R.  1998.  One-Dimensional Soil Water Modeling of Six Alternative Landfill
Covers at Sandia National Laboratories, Albuquerque, N.M.































































































































Appendix C

Summary of Penman Equation



Summary of PENMAN'S Equations for Potential Evapotranspiration (Jensen et al..
1990):

List of Symbols Used:
Name Value Units Description
albedo reflection coefficient,

0.07+0.053*LAI
avpma mb maximum air vapor pressure
avpmi mb minimum air vapor pressure
cp 0.242 cal/°C/cm3 specific heat of air
delta mb/°C slope of the saturated vapor

pressure curve
elev M elevation
eop mm/day penman potential evaporation
gamma mb/°C psychrometric constant
hl cal/g latent heat of vaporization
potet cm/day penman potential evaporation
pr Mb air pressure.
Rl -64.0 cal/cm2/day long wave radiation
Rn cal/cm2/day net radiation
Svpma Mb maximum saturated vapor pressure
Svpmi Mb minimum saturated vapor pressure
Tempav °C average temperature
vpa1 mb actual vapor pressure at mean

temperature
vps1 mb saturated vapor pressure at mean

temperature
windk km/day wind speed

Equation for pressure when elevation is in meters:
pr = 1013.0 - 0.1055 * elev

windk' = Win_Vel*1.6093

correct wind speed at 3.74m height to wind speed at 2.0m height:
windk = windk' * (2.0/3.74)^0.20

tempav = (Max_Temp + Min_Temp)/2.0
ap = 7.5*Max_Temp/(Max_Temp+237.3)
svpmi = 6.108*10.**ap
avpmi = svpmi*Min_Humidity/100.
ap = 7.5*Min_Temp/(Min_Temp+237.3)
svpma = 6.108*10.**ap
avpma = svpma*Max_Humidity/100.
vps1 = (svpmi+svpma)/2.0
vpa1 = (avpmi+avpma)/2.0



albedo = 0.21
hl = 595.0 - 0.51*tempav

to calculate net radiation use a modified version of the penman
equation and a wind factor referenced to water

rn = 0.95*(1.0-albedo)*Solar_Radiation + rl
delta = 33.8639*(0.05904*(0.00739*tempav+0.8072)**7 - 0.0000342)
gamma = cp*pr/(0.622*hl)

Penman equation calculates the potential evaporation from surface of well watered short
grass.

ea = 15.36*(1.0+0.0062*windk)*(vps1-vpa1)
eop = ((delta*rn+gamma*ea)/(delta+gamma)) / hl*10.0

































































































































































































































Appendix G

Run-On Calculations



Runoff Calculations :  (Rational Method)

Reference:  Civil Engineering Reference Manual, 5 th Ed.

Qp = CIAd {Rational Formula}

where: Qp = flow quantity (ft3/sec)
C = Rational Runoff Coefficient
Ad = drainage area (acres)
I = rainfall intensity (in/hr)

Ad ≅ 500' x 500' = 250,000 sf ≈ 6 acres
(per Sandia ER DWG #999999A132)

C = 0.35 (100-year event)
From City of Albuquerque

Development Process Manual,
Vol. 2, Design Criteria
Section 22.2, Hydrology (1997 Revision)
Table A-11 (p. 22-17)

I = 2.046 in/hr (25-year event)
Use 100-year event
∴I = 2.046 x .29 x 60/5 = 7.12 in/hr

29% of 1 hour using 5 minute peak storm event

Qp = 0.35 (7.12)(6) ≈ 15 cfs  undisturbed soil

For disturbed soil areas, use C = 0.64
Qp = 0.64 (7.12)(6) ≈ 27 cfs  disturbed soil



























































































































































































































































































