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EXECUTIVE SUMMARY

The water balance of twenty-one landfill final cover test sections has been evaluated in this
study. Each of the test sections is being monitored as part of the United States Environmental
Protection Agency’s Alternative Cover Assessment Program. The test sections are located at
ten sites across the United States in climates ranging from arid to humid. Water balance
predictions for seventeen of the test sections have been made using the models HELP and
UNSAT-H, which are commonly used for evaluating the hydrology of final covers. Most of the
climatic, soil, and vegetative inputs to the models were measured in the field or laboratory. For
those inputs where measurements did not exist, estimates were made based on information in

the literature.

The alternative covers in arid and semi-arid climates generally are transmitting significantly less
percolation than the alternative covers in humid climates. Percolation rates for the alternative
covers in arid and semi-arid climates typically are less than 1 mm/yr. The exception is the thin
monolithic barrier in Sacramento, which has transmitted percolation at an average rate of 48
mm/yr. For the humid sites, percolation from the alternative covers typically is between 37 and
144 mm/yr. Percolation rates for the alternative covers in humid climates should decrease over
time as the vegetation matures, and is capable of removing more soil water. For example, 170
mm of percolation was measured during the first nine months following construction of the
alternative cover at Albany, GA. The percolation rate then decreased to less than 6 mm/yr as

the poplar trees on the cover matured.

Data from the test sections simulating a composite cover (i.e., a geosynthetic clay liner or
compacted clay barrier overlain by a geomembrane) indicate that these covers are very
effective when constructed properly. Percolation rates for the composite covers are generally
less than 1 mm/yr in semi-arid and arid regions, and 5 mm/yr in humid regions. Data from the
test sections simulating compacted clay covers show that clay barriers are highly susceptible to

desiccation cracking and can transmit percolation at large rates (several hundred mm/yr).

Predictions of the water balance made with HELP and UNSAT-H generally were not accurate
even though the parameters used as input were well-defined. Discrepancies between field
conditions and model predictions were related to the prediction of surface runoff, frozen ground
conditions, preferential flow, and uncertainty in vegetation characteristics. Initial simulations that

were conducted with “as constructed” input parameters (i.e. saturated hydraulic conductivity,



runoff curve number) greatly over-predicted surface runoff, which resulted in the subsequent
flow processes being incorrect. Hydraulic conductivity of the surface layer was measured on
specimens collected immediately after construction that probably did not include macroscopic
features (desiccation and freeze-thaw cracks, root holes, worm holes, etc.) that affect the
saturated hydraulic conductivity at field scale. Therefore, additional simulations were conducted
using an “adjusted” saturated hydraulic conductivity and runoff curve number for the surface
layer. Model predictions improved when the surface layer was more permeable, but the
predictions were still inconsistent over time. Also, modeling of frozen ground conditions
appears to be significant at sites in cooler climates if surface runoff due to melt water is to be

predicted accurately.

Modeling of the long-term performance of compacted clay covers does not appear to be
possible without significantly increasing the saturated hydraulic conductivity of the barrier layer
to account for preferential flow through desiccation cracks. For composite covers, HELP
predicted little percolation would occur, which is expected in arid and semi-arid climates.
However, HELP under-predicted percolation from composite covers at sites in humid climates,
even when placement conditions were degraded, and the defect frequency was increased. Also,
HELP typically over-predicted lateral flow for covers that incorporated a drainage composite,

and under-predicted lateral flow for covers that did not incorporate a drainage composite.
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SECTION ONE
INTRODUCTION

The U.S. Environmental Protection Agency (USEPA) has developed guidance for
design, construction, operation, and maintenance of final covers for landfills. Final
covers constructed based on these guidelines (typically referred to as “conventional
covers”) have traditionally relied on hydraulic barrier layers having low saturated
hydraulic conductivity to reduce the amount of water percolating into the underlying
waste. Due to the higher cost associated with prescriptive final covers, as well as their
questionable performance in certain climates, alternative landfill cover designs are
being explored.

Alternative covers typically rely on a combination of soil and vegetation to restrict
percolation rather than relying on hydraulic barrier layers. For an alternative cover to
perform as well as a prescriptive cover, the soil must be able to store water long enough
to allow the atmosphere and vegetation to remove the water via evaporation and
transpiration. Because evaporation and transpiration are important processes affecting
their performance, alternative covers are often referred to as evapotranspiration (ET)
covers. They are also referred to as “vegetative covers” or “store-and-release” covers.

This study relied on field data from USEPA’s Alternative Cover Assessment
Program (ACAP), which is evaluating twenty-one cover designs throughout the United
States in climates ranging from arid to humid. Each cover is being evaluated for 5 years.
The purpose of ACAP is to collect field-scale data regarding the hydrology of
prescriptive and alternative covers that can be used for model evaluations, development

of design guidance, and improvement of regulations (Bolen et al. 2001). This study had



three objectives: (1) to analyze the ACAP field data and to make preliminary
assessments, (2) to compare predictions made with two water balance models
(UNSAT-H and HELP) to the field data for each cover, and (3) to perform a parametric
study using the two water balance models to determine which parameters have a
significant effect on water balance predictions. This report describes the findings of this

study.



SECTION TWO
TYPES OF FINAL COVERS

Minimum standards for landfill liners and covers are listed in the United States
Code of Federal Regulations (CFR), and are broken into two categories depending on
the type of landfill. Subtitle D of the Resource Conservation and Recovery Act (RCRA)
is for municipal solid waste (MSW) landfills, and Subtitle C is for hazardous waste
landfills. The United States Environmental Protection Agency (USEPA) has also issued
guidance on the design of landfills. The guidance is intended to clarify the regulations,
and to assist the designer.

The cover designs described in RCRA depend on the design of the bottom liner,
with the intention of preventing the “bath-tub” effect. The cover must have a hydraulic
conductivity less than or equal to the hydraulic conductivity of any bottom liner or natural
subsoils. Clarifications to the requirements of Subtitle D that were issued by USEPA
match cover designs with liner designs (USEPA 1992). These cover designs are
summarized in Table 2.1.

Subtitle D permits alternative covers if the alternative cover can be shown to be
equally effective in reducing the rate of percolation into the underlying waste, as well as
having equivalent resistance to erosion. Typical alternatives designs do not rely on a
hydraulic barrier with a specific hydraulic conductivity, but rather on a combination of
soil and vegetation to prevent water from percolating into the waste. This type of cover
is also referred to as an evapotranspiration cover (or “ET” cover), a vegetative cover, or

a store-and-release cover.



