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SECTION 1

INTRODUCTION

This document presents landfill cover evaluations and land reuse issues that are relevant to remediation of the landfill at Operable Unit 2 (OU 2), Lowry Air Force Base (AFB), Colorado. The following issues are addressed:  (1) the purpose of  landfill covers, (2) technical issues specific to the OU 2 landfill site, (3) an evaluation of possible landfill covers, and (4) landfill gases. The document considers the usefulness of two computer models as tools to evaluate landfill cover hydrology and performance of landfill covers. These models were also used to evaluate the effects of irrigating a proposed golf course on top of the landfill. Finally, the document discusses issues concerning construction of an Evapotranspiration (ET) Cover on the landfill at OU 2 on Lowry AFB, including soil resources, grass establishment, and gas control. Detailed information is available from MITRE regarding the many computer model simulations produced during these studies, including the daily measured and computer-generated weather data, soils data, application control files, software, and software documentation.

SECTION 2

RATIONALE AND SITE-SPECIFIC ISSUES

2.1  PURPOSE OF LANDFILL COVERS


A landfill is a form of a biochemical reactor. Most waste deposited in landfills can decompose to harmless materials or be bound to soil in immobile forms. The decomposition process may produce carbon dioxide, methane, and small amounts of toxic gases. During the decomposition period, intermediate products may form, some of which may be harmful to humans or the environment. This process may require long time periods for some materials and decay rates are affected by site-specific conditions. Some waste may have been inside containers when it was placed in the landfill, and thus, may not have been exposed to decomposition or subjected to movement unless and until the container leaked. The landfill at OU 2 has no liner under the waste; therefore, if the cover is inadequate, infiltrating precipitation may move through the waste to the water table, potentially allowing soluble contaminants to move into the groundwater.


Landfill covers are designed to isolate the wastes and their contaminants by three mechanisms:

· Prevent leaching of soluble contaminants from the landfill to groundwater

· Prevent contact between receptors and contaminants

· Control gas emissions (if needed)

An effective landfill cover will isolate the waste from receptors and potential leaching during the decomposition period, which may last for decades or centuries.

2.2  SITE SPECIFIC ISSUES


The landfill at OU 2 has been inactive for about 16 years. It may have been leached by infiltrating precipitation either during filling or during the 16 years of inactivity. 


The possible reuse of the OU 2 area is an important consideration in selecting the remediation approach for this landfill. Suggestions for reuse include golf courses, polo fields, or similar recreational activities. Such uses require heavy irrigation to maintain the required grass cover. Extra irrigation water must be applied to remove salts that naturally accumulate in the soil profile from the irrigation water. Salt removal requires the application of leaching water equal to 5 to 10 percent of the irrigation water. The leaching water applied to remove salt presents a serious problem because soluble contaminants—which may exist in the landfill—can be transported to groundwater by the percolation of the salt removal leachate if it enters the landfill. Control of the irrigation leaching water would require an expensive barrier layer, and even then no practical barrier can stop all infiltration under these conditions.


The landfill currently borders a High Plains wetland habitat, and one compatible reuse for the landfill is to create an adjacent High Plains dryland habitat.

2.3  LANDFILL COVERS


Currently used landfill covers employ impermeable barriers to control water movement into the waste and are sufficiently thick to prevent contact between receptors and the waste. The uppermost layer of all landfills is arable soil, which supports a vegetative cover to control wind and water erosion. This layer is intended to protect the cover against erosion for decades or centuries. The discussion below describes two widely used covers and one new one.
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2.3.1  The RCRA Cover


Numerous publications describe requirements for landfill covers under the Resource Conservation and Recovery Act (RCRA). One of the covers that provides good control of infiltrating water employs, in order from the top, native soil, a lateral drainage layer, one or two impermeable layers, and a gas collector as shown in Figure 1 (Landreth et. al, 1991 and 
McBean et. al, 1995). The impermeable layer in Figure 1 is compacted clay; alternate barriers might be a flexible membrane used alone or a flexible membrane over a compacted clay layer. The compacted clay barrier is usually specified to have a hydraulic conductivity (K) of 1x107 cm/second. In practice, these covers may provide good or poor control of infiltrating water, depending upon how well the compacted clay or flexible membranes approximate the goal of an  impermeable material or actually meet construction specifications. If well-constructed and maintained, they leak only small amounts of precipitation. However, these covers tend to become less effective with time because they are designed to oppose natural forces and they naturally tend to deteriorate. Nonetheless, these covers are widely used and sanctioned as landfill covers, but they are expensive to build and to maintain. 

2.3.2  The Compacted Clay Cover
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 Figure 2. The Compacted Clay Cover

Compacted clay covers are similar to RCRA covers, but they have no drainage or gas collection layers (see Figure 2). The compacted clay is usually specified to have a K value of 1x10-5 cm/second, which is greater than that of a normal RCRA cover. If rain falls for many consecutive days during a cool, cloudy period, these covers may allow some precipitation to move into the waste. These covers are less expensive than RCRA covers and provide adequate cover for landfills in many arid or semiarid locations.

2.3.3 The ET Cover
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Figure 3. The ET Cover

Evapotranspiration (ET) includes the loss of water by evaporation from the soil plus transpiration by plants. The ET Cover consists of a layer of soil covered by native grasses (see Figure 3) it contains no barrier or impermeable layers. It uses two natural processes to control infiltration: first, the uncompacted soil acts as a water reservoir; and second, ET is a natural mechanism that removes water from the soil water reservoir. The soil cover stores rainfall that infiltrates through the surface until the ET process removes it. This process empties the soil reservoir, maintaining the cycle. The ET Cover is relatively inexpensive and easily maintained; it is a self-renewing, natural, biological system. It will remain effective over extended periods of time—perhaps centuries—at low cost.


The ET Cover uses a mixture of native grasses and forbs growing on the cover to control soil erosion and remove water from the soil. It should have a sloping surface to encourage runoff and reduce infiltration. If the wastes produce hazardous gases, they must be collected and managed safely. The ET Cover should be constructed from soil found near the site in order to minimize costs, and the soil cover should be loose and friable. 


The ET Cover limits the percolation of precipitation through the cover and requires less maintenance than other landfill covers currently in use. There is little damage to the ET Cover from the settling that is common to landfills because the soil will naturally fill voids and the loose, disturbed soil such as that found near shear zones is very favorable to root growth. The ET Cover is natural and is not subject to long-term damage from wetting and drying (a process that degrades compacted clay layers), nor the deterioration of synthetic materials over time. Should substantial depressions occur in the cover due to landfill settlement, they can be repaired easily and economically by filling the holes with soil, regrading the surface, and replanting grass where needed. Low repair cost may result in significant long-term savings.

2.3.4  The ET Cover, Field Verification of Concept


Field data from soil water balance studies support the ET Cover concept