Appendix K

Alternative Landfill Cover Demonstration



Alternative Landfill Cover Demonstration

The Alternative Landfill Cover Demonstration (ALCD) is a large-scale field
demonstration project.  There are six cover designs being tested in this demonstration
project: two baseline cover profiles (municipal solid waste landfill and hazardous waste
landfill) and four alternative cover designs.  The goal of the ALCD is to field test,
compare and document the performance of alternative landfill cover technologies, of
various complexities and costs, for interim stabilization and/or final closure of landfills
for use in arid and semi-arid environments.  Each test covers is 13-m wide by 100 m
long.  The 100 m dimension was chosen because it is representative of typical hazardous
and mixed waste landfills found throughout the DOE complex (approximately 2 acres in
surface area).  All covers were constructed with a 5% slope in all layers.  The slope
lengths are 50 m each (100-m length crowned at the middle with half of the length - 50 m
- sloping to the east and the other half toward the west).  The western slope is monitored
under ambient conditions (passive testing).  A sprinkler system was installed in the
eastern slope of each cover to facilitate stress testing of the covers (active testing).

Figure K-1.  Aerial Photo of ALCD

Continuous water balance and meteorological data are currently being obtained.  ALCD
monitoring began in May 1997 and is currently in its third year.  The site will continue to
be actively monitored for a minimum five-year post construction period.  In addition,
periodic measurements of vegetation cover, biomass, leaf area index, and species
composition are being taken.



The objectives of the ALCD are to:
• demonstrate the construction and cost of cover design alternatives;
• measure the performance of the design alternatives using water balance and

ancillary data as the primary evaluation criteria; and
• document the results through presentations, reports, and peer- reviewed

publications.

The ALCD is not intended to showcase any one particular cover system.  The focus of
this project is to provide the necessary tools, such as cost, construction and performance
data, to the public and regulatory agencies so that design engineers will have better,
regulatory acceptable alternatives to the conventional cover designs.

The installed test cover designs descriptions are as follows:

Baseline Test Cover 1 is a basic Soil Cover installed to meet minimum requirements for
RCRA Subtitle ‘D’ governed landfills (US DOE 1993).  These requirements apply to
municipal solid waste landfills to be closed using engineered covers and generally meet
the following performance objectives:

• Permeability of the cover to be less than or equal to the permeability of the
bottom liner/subsoil or no greater than 10-5 cm/sec;

• minimize infiltration with a minimum of 45 cm of soil; and
• minimize erosion with a minimum of 15 cm of soil for plant growth.

The installed test cover is 60 cm thick (Figure K-2).  It is constructed of essentially two
layers.  The bottom layer is a 45-cm thick compacted soil layer.  This barrier layer’s
primary purpose is to minimize the infiltration of water into the underlying waste.  Only
native soil from on-site cut excavations was used in this layer.  The soil was compacted
‘wet of optimum’ as recommended by the EPA to remold the soil and lower the initial
saturated hydraulic conductivity.  Standard construction practices and equipment were
used throughout the project.  Soil density and water content readings were taken to ensure
that the soil placed fell within the specified compaction zone.  The soil was placed as
specified to meet the maximum 1 x 10 -5 cm/sec requirement of Subtitle ‘D’ regulated
facilities.  Laboratory test results yielded saturated hydraulic conductivity results on the
barrier layer soil between 5.5 x 10 -6 cm/sec and 5.1 x 10-7 cm/sec.  The initial in-situ
saturated hydraulic conductivity was determined to be about 4.9 x 10 -7 cm/sec with a
sealed double-ringed infiltrometer (ASTM D5093).

The top vegetation layer is 15 cm of loosely laid topsoil.  The vegetation layer consists of
topsoil cut from the site, stockpiled, and replaced.  This layer provides for vegetation
growth and erosion protection.