Table 2.1. Landfill Cover Designs Required by RCRA Subtitle D.

Category

Liner

Cover Requirement

No Liner.

150 mm erosion layer;
460 mm barrier layer with K¢ < 10 cm/s or
Ks of underlying soils, whichever is smaller.

B Soil Liner with K < 10 cm/s. 150 mm erosion layer;

460 mm barrier layer with Ks < 10 cm/s.
C Soil Liner with K < 107 cm/s. 150 mm erosion layer;

460 mm barrier layer with Ks < 107 cm/s.
D Composite liner (soil layer havinga | 150 mm erosion layer;

Ks < 107 cm/s overlain by
geomembrane.

geomembrane;
460 mm barrier layer with K¢ < 10 cm/s.

K, = saturated hydraulic conductivity



Alternative covers balance the hydrological processes (e.g., precipitation, surface
runoff, soil water storage, evaporation, and transpiration) so as to limit percolation to an
acceptable amount (Khire et al. 2000). Fine textured soils are used to store the
infiltrating water, which is later removed by evaporation from the soil surface or by
transpiration by plants. An effective alternative cover provides balance between the
storage capacity of the soil and the water removal capabilities provided by the local
climate and the vegetation. A mixture of native grasses, shrubs, and/or trees is used to
take advantage of the varying growing seasons so that the number of days during which
transpiration occurs is maximized.

In arid to semi-arid regions of the country, where potential ET typically exceeds
precipitation, plants often are capable of using all the available moisture in the soll
profile (Anderson et al. 1987, Hauser et al. 1994). As a result, the soil is rendered an
empty reservoir to store infiltrating water in the cooler and wetter months. The type of
soil plays an important role. Finer textured soils are generally suitable, because they
can have substantial soil water storage capacity. In contrast, even under the most ideal
plant and climatic scenario, soils with a low water storage capacity (e.g. coarse textured
soils with little fines) are unlikely to be effective as a storage medium in an ET cover.

Several types of alternative cover designs have been evaluated. Two common
designs (Fig. 2.1) are monolithic and capillary barriers. A monolithic barrier consists of a
single layer of finer textured soil. A capillary barrier consists of finer textured layer
overlying a coarse-grained soil. The contrast in unsaturated hydraulic properties
between the two layers in a capillary barrier forms a capillary break that limits downward

water movement in a capillary barrier (Khire et al. 2000).
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SECTION THREE
ALTERNATIVE COVER ASSESSMENT PROGRAM

USEPA’s Alternative Cover Assessment Program (ACAP) was created to (i)
provide data to support the development of an effective cover for each individual test
site, (ii) provide data to support the development of guidelines for alternative cover
designs throughout the country, and (iii) provide data to support the development of
improved models for designers and regulators (Bolen et al. 2001).

During the initial phase of ACAP, twenty-one test sections were constructed at
ten sites throughout the United States to evaluate similar cover designs in differing
climates. Each site is proposing to use an alternative earthen final cover (AEFC). At
least one AEFC test section was constructed at each site. The AEFC was designed by
the owner, or an engineering consultant working for the owner, with input from the
ACAP investigators. At eight of the sites, alternative and conventional cover designs are
being compared side by side. Design of the conventional covers was based on
regulations stipulated by the regulatory agencies having jurisdiction at each site. Each
test section is to be monitored for a period of at least 5 years.

Performance of each cover is being evaluated by measuring the percolation rate.
Other hydrological processes are also being measured, such as precipitation, surface
runoff, lateral flow, and soil water content to calculate the water balance of each test
section. Disturbed and undisturbed soil samples were collected during construction to
determine the physical and hydraulic properties of the soils. A description of the testing

that was conducted can be found in Bolen et al. (2001) and Gurdal (2002).



3.1 ACAP LYSIMETER

To evaluate each cover design, a large-scale lysimeter was constructed using
linear-low density polyethylene (LLDPE) geomembrane and a geocomposite drain
(Benson et al. 2001). Each lysimeter had an areal extent of 10 m by 20 m (Fig. 3.1). The
slope varied from site to site, and was between 5 and 25%. The lysimeter was
constructed from several geomembrane panels that were welded together to form a
“box” (Fig. 3.2).

Non-destructive testing was performed on each geomembrane seam to ensure
the lysimeter was leak tight. A geocomposite drain was then placed above the base of
the lysimeter on top of the geomembrane to direct any percolation through the cover to
the sump. To ensure the drainage sump and associated plumbing was leak free, a leak
test was performed by ponding water on the downstream end of the lysimeter, creating
a small head on the drainage sump. The elevation of the water was monitored for any
leaks for approximately one hour using a standpipe attached to the end of the drainage

pipe. A description of the installation methods can be found in Benson et al. (1999).

3.1.1 Cover Placement

Soil was placed inside the test section using typical construction equipment (Fig.
3.3) following specifications described in Benson et al. (1999). A nuclear gauge was
used to check compaction of each soil lift. Alternative cover soils typically were placed
at 85% of maximum dry unit weight per standard Proctor, while compacted soil barriers
were compacted as specified by the designer. To ensure uniform and adequate
compaction, the maximum lift thickness was 460 mm, although thinner lifts were used

for the conventional covers. Also, the surface elevation of each lift was surveyed to



A

20m

30m

[e——5 m——»

Diversion Berm

T

5m

Test Section
Boundary

Not To Scale

j«—10m

K

Surfuce Runoff Pipe

Down
Slope

Percolation
Pipe

To Collection/

Basin

Surface Runoff
Pipe

To Collection /

Basin

(@)

le
-

20 m

Cover Soil

(Thickness and Layer
Combination Varies)

Not To Scale

Diversion Berm

Root-Barrier

/Tp (b)

Percolation Pipe

\ LLDPE Geomembrane

10

Fig. 3.1. Schematic of ACAP Test Section and Lysimeter: (a) Plan View and (b) Cross-

Section.



Fig. 3.2. Photograph of Lysimeter “Box” Constructed with LLDPE Geomembrane at
Cedar Rapids Site. Base is Covered with Geocomposite Drain.
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replicate the level of control likely to exist during full-scale construction of final covers.