Figure K-2.  Baseline Test Cover 1 – Traditional “Municipal Solid Waste Landfill
                     Cover Profile”

Baseline Test Cover 2 is a Compacted Clay Cover designed and constructed in
accordance with minimum regulatory requirements for closure of hazardous and mixed
waste landfills found in 40 CFR Parts 264 and 265, Subpart N.  Under these regulations,
owners/operators of landfills are required to perform landfill closures.  The primary
closure requirements of 264.310 and 265.310 require the owners/operators to design and
construct a low-permeability cover over the landfill to minimize migration of liquids into
the waste and to provide 30 years of post-closure monitoring and maintenance in order to
prevent waste migration into the environment.  The cover design must provide for the
following:

• minimize liquid migration;
• promote drainage while controlling erosion;
• minimize maintenance;
• have a permeability equal to or less than the permeability of natural subsoil;
• account for freeze/thaw effects; and
• accommodate settling and subsidence so that the cover’s integrity is maintained.

The recommended EPA RCRA Subtitle ‘C’ final cover design (EPA, 1991) from bottom
to top consists of:

1. Low hydraulic conductivity geomembrane/soil layer: a 60 cm layer of compacted
natural or amended soil with a maximum saturated hydraulic conductivity of 1 x
10-7 cm/sec in intimate contact with a minimum 40 mil geomembrane.

2. Drainage layer: a minimum 30 cm sand layer having a minimum saturated
hydraulic conductivity of 1 x 10 -2 cm/sec, or a layer of geosynthetic material
having the same characteristics.

3. Top vegetation/soil layer: a top layer with vegetation (or an armored top surface)
and a minimum 60 cm of soil graded at a slope between 3 and 5 percent.

The Baseline Test Cover 2 (Figure K-3) was designed with the following features.  It is
1.5 m thick.  The bottom layer is a 60 cm thick compacted soil layer.  This layer’s
primary purpose is as a barrier layer to prevent the downward migration of water into the
underlying waste.  Laboratory tests revealed that the native soil at the ALCD site required



amendment to meet the saturated hydraulic conductivity requirement (maximum of 1 x
10-7 cm/sec).  The goal of the laboratory testing was to find a combination of native soil
and soil amendment, in this case sodium bentonite, that would yield a saturated hydraulic
conductivity maximum of 1 x 10 -8 cm/sec.  Past experience has shown that laboratory
testing of hydraulic conductivity yields results at least an order of magnitude better than
in-situ soil measurements.  Through laboratory testing using a rigid-wall permeameter
(Daniels 1985), it was determined that a mixture of 6% by weight of sodium bentonite
with the native soil compacted ‘wet of optimum’ to 98% of maximum dry density per
ASTM D698 would be adequate.  All permeameter tests in the ‘wet of optimum’ range
yielded results between 10 -8 to 10-9 cm/sec range.  The soil was specified to be compacted
‘wet of optimum’ as recommended by the EPA so as to remold the soil to lower the
hydraulic conductivity.

Figure K-3.  Baseline Test Cover 2- Traditional “Compacted Clay Cover” for
                     Hazardous Waste Landfills

An acceptable compaction zone was specified similar to that for Baseline Test Cover 1.
The combination of the compaction requirements, soil amendment, and placement (‘wet
of optimum’) was done in hopes of yielding a maximum hydraulic conductivity of  1 x
10-7 cm/sec.  The in-situ saturated hydraulic conductivity was determined to be 7.9 x 10 -7

cm/sec, 1.8 orders of magnitude better than required.  Desiccation cracking is believed to
be the cause for the lower than anticipated hydraulic conductivity.  The effects of
desiccation cracking is not accurately represented in the laboratory.

A 40-mil linear low-density polyethylene geomembrane was placed directly on top of the
clay barrier layer.  The surface of the clay barrier layer was smooth-roll compacted and
prepared to allow for intimate contact between it and the under-surface of the
geomembrane to essentially obtain a composite barrier layer.  Continuous contact was
emphasized in an effort to eliminate gaps between the geomembrane and soil barrier
layer where any water that has passed through the geomembrane would have a pathway
to run and find a crack in the underlying soil layer.  The acceptance of the earth surface
was determined prior to placing the geomembrane on it.