The first soil layer placed inside the lysimeter was an interim cover layer
simulating the soil likely to exist over the waste prior to construction of the cover. A
geosynthetic root barrier was placed on top of the interim cover soil (Fig. 3.5). The root
barrier is a non-woven geotextile containing nodules impregnated with the root inhibitor
trifluralin, which prevents penetration of roots into the geocomposite drain and other
elements of the system used to collect percolation (Burton et al. 1986). Water in these
elements would not normally be available for uptake by plants. The root barrier also
provides a well-defined lower boundary for root penetration, since the root-barrier
controls the rooting depth for all vegetation types (i.e. shrubs, trees, or grasses). The
cover profile was constructed on top of the root barrier.

To achieve the necessary saturated hydraulic for barrier layers in the test
sections simulating conventional covers, additional compactive effort and moisture
conditioning generally were performed. To increase the compactive effort, a heavy
tamping foot compactor was typically used (Fig. 3.4). Compaction was controlled using
a compaction specification defined by the site owner. If a geomembrane was to be
placed on top of a clay barrier layer, a smooth-drum roller was used to provide good
contact between the soil layer and geomembrane. Once the cover geomembrane was
installed, a single circular hole with a diameter of 11 mm (100 m? area) was placed in
the center of the geomembrane to simulate an installation defect.

To prevent preferential flow along the sidewalls of the lysimeter, dry bentonite
was placed along the geomembrane-soil interface during soil placement. A jumping-jack
or vibrating plate compactor was also run along the inside of the sidewalls to ensure

good compaction along the sidewall of the lysimeter.
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Fig. 3.3. Placement of Soil on Top of Geocomposite Drainage Layer at the Boardman
Site.
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Fig. 3.4. Tow-Behind Tamping Foot Compactor Used to Compact a Clay Barrier Layer
at the Cedar Rapids Site.
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3.1.2 Soil Monitoring Instrumentation

Water content of the soils is measured using CS615 water content reflectometers
(WCR) manufactured by Campbell Scientific Inc. (CSI). A WCR consists of two parallel
rods (300 mm long, 32 mm spacing) attached to an electronic signal generator. The
water content of material surrounding the conductors influences the speed of an
electromagnetic wave displaced along the rods. As the dielectric constant of the soil
increases, the wave propagates more slowly. Because the dielectric constant of water is
much higher than that of most other materials, an electromagnetic wave propagates
slower in a wet or moist soil than in the same soil when dry. A WCR measures the
round-trip travel time of the electromagnetic wave, which is calibrated against water
content (Campbell and Anderson 1998). Calibrations for the WCRs can be found in Kim
(2002). Kim (2002) also found that the WCR measurements are sensitive to
temperature, and that calibration equations should require a temperature correction.
Temperature corrections were not incorporated in this study, will be in future work.

Soil matric suction is measured with heat dissipation units (HDU) manufactured
by CSI. HDUs consist of a heat source and a temperature sensor contained within a
porous ceramic housing (Phene et al. 1971). A thermocouple monitors dissipation of a
heat pulse generated by a resistive heating element, and reports a temperature
differential (AT) over a 29 s period. Heat dissipation is a function of the water content of
the ceramic housing, which is assumed to be in equilibrium with the matric suction of
the surrounding soil. A calibration relating soil matric suction and AT was determined for
each sensor by the Desert Research Institute. The initial temperature reading of the

HDU was taken as ambient temperature of the soil.



Fig. 3.5. Placing Root Barrier on Top of Interim Cover Soil at the Sacramento Site.
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3.1.3 Water Flow Monitoring System

The bottom of each test section is sloped (> 2%) toward the centerline. The
primary axis of the lysimeter is aligned with the natural slope of the setting to allow
percolation to collect in a sump. Collected water is conveyed through a boot in the
geomembrane to a collection basin containing a redundant system with three devices to
measure flow. Volume of percolation is measured by a tipping bucket, a pressure
transducer, and a float switch. The float switch is used to identify when a collection
basin is flushed. Each flush corresponds to the same volume of water (~90 L). A dosing
siphon is used to flush the basin.

The primary means of measuring flow is with the float switch, because the tipping
bucket is only able to measure low flows accurately. A pressure transducer located at
the bottom of the collection basin measures the elevation (or stage) of the water (Fig.
3.6), and is used to confirm that a flush of the dosing siphon has occurred. The
precision of the percolation measurements made with each instrument is described in
Benson et al. (2001).

Surface runoff berms were constructed around the perimeter of each test section
to prevent run-on, as well as to facilitate the collection of run-off (Fig. 3.7). Runoff is
routed to a collection basin with a similar measurement system as the percolation basin,
except that a tipping bucket is not used. For test sections with a drainage layer and/or a
cover geomembrane, interflow is collected and measured using a system similar to that

used for measuring runoff.



. . Instrument Cables To
Percolation Basin Datalogger

A
Tipping
Bucket

From Percolation Pipe—)»

P Effluent Pipe

Dosing Siphon

‘ U Pressure Transducer

Wooden Platform

Fig. 3.6. Schematic of Collection Basin with Dosing Siphon Used to Monitor Flows.

18



19

Surface
Runoff Berm

Surface Runoff

Boot
100 mm

PVC Pipe

Final Grade

Extrusion Weld Not To Scale

50 mm
PVC pipe

Lysimeter Endwall 350 mm Drainage Composite

\A Dia. Boot z
350 mm ! ___________ -
Dia. Boot |F—Smmmm———— ===

o o\
32 mm Cover

PVC Pipe Geomembrane

To Interflow Basin €—

Drainage Composite

Lysimeter Geomembrane

To Drainage Basin €—

Fig. 3.7. Typical Cross-Section of Sumps Used to Collect Percolation, Interflow, and
Surface Runoff.



20

3.1.4 Meteorological Measurements
A CSI weather station (Fig. 3.8) was installed at each site to monitor local
meteorological conditions. Wind speed and direction, air temperature, relative humidity,

solar radiation, and precipitation are being measured.

3.2 TESTFACILTIES

Twenty-one test sections were constructed at ten sites (Fig. 3.9) across the
United States. At five of the sites, two test sections were constructed to compare a
conventional cover and an alternative cover. At three of the sites, three test sections
were constructed to compare multiple conventional and/or alternative covers. At two of
the sites, only one test section (an alternative cover) was constructed.

The majority of the cover soils came from on-site borrow areas. The vegetation
generally was chosen to be representative of native vegetation at the site. A detailed
summary of all sites can be found in Bolen et al. (2001). An illustration of the cover
profiles for each site is shown in Figures 3.10 and 3.11. A description of the profile of

each test section is in Table 3.1. The seed mixtures for each site is in Table 3.1.