A 30-cm thick middle drainage layer constructed of sand was placed directly on the
geomembrane.  The purpose of the drainage layer is to minimize the time any infiltrated
water is in contact with the underlying barrier layer by quickly routing this water that has
passed through the vegetation layer laterally to collection drains.  The average saturated
hydraulic conductivity of the sand installed was 1 x 10 -1 cm/sec which is an order of
magnitude better than the minimum 1 x 10 -2 cm/sec specified.  A nonwoven polyester
needlepunched geotextile was placed directly on top of the sand drainage layer.  This
served as a filter between the drainage layer material and top vegetation layer.

The top layer is a 60 cm thick vegetation layer comprised of uncompacted soil.  This
layer’s primary purpose is to provide for vegetation growth, erosion protection, and
protect the underlying layers from such things as harmful freeze/thaw cycles.  It allows
for storage of infiltrated water that can later be evaporated.  It is 45 cm of native fill soil
covered by 15 cm of topsoil.

Alternative Designs

Design criteria for the alternative covers were very basic.  The covers were to be (1) less
expensive than Baseline Test Cover 2; (2) more effective than the baseline covers at
preventing the infiltration of water into the underlying waste; and (3) easier and more
reliable to construct.  The native soil came from on-site cut excavations.  Other materials
to be purchased off-site, such as sand and gravel, must be common and readily available
(i.e., no exotic grain-size distributions, etc.).

All compaction of soil required by design in the alternative covers was compacted ‘dry of
optimum’ rather than ‘wet of optimum’ as currently recommended by the EPA with the
traditional covers.  Dry-side compaction should result in a compacted barrier soil that is
less susceptible to potential desiccation cracking.  Dry-side compaction also made
construction easier and therefore, less expensive.  Dry-side compaction also provides for
more initial soil water storage capability than wet-side storage due to the lower initial
degree of saturation.

The determination to compact soil ‘dry of optimum’ for all the alternative covers was
confirmed by laboratory testing that showed the saturated hydraulic conductivity of the
soil is relatively insensitive to the molding water content.  The hydraulic conductivities of
three soil test specimens were determined.  One of the specimens was compacted ‘wet of
optimum’, one was compacted at the optimum water content, while the third was
compacted ‘dry of optimum’.  The standard Proctor curves revealed the relative
insensitivity of the hydraulic conductivity to the water content (Shackleford 1995).

Alternative Test Cover 1 is a Geosynthetic Clay Cover (Figure K-4) identical to Baseline
Test Cover 2 with the exception that the problematic clay barrier layer was replaced with
a manufactured sheet installed in its place called a geosynthetic clay liner (GCL).  The
overall thickness of this cover is 90 cm.  The cover layers are, from bottom to top: the
barrier layer (the GCL membrane covered with a geomembrane comprises the composite
barrier layer), sand drainage layer, geotextile filter fabric, and vegetation soil layer,



respectively.  The GCL sheet is a composite of two nonwoven fabrics sandwiching a thin
layer of bentonite.  The saturated hydraulic conductivity of the GCL per the Claymax
manufacturer is 5 x 10 -9 cm/sec.

Figure K-4.  Alternative Test Cover 1 – GCL Cover

A geomembrane was then installed on the GCL.  Its installation, as well as that of the
sand drainage layer, geotextile, and topsoil were installed identically to those similar
layers in the Compacted Clay Cover.

Alternative Test Cover 2 is a Capillary Barrier (Figure K-5).  Differences in pore size
distribution and, thus, differences in suction between two soil layers under unsaturated
flow conditions cause water to be retained in the upper soil layer as long as the contrast in
unsaturated properties (e.g., soil-moisture characteristic curves and unsaturated hydraulic
conductivities) of the soils in the two soil layers is sufficiently large.  In general, the
upper soil layer must consist of a soil with a significantly larger suction than the lower
soil layer at the same water content.  Thus, a capillary barrier effect results when a
relatively fine-grained soil overlies a relatively coarse-grained soil.  The capillary
pressure head in the fine-grained upper soil layer must approach a value near zero (i.e.,
saturated conditions) before any appreciable flow occurs into the lower lateral drainage
layer.