3.2.1 Altamont Site

The Altamont site is located in the Altamont Hills near the City of Livermore, CA
approximately 64 km east of the San Francisco Bay. The conventional final cover
design, as dictated by Title 27 of the California Code of Regulations, is a composite

barrier.



Fig. 3.8. Weather Station Installed at the Cedar Rapids Site.
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Table 3.1. Profile of Each Cover Being Evaluated by ACAP.

. Test . . 1
Site Section Layer Description Material
Topsoil Lean clay with organics CL
Capillary Storage Layer Lean clay CL
Barriers Sand Clean sand (Poorly graded) SP
L _______|___InterimCover _ | _______| Leanclay _______ | _____Ct______
Omabha Site Topsoil Lean Clay with organics CL
c " Vegetative Layer Lean clay CL
omposite
Barrier Geomembrane - 1.0 mm HDPE
Compacted Soil Barrier Lean clay CL
Interim Cover Lean clay CL
c ted Topsoil Clayey sand SC
ompacte X X
Clay Barrier Compact(.ad Soil Barrier Clayey sand SC
Albany Site | -~ - - -~ - - - InterimGover___ | _______ Clayeysand _____ | ____ 8 ...
Soil / Compost Mix Clayey sand SC
Monolithic S .y cl d SC
Barrier upport Layer ayey san
Interim Cover Clayey sand SC
Topsoll Lean clay CL
Drainage Composite - GT/GN/GT®
Composite Geomembrane - 1.5 mm HDPE
Barrier Compacted Soil Barrier Lean clay CL
Altamont Site Foundation Layer Lean clay CL
.| ._.__lnterimCover | ______| leanclay | ____ .St _____
Storage Layer Lean clay CL
Monolithic S .y L | cL
Barrier upport Layer ean clay
Interim Cover Lean clay CL
Topsoil Lean clay with sand CL w/ organic matter
_ Drainage Composite - GT/GN/GT
Comp(_)sne Geomembrane - 1.0 mm LLDPE
Barrier
Compacted Soil Barrier Sandy lean clay CL
| ItermCover | Sandyleanclay ____ | ____ oL _____
R C%dag_t c ted Topsoil Lean clay with sand CL w/ organics matter
apids Site | Compacte . . .
Clay Barrier Compacted Soil Barrier Fat clay with sand CH
| IterimCover | Sandyleandlay ____ | . _ oL _____
Soil / Compost Mix Clayey sand SC-CL
Monolithic w/ organic matter
Barrier Support Layer Sandy lean clay CL
Interim Cover Sandy lean clay CL

#Unified Soil Classification System, ®GT/GN/GT corresponds to a geocomposite drainage layer consisting

of a geonet between two non-woven geotextiles.
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Table 3.1. Profile of Each Cover Being Evaluated by ACAP (continued).
Site Test Layer Description Material®
Section
Monolithic Storage Layer Silt with sand ML
| _Bamers | Interim Cover | ____ Siltwithsand______ | _____ ML
Vegetative Layer Silt with sand ML
Boardman . :
Sit _ Drainage Composite - GT/GN/GT
e Composite
Barrier Geomembrane - 1.5 mm LLDPE
Geosynthetic Clay Liner - Bentomat
Interim Cover Silt with sand ML
Topsoil Clayey sand with gravel SC w/ organic matter
Helena Site Monolithic Storage Layer Clayey sand - Sandy fat clay SC-CH
Barrier Gas Vent Layer Poorly graded gravel with silty clay GP-GC
Interim Cover Clayey sand - Sandy fat clay SC-CH
. Topsoil Sandy lean clay with gravel SC-SM
Sacramento | Monolithic St L cl d. silt d
Site Barriers orage Layer ayey sand, siity san CL, SC
Interim Cover Clayey sand SC-CL
Vegetative Soil Clayey sand SC
Composite Geomembrane - 1.5 mm LLDPE
Barrier i i
Marina Site Compacted Soil Barrier Fat clay CH
- —__L.._/Interim Cover __ | ___ Poorly graded sand w/silt __ | ____ SP-SM_____
Monolithic Storage Layer Clayey sand SC
Barrier Interim Cover Poorly graded sand w/ silt SP-SM
Topsoil Silty sand SM
Vegetative Layer Silty sand SM
Composite Drainage Composite - GT/GN/GT
Barrier Geomembrane - 1.5 mm LLDPE
Polson Site Compacted Soil Barrier silty clay CL-ML
| ____|___InterimCover____| _Poorly graded gravel withsand_ _| _____ GP______
Topsoil Silty sand SM
Capillary Storage Layer Silty clay CL-ML
Barrier Coarse-Grained Layer Silty sand SM
Interim Cover Poorly graded gravel with sand GP
Soil / Gravel Admixture Clayey gravel with sand GC
Storage Layer Lean clay with sand CL
Monticello . ] ]
Site Alternative Bio-Intrusion Layer Gravel GC
Fine-Grained Layer Lean clay with sand CL
Coarse-Grained Layer Clean sand (Poorly graded) SP

#Unified Soil Classification System, ®GT/GN/GT corresponds to a geocomposite drainage layer consisting

of a geonet between two non-woven geotextiles.



Table 3.2. Vegetation Mixture Used at Each Site.

Site Seed Mixture

Omaha Cool Season Grasses: Brome and Switchgrasses
Bermuda Grass, Perennial Rye, and

Albany Eastern Cottonwood and Black Poplar, Imperial
Carolina DN-34 (ECap only)
Soft chess, slender oats, foxtail chess, Italian
ryegrass, red-stemmed filaree, black mustard,

Altamont yellow star-thistle, prickly lettuce, bull thistle,

prickly sow-thistle, blue dicks, California poppy,
purple owl's-clover, and miniature lupine

Cedar Rapids

Indian Grass, Little Bluestem, Big Bluestem, Side
Oats, and Switch Grass, Tall Fescue Lawn Mix,
and Crown Vetch

Boardman

Siberian, Bluebunch, and Thickspike
Wheatgrasses, Alfalfa, and Yellow Blossom
Sweetclover

Helena

Bluebunch, Slender, and West Wheatgrasses,
Sandburg Bluegrass, Sheep Fescue, Blue
Gamma, Green Needlegrass, and Needle-and-
Thread

Sacramento

California Brome, Purple Needlegrass, Zorro
Fescue, Arroyo Lupin, and Oleander bushes.

Marina

Blue Wild Rye, California Brome, Creeping Wild
Rye, and Pacific Hairgrass

Polson

Thickspike, Bluebunch, Slender, and Crested
Wheatgrasses, Mountain Brome, Idaho Fescue,
Prarie Junegrass, Needle-and-Thread, Meadow
Brome, Canada and Kentucky Bluegrasses,
Yarrow, Fringed Sagewort, Alfalfa, Rubber
Rabbitbrush, Prickly Rose, Arrowleaf Balsamroot,
and Dolted Gayfeather, Lewis Flax, and Silky
Lupine, and Cicer Milkvetch

Monticello

Western and Crested Wheatgrasses, Gray
Rabittbrush, Sagebrush, Pinyon, and Juniper
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The conventional cover was constructed with a 300 mm foundation layer and a
300 mm barrier layer (saturated hydraulic conductivity, Ks, less than 1x10° cm/s)
underlying a 1.5 mm thick smooth HDPE geomembrane, drainage composite, and a
300 mm vegetative layer. The alternative cover was constructed with a 600-mm
compacted “support layer” and a 460 mm “storage layer,” which effectively act together
as a 1060 mm storage layer. Both covers overlay 300 mm of soil simulating interim
cover.

All soil layers were constructed with crushed Panoche claystone from a nearby
borrow area. To promote root growth, the storage, storage, and interim cover layers
were compacted to 85% of maximum dry unit weight per standard Proctor. The support
layer in the alternative cover was compacted between 90 and 95% of maximum dry unit
weight per standard Proctor. The top layers of both test sections were seeded with

grasses that currently exist on-site (see Table 3.2).

3.2.2 Cedar Rapids Site

The Cedar Rapids site is located in Marion, IA, outside of Cedar Rapids. The
bottom liner of the existing landfill consists of a compacted clay barrier, whereas the
bottom liner of an expansion of the landfill will consist of a RCRA Subtitle D composite
barrier. Therefore, two conventional covers that meet the RCRA Subtitle D criteria (as
interpreted by the lowa Department of Natural Resources) for the existing and
expansion portions of the landfill were constructed, along with an alternative cover.

The composite cover consists of a 600 mm compacted clay layer (Ks < 1x107

cm/s) overlain by a 1.0 mm thick textured LLDPE geomembrane, a drainage composite,
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and a 150 mm layer of topsoil. The compacted clay cover consists of 600 mm of
compacted clay (Ks < 1x10” cm/s) and a 600 mm layer of topsoil. The alternative cover,
also known as an ECap, consists of a 600 mm support layer and a 920 mm storage
layer. All test sections overlay 300 mm of soil simulating interim cover.

All soil layers were constructed with soil (sandy lean clay) from a nearby borrow
area. The soil used for the storage layer in the alternative cover is mixture of borrow soil
(95%) and compost (5%). The compost consists of composted paper mill sludge,
leaves, grass clippings, and corn hulls. The topsoil layers were stripped from the same
borrow area as the clay, and had higher organic content.

Both covers were seeded with a mixture of native grasses (see Table 3.2). The
alternative cover was also vegetated with two-year old hybrid poplar trees. The hybrid
poplar trees were 4.5 m tall prior to planting, and were placed in 600 mm deep trenches.
Additional rows of hybrid poplars were planted around the alternative test section as a
perimeter buffer to minimize ‘edge effects’ caused by wind, humidity, and light, which

makes the alternative test section more representative of a large-scale ECap.

3.2.3 Omaha Site

The Omaha site is located in Bennington, NE, just outside of Omaha. The
existing landfill employs two types of bottom liners that consist of a RCRA Subtitle D
compacted clay barrier and a composite barrier. The final cover for the expansion of the
Omaha site is a RCRA Subtitle D cover with a composite barrier. Therefore, a

conventional cover with a composite barrier is being tested along side two alternative
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covers. The two alternative covers contain a capillary break to enhance soil water
storage in the storage layer.

The conventional cover consists of a 460 mm barrier layer (Ks < 1x10™ cm/s), a
1.0 mm thick smooth HDPE geomembrane, a 460 mm vegetative layer, and a 150 mm
layer of topsoil. The two alternative covers were constructed with a 150 mm layer of
clean sand, a storage layer (460 mm and 760 mm thick), and a 150-mm-thick layer of
topsoil. All of the covers overlay 300 mm of soil simulating an interim cover.

The interim covers, storage layers, and compacted barrier layers were
constructed from lean clay (Peorian Loess) from a nearby borrow area. The clean sand
was delivered to the site from a local quarry. The topsoil layers were stripped from the
same borrow area as the clay, and had higher organic content. Vegetation established
on each test cover consisted of a mixture of native warm and cool season grasses (see

Table 3.2).

3.2.4 Boardman Site

The Boardman site is located 16 km south of Boardman, OR, in the vicinity of
Finley Buttes. The existing landfill is lined with a RCRA Subtitle D conventional design
consisting of a composite barrier. The soil component of the liner is a geosynthetic clay
liner (GCL). The covers being tested at the Boardman site are a conventional cover
(consisting of a composite barrier with a GCL), and two alternative covers.

The conventional cover consists of a GCL, 1.0 mm thick textured geomembrane,
drainage composite, 600 mm of vegetative cover, and 300 mm of topsoil. The

alternative covers tested at Boardman are monolithic barriers, consisting of a single
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storage layer (1220 mm or 1840 mm). All cover profiles overlay a 300 mm soil layer
simulating an interim cover.

All soil layers were constructed with Sagehill sandy silt from a nearby borrow
area. All covers were seeded with indigenous grasses that are common in the non-

irrigated rangelands in the area (see Table 3.2).

3.2.5 Sacramento Site

The Sacramento site is located in eastern Sacramento County, approximately 24
km southeast of the Sacramento, CA metropolitan area. Older portions of the existing
landfill are unlined, whereas newer portions are lined with a RCRA Subtitle D composite
barrier.

The two covers being evaluated at the Sacramento site are alternative covers
(monolithic barriers), and differ only in thickness (1.2 m and 2.4 m). Both covers were
constructed using soil (interbedded sandy silts, clays, and fine sands) from a nearby
borrow area, and are underlain by an interim cover layer 300 mm thick. A mixture of

native grasses was used as the vegetation for both covers (see Table 3.2).