Design considerations for this cover system included determining the proper soil layer
thicknesses and slope to minimize the percolation of water through it.  In general, layer
thicknesses and slope depend on (1) climatological information for the site at which the
cover is to be constructed (e.g., precipitation, temperature, humidity), (2) the
characteristics of the soils used in the cover (e.g., hydraulic conductivity, moisture
content), and other factors (e.g., slope stability, desiccation considerations).  Case studies
(e.g., Melchoir et al.. 1994, Benson and Khire 1995) were also used to assist with design
considerations.

This cover system consists of four primary layers: (1) a surface or topsoil layer; (2) an
upper drainage layer; (3) a barrier soil layer; and (4) a lower drainage layer (Figure K-5).



The lower drainage layer was installed in one uncompacted lift.  The basic construction
requirement for this layer other than thickness and slope was particle size distribution
(PSD).  A material representative of that tested in the laboratory was warranted.
Therefore an allowable PSD was specified.  A washed concrete sand, a common
construction material, was used and easily met the specified criteria.  A 45-cm thick layer
of compacted soil was installed on top of the lower sand drainage layer.  The barrier soil
layer and lower drainage layer comprise the capillary barrier.  Care was taken in placing
the first lift of soil.  It was important to maintain a clean interface between the sand and
soil for optimum performance of the capillary break.  Native soil taken from on-site cut
excavations was compacted within an acceptable compaction zone as specified.

On top of the soil barrier layer, the upper drainage layer consisting of clean pea gravel
was installed.  The bottom layer of the upper drainage layer was a 22-cm thick lift of
gravel meeting a specified allowable PSD. The pea gravel was placed in one
uncompacted lift.  Above this was a sand layer designed to meet filter criteria between
the soil and gravel.  Its PSD also met a specified allowable PSD.  The sand layer was
originally designed to be only 8 cm thick; however, 15 cm was the thinnest practical lift
that could be used.  This sand layer was also left uncompacted.  The sand serves as a
graded filter to prevent topsoil from clogging the drainage layer.  The gravel allows for
lateral drainage of any water that has percolated through the topsoil.  The 30-cm thick
topsoil layer was then installed on top of the sand.  This surface layer is placed to
enhance evapotranspiration (ET), protect against desiccation of the barrier soil layer, and
provide a medium for growth of vegetation.  Vegetation increases ET and protects against
surface erosion.  The layer was taken from topsoil originally cut from the site that had
been stockpiled.  It was placed in one uncompacted lift.

Figure K-5.  Alternative Test Cover 2 – Capillary Barrier

Alternative Test Cover 3 referred to as the Anisotropic Barrier (Figure K-6) attempts to
limit downward movement of water while encouraging lateral movement of water.  This
cover is composed of a layering of capillary barriers.  The various layers are enhanced by
varying soil properties and compaction techniques that lead to the anisotropic properties
of the cover.



This cover system consists of 4 layers: (1) a top vegetation layer; (2) a cover soil layer;
(3) an interface layer; and (4) a sublayer (Figure K-6).  The vegetation layer is 15 cm
thick.  It is comprised of a mixture of local topsoil and pea-gravel.  The gravel to soil
mixture by weight is 25%.  The gravel and soil were mixed adjacent to the site, then
placed on the cover in one uncompacted lift.  The gravel was added primarily to assist in
minimizing surface erosion to runoff.  This layer encourages evapotranspiration, allows
for vegetation growth, and reduced surface erosion.  Erosion (Ligotke 1994) and water
balance studies (Waugh et al.. 1994) suggest that moderate amounts of gravel mixed into
the cover topsoil will control both water and wind erosion with little effect on vegetation
or soil-water balance.  As wind and water pass over the surface, some winnowing of fines
from the admixture is expected, leaving a vegetated erosion resistant surface sometimes
referred to as a “desert pavement”.  The cover soil layer is 60 cm of native soil.  This soil
layer required minimal compaction.  Its function is to allow for water storage and
eventual evapotranspiration and to serve as a rooting medium.  The interface layer is 15
cm of fine sand that serves as a filter between the overlying soil and the underlying
gravel.  It also serves as a drainage layer to laterally divert water that has percolated
through the cover soil. The sand was a clean washed concrete sand that met an allowable
PSD.  Both the sand and pea gravel were placed in uncompacted lifts.  The pea gravel
sublayer was also 15 cm.  The soil over sand layers create one capillary barrier while the
sand over gravel creates a second capillary break.  The interface layer and sublayer
combined also serve a dual purpose as bio-barriers to reduce the penetration or intrusion
of roots and burrowing animals into the underlying waste.

Figure K-6.  Alternative Test Cover 3 – Anisotropic Barrier

Alternative Test Cover 4 is referred to as an Evapotranspiration (ET) Cover (Figure K-
7). The ET Cover  consists of a single, vegetated soil layer constructed to represent an
optimum mix of soil texture, soil thickness, and vegetation cover.  A cover profile similar
to this is the design cover for the MWL.  Case studies were used to assist with design
considerations (Nyhan et al.. 1986, Nyhan et al.. 1990).  These studies showed that a well
designed simple soil cover can be very effective in preventing excessive erosion due to
runoff and percolation, particularly in dry environments.  The vegetation cover serves as
the principal mechanism inhibiting soil moisture movement through the cover and into
the waste.  However, the texture and depth of soil provide the means of storing soil
moisture in the zone where it is available to plants.  Many studies have shown that



vegetation in arid and semiarid environments has the potential to remove essentially
100% of the moisture that infiltrates into the soil as long as plant roots can access the
moisture.  Ideally, the vegetation cover should consist of an optimum mixture of species,
including cool season and warm season species.  Additionally, species with different
growth forms (such as grasses, shrubs, or trees) should be used to revegetate the site in
order to spread ET over as much of the growing season as possible.  The average annual
rainfall in Albuquerque, NM is 20.6 cm/yr.

Figure K-7.  Alternative Cover 4 – ET Cover

This cover design encourages water storage and enhances ET.  The cover is a monolithic
soil cover from on-site cut excavations.  It is 90 cm thick with the bottom 75 inches
compacted and the top 15 cm of topsoil loosely placed.

After completion of earthwork activities, the cover was drill-seeded with a mixture of
native seed designed specifically for the area.  Many engineers commonly specify seed
mixed for landfills from such places as state highway department geographical
recommendations.  These highway department seed mixes can often be impractical for
landfill application.  It is generally designed for roadside use where there is actually more
precipitation due to runoff from the highways.  This is not the case with landfills.  The
seed mix used was of species native to the immediate area.  The mix ensured a good
blend of cool and warm weather plants, primarily native grasses.

Performance Monitoring and Instrumentation of the ALCD

Passive testing consists of daily on-site observations to validate system performance and
to correct problems.  Data is continually obtained for soil moisture status, percolation and
interflow, runoff and erosion, precipitation, wind speed and direction, relative humidity,
solar radiation, air and soil temperature.  Periodic measurements are taken of vegetation
cover, biomass, leaf area index, and species composition.

Active testing includes supplemental precipitation added to hydrologically stress the
various barriers systems.  Water applied using the sprinkler system is tested for rate and





These percolation volumes for year 1 put into terms of flux rates and cover efficiency are
as follows:

Table K-1.  ALCD First Year Flux Rates
Plot Title Flux rate

(cm/sec)
Flux Rate
(cm/yr)

Efficiency

1 – Baseline#1 Subtitle D Cover 2 x 10-8 0.6 99.98%
2 GCL Cover 2 x 10-9 0.05 99.998
3 – Baseline#2 Subtitle C Cover 1 x 10-10 0.004 99.9999
4 Capillary Barrier 2 x 10-9 0.07 99.998
5 Anisotropic Barrier 2 x 10-10 0.006 99.9998
6 ET Cover 2 x 10-10 0.007 99.9998

* Efficiency = (percolation volume ÷ volume of precipitation) x 100%
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