3.2.6 Polson Site

The Polson site is located approximately 4.8 km southwest of Polson, MT, within
the boundaries of the Flathead Indian Reservation. The existing landfill is unlined. Plans
for an expansion included a liner system with a RCRA Subtitle D composite barrier
using a GCL. Two covers are being tested at the Polson site, a conventional cover with

a composite cover and an alternative cover containing a capillary barrier.
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The conventional cover consists of 460 mm of compacted fine-grained soil (Ks <
10° cm/s), a 1.5 mm thick textured LLDPE textured geomembrane, a drainage
composite, a 460 mm vegetative layer, and 150 mm of topsoil. The alternative cover
consists of 600 mm of silty sand, 460 mm of silt, and 150 mm of topsoil. Both covers
overlay 460 mm of sandy gravel that serves as interim cover and as a gas vent.

The vegetative layer for the conventional cover and the coarse-grained layer in
the alternative cover were constructed with fine sand from a borrow area on-site. The
compacted soil barrier and the storage layer (alternative cover) were constructed with
non-plastic silt from a local source off-site. Both covers were seeded with a mixture of

native and introduced grasses, forbs, and shrubs (see Table 3.2).

3.2.7 Helena Site

The Helena site is located in southeastern Lewis and Clark County,
approximately 16 km northeast of Helena, MT. The existing landfill is lined with a RCRA
Subtitle D composite barrier. The alternative cover being tested at the Helena site is an
alternative cover containing a capillary barrier. The cover consists of a 300 mm gravel
gas-venting layer, 1200 mm of native soil, and 150 mm of topsoil. To simulate an interim
cover, the final cover overlays 150 mm of native sandy clay from a nearby borrow area.
The gravel was delivered to the site from a local quarry. The cover was seeded with a

mixture of native grasses (see Table 3.2).
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3.2.8 Albany Site

The Albany site is located about 850 m west of the western edge of the Indian
Lake Refuge Area, in Albany, GA. There is no liner underlying the waste at the site.
Approximately 700 mm of intermediate cover currently exists on top of the waste. The
two covers being tested are a RCRA Subtitle D compacted clay barrier and an
alternative cover. The compacted clay cover is the prescriptive remedy for the site, as
required by the Georgia Environmental Protection Agency.

The conventional cover consists of a 460 mm barrier layer of compacted clay and
a 150 mm topsoil layer. The clay was compacted to achieve Ks < 1 x 107 cm/s. The
alternative cover, also known as an ECap, consists of 700 mm of soil to simulate the
interim cover and a 600 mm storage layer comprised of soil blended with organic
amendments. Both covers overlay 150 mm of interim cover soil.

All soil layers were constructed with sandy clay that was stockpiled on-site during
previous construction efforts. The storage layer in the alternative cover consists of a 4:1
ratio of soil and organic amendments, the latter being comprised of 75% peanut hulls
and 25% composted municipal wastewater biosolids.

Both test covers were vegetated with Bermuda grass. The alternative cover was
also vegetated with two-year old hybrid poplar trees. The hybrid poplar trees were 4.5 m
tall prior to planting and were placed in 600 mm deep trenches. Tree rows were spaced
3 m apart with an in-row spacing of 1.2 m. Two rows of trees were also planted around
the alternative test section as a perimeter buffer to minimize ‘edge effects’ caused by
wind, humidity, and light, which makes the alternative test section more representative

of a large-scale ECap.
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3.2.9 Marina Site

The Marina site is located approximately 3.2 km north of Marina, CA. Portions of
the existing landfill are unlined, while other portions have a composite barrier. Two
covers are being tested at the Marina site, a conventional cover with a composite barrier
and an alternative cover.

The conventional cover consists of 600 mm of sand that serves as interim cover
and as a gas vent, 300 mm of imported clay compacted to achieve a Ks < 1x10™ cm/s, a
1.5 mm thick textured LLDPE textured geomembrane, and a 300 mm vegetative layer.
The alternative cover consists of a 300 mm intermediate cover and a 1220 mm storage
layer.

The vegetative layer and the storage layer consist of heterogeneous clayey sand
stockpiled on site as waste soil from nearby construction projects. The clay used for the
compacted soil barrier was imported for a previous liner installation. The interim cover
used for both covers is sand from a borrow area on site. Both covers were seeded with
a mixture of native grasses (See Table 3.2). To improve vegetative growth in the
alternative cover, compost was tilled into the top 75 mm of the storage layer November

2000, approximately five months after construction.

3.2.10 Monticello Site

The Monticello site is a uranium mill tailings disposal cell located in Monticello,
UT. A RCRA Subtitle C cover was installed at the site in 1999. A 3.0 ha portion of the
cover was hydraulically isolated from the rest of the 32.4 ha cover to test an alternative

cover design. The alternative cover being tested is a capillary barrier that consists of
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300 mm of clean sand, a geotextile filter, 300 mm of fine-grained soil, a 300 mm bio-
intrusion layer (gravel), a 920 mm storage layer (fine-grained soil), and a 200 mm
soil/gravel admixture. The vegetative cover consists of a mixture of grasses, forbs, and

shrubs (See Table 3.2).
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The first major surface runoff event occurred on November 6, 2000 as a result of
an intense rain event (17.5 mm). After this date, the air temperature dropped below 0°C,
causing additional precipitation to be stored as snowpack. In the middle of January
2000, the air temperature rose above 0°C and rain was recorded, causing a large
snowmelt event. Surface runoff was next recorded on the alternative cover on March
12, 2001 due to a snowmelt event from the on-set of the spring rains. This event did not
produce any surface runoff from the conventional covers, even though the ground was
still frozen for all covers (Fig. 4.27). Surface runoff was next recorded on April 11, 2001
for the compacted clay barrier as the result of an intense rain event (23 mm) and on
May 10, 2001 for the composite barrier as the result of another intense rain event (23

mm).

4.8.2 Lateral Flow

Lateral flow records for the composite cover and compacted clay cover are
shown in Fig. 4.25. Lateral flow was recorded for both the composite cover (1.44 mm)
and compacted clay cover (1.44 mm) during the same time periods (March 12,

September 12, and October 1, 2001).

4.8.3 Soil Water Storage

Soil water storage records are shown in Fig. 4.28. Hydraulic properties of each
layer are presented in Tables 4.3 through 4.5. Soil water storage for each cover reaches
a minimum during late summer, and reaches a maximum in late spring after the spring

rains and snowmelt.
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Table 4.3. Hydraulic Properties of the Alternative Cover at the Cedar Rapids Site.

Layer |0 |0 | x| n | Ghady | ot | (eme)
Storage 0.00 0.33 0.00017 1.55 0.33 0.18 5.34x10°
Support 0.00 0.27 0.00028 1.40 0.27 0.15 2.52x107
Interim Cover 0.00 0.27 0.00038 1.46 0.27 0.12 3.41x10°

Hydraulic properties from Gurdal (2002).

Table 4.4. Hydraulic Properties of the Compacted Clay Cover at the Cedar Rapids Site.

Layer |0 | 6| | n |Gy | Pont | (eme

Topsoil 0.00 0.57 0.00331 1.27 0.49 0.20 2.0x10°

Barrier 0.00 0.29 0.00052 1.37 0.28 0.13 2.2x10°®
Interim Cover 0.00 0.32 0.00011 1.54 0.32 0.21 2.5x10°

Hydraulic properties from Gurdal (2002). Laboratory testing not complete (parameters based on 5 of 20

samples collected during construction).

Table 4.5. Hydraulic Properties of the Composite Cover at the Cedar Rapids Site.

Layer |0 |0 | x| 0| Ghady | ot | (ems)
Topsoil 0.00 0.53 0.00331 1.27 0.45 0.18 5.8x10°
Barrier 0.00 0.29 0.00010 1.91 0.29 0.17 1.7x10°®
Interim Cover 0.00 0.31 0.00021 1.48 0.31 0.17 7.2x10°

Hydraulic properties from Gurdal (2002). Laboratory testing not complete (parameters based on 6 of 16

samples collected during construction).
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During the winter, the apparent drop in soil water storage is an artifact of frozen
ground conditions (Fig. 4.27). The WCRs record only the unfrozen water content, and
thus do not reflect the actual volume of water during frozen conditions. Temperatures
below 0°C were measured throughout the entire cover profile in the composite cover, to
a depth of 600 mm in the compacted clay cover (i.e., bottom of topsoil layer), and to a
depth of 920 mm in the alternative cover (bottom of storage layer).

For the composite cover, soil water storage in the topsoil layer increases in early
Spring 2001, after the spring thaw (see Fig. 4.29). The soil water storage decreases
slightly in the late spring, likely due to evapotranspiration, and then increases after
several large rain events. During Summer 2001, soil water storage in the topsoil layer
decreases appreciably due to evapotranspiration. Soil water storage reaches the wilting
point during the summer.

For the compacted clay cover, soil water storage in the topsoil and compacted
clay layers increased significantly due to the spring thaw (see Fig. 4.30a). The capacity
of the compacted clay layer was exceeded in late Spring 2001, despite the capacity of
the topsoil layer not being exceeded. During the summer, soil water storage in the
topsoil layer decreases rapidly to the wilting point, and fluctuates throughout the
summer due to rain events. Soil water storage in the compacted clay layer is slowly
reduced during the summer, most likely due to water draining through the cover, rather
than by evapotranspiration.

For the alternative cover, soil water storage in the storage and support layers
increased significantly due to spring thaw (see Fig. 4.30b). The capacity of the support

layer was exceeded by late spring, despite the capacity of the storage layer not being
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exceeded. Flow through the storage layer was likely through preferential flow paths,
which were likely created by trenching during installation of the trees. During the
summer, soil water storage in the storage layer first decreased rapidly, and then
fluctuated throughout the summer due to rain events. The trees and the understory of
grass are capable of maintaining the soil water storage of the storage layer well below
the field capacity during the summer, but little water is removed from the support layer.
Water is probably not being removed from the support layer as of yet because the roots

have not yet penetrated to this depth.

4.8.4 Percolation

Percolation was recorded from each cover during the monitoring period (Fig.
4.31). The least percolation was from the composite cover (0.94 mm), then the
compacted clay cover (16.2 mm), and the alternative cover (149.4 mm).

Percolation was first transmitted from each cover during the same time period
(March 10-22, 2001), in response to a large snowmelt event accompanied by rain. All of
the snowmelt infiltrated the cover profiles because the ground surface was no longer
frozen. During this period, the composite cover transmitted a pulse of percolation (0.45
mm), whereas the compacted clay and alternative covers began to transmit significant
percolation regularly throughout the remainder of the monitoring period. Prior to March
10, 10 mm of percolation was transmitted from the alternative cover.

A pulse of percolation was first transmitted from the composite cover in early
Spring 2001, due to the spring thaw (Fig. 4.29). Percolation was transmitted again in

Summer 2001 after heavy rains. The percolation rate increased as the soil water
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storage of the topsoil layer decreased, and then tailed off towards the end of the
monitoring period, when the topsoil layer reached the wilting point.

For the compacted clay cover, percolation initially was transmitted during warmer
periods in the winter. This percolation is probably due to thaw consolidation and
drainage. Percolation began again in the spring as field capacity was approached, and
then tailed off towards the end of the monitoring period, as the soil water storage in the
compacted clay layer decreased (Fig. 4.30a).

For the alternative cover, percolation was readily transmitted through the cover
profile, most likely due to preferential flow paths. The percolation rate increased
significantly when the soil water storage of the support layer was exceeded in late

Spring 2001 (Fig. 4.30b).

49 OMAHA SITE

Construction of three test sections (one conventional cover and two alternative
covers) at the Omaha site was completed on August 11, 2000. Data collection began on
October 5, 2000. Total precipitation recorded during the monitoring period was 719 mm,
8.7% of which was frozen. The water balance for each test section is shown in Figs.
4.32 and 4.33. Precipitation records have not been acquired since December 6, 2001

because the rain gauge malfunctioned.
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4.9.1 Surface Runoff

Surface runoff is shown in Figs. 4.32 ad 4.33. Surface runoff was 68.8 mm from
the composite barrier, 72.3 mm from the thin capillary barrier (760 mm), and 54.4 mm
from the thick capillary barrier (1060 mm), corresponding to 7.5-10.1% of precipitation.
The surface runoff from each cover is comparable because the covers have the same
vegetation, slope, and topsoil.

Surface runoff was generated by intense rain and large snowmelt events, such
as three large rain events during Spring and Fall 2001 that accounted for 36% of
precipitation. Also, snow melt (approximately 39 mm) occurring at the end of February
2001 and the beginning of March 2001 caused considerable surface runoff (28 mm from
the composite cover, 38 mm from the thin capillary barrier, and 38 mm from the thick
capillary barrier). Between 72-97% of the snowmelt became surface runoff because of
frozen ground conditions.

No surface runoff was recorded during Spring 2002. The absence of runoff is
likely due to the vegetation being established, and the mild winter in 2002. The mild
winter prevented the ground surface from freezing (Fig. 4.34), and therefore

precipitation was not shed as easily as in 2001.

4.9.2 Lateral Flow from Conventional Cover

Lateral flow from the conventional cover is shown in Fig. 4.32. Lateral flow during
the monitoring period was 27.4 mm, with the majority of flow being the result of
snowmelt and intense rain events. Water that infiltrated during the intense rain events

reached the geomembrane with very little delay.
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4.9.3 Soil Water Storage

The soil water storage record for the Omaha site is shown in Fig. 4.35. Soil water
storage for each cover typically begins to increase in late winter due to the spring thaw,
and decreases during the summer. The large peaks in soil water storage (Fig. 4.36) are
caused by a large and abrupt increase in water content in the sand layer, caused by an
intense rain event (132.6 mm) on May 3-13, 2001.

Soil water storage for all covers reaches a peak after the spring thaw in 2001,
and begins to decrease during the summer, as expected. Soil water storage in each
cover also appears to drop during Winter 2000. However, this drop in soil water storage
is an artifact of frozen ground conditions. During Winter 2001, soil water storage is not
affected by frozen ground conditions because of the mild winter (Fig. 4.34).

For the alternative covers, the vegetation is capable of removing most of the

available soil water during the summer.

4.9.4 Percolation

Percolation during the monitoring period is shown in Fig. 4.37. The conventional
cover transmitted 5.5 mm of percolation, the thin (760 mm) capillary barrier transmitted
95.1 mm of percolation, and the thick (1060 mm) capillary barrier transmitted 55.7 mm
of percolation. The majority of the percolation from each cover occurred during a single
period (May - June 2001), during which a large amount of rainfall was recorded.

Percolation was transmitted from the “thin” capillary barrier on several occasions,
with the first being on November 6, 2000 due to 43 mm of rain. Percolation was also

transmitted between March 12-15, 2001 due to 23.5 mm of rain and snow melt, and
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between May 3-13, 2001 due to 122 mm of rain. The percolation events from the thin
capillary barrier correspond to peaks in the soil water storage record, as shown in Fig.
4.36. The exception is the second event, but the storage reported for this event is
artificially low due to the impact of frozen soil on water contents reported by the WCRs.
The first peak (220 mm) corresponds to the lowest soil water storage that induced
percolation. Thus, the soil water storage capacity of the thin capillary barrier appears to
be approximately 220 mm.

The thick capillary barrier transmitted less percolation than the thin capillary
barrier because the thicker barrier has greater soil water storage capacity. All of the
percolation can be attributed to the heavy rain during early May. Percolation from the
thick barrier ceased when the soil water storage dropped below 350 mm. Thus, the soil

water storage capacity of the thick capillary barrier is at least 350 mm.

410 MONTICELLO SITE

Construction of the alternative cover at the Monticello site was completed on
June 23, 2000. Data collection began on August 2, 2000. Total precipitation recorded
during the monitoring period was 514 mm, 30.5% of which was frozen. The water

balance for the test section is shown in Fig. 4.38.

4.10.1 Surface Runoff
Surface runoff during the monitoring period is shown in Fig. 4.38. The total
surface runoff was 9.3 mm, or 1.8% of precipitation. Surface runoff was collected in a 20

m by 10 m test plot, within the 3.0 ha portion of the final cover being monitored. Surface
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runoff is measured in a large area with sparse vegetation, whereas the remainder of the
final cover has significantly less bare soil. The vegetative cover differed because the
topsoil admixture was obtained from two separate borrow areas, which had different
organic content.

Surface runoff occurred during large rainfall events (typically greater than 10
mm), or during large snow melt events. AlImost one quarter of the surface runoff came
from snowmelt, during which the surface layer was frozen. Soil temperatures below the
200 mm thick surface layer never went below 0°C, and sub-freezing temperatures in the
surface layer would only be measured for short durations, typically in January and

February.

4.10.2 Soil Water Storage

Soil water storage of entire cover profile for the alternative cover is shown in Fig.
4.39. Hydraulic properties of each layer are presented in Table 4.6.

Soil water storage increased in late winter and early spring, due to large
snowmelt and rain events. During the summer, the soil water storage decreases
significantly, but does not reach the wilting point. In August and September 2001,
Monticello received 73 mm of rainfall, which briefly increased the soil water storage. Soil
water storage remained at a minimum during Winter 2002, and began increasing again
in early Spring 2002 due to the spring thaw.

The water content in topsoil increases significantly in February 2001, and then rapidly
decreases due to water draining into the primary storage layer. During the following

summer, the topsoil water content is further reduced by evapotranspiration,
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Table 4.6. Hydraulic Properties of the Alternative Cover at Monticello.

Field Wilting Keat

Layer 0 0s a n Capacity | Point (cmls)
Soil/Gravel 0.00 0.46 0.0163 1.37 0.24 0.06 8.4x10

Admixture

Storage ° 0.00 030 | 0.000350 | 1.38 0.30 0.11° 3.4x10°
Bio-Intrusion® | 0.03 0.29 8.10 1.78 0.03 0.03 1.4x107
Secondary c -5

Storage 0.00 030 | 0.000350 | 1.38 0.30 0.11 4.9x10
Sand ® 0.03 0.32 0.5380 1.68 0.04 0.03 8.6x10°

@ Hydraulic properties from Meyer and Serne (1999).
b Hydraulic properties from Gurdal (2002).
° Wilting point based on lowest water content measured in root zone during the monitoring period.
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and approaches the wilting point (6wp=0.06). The water content of the storage layer
does not begin decreasing until later Spring 2001, and does not reach the wilting point

(Bwp=0.11). Water contents (Fig. 4.39b) below the primary storage layer did not change

significantly (less than + 0.01) throughout the monitoring period.

4.10.3 Percolation

Cumulative percolation during the monitoring period was less than 0.04 mm.
Percolation was transmitted through the cover in later Winter 2001 and early Spring
2001, at which time the soil water storage in the cover was at its minimum.
Breakthrough into the sand layer during the monitoring period is not apparent in the
water content data (Fig. 4.39). However, WCR probes were installed in only three nests,

within the 3 ha area. Thus, isolated points of breakthrough would be difficult to capture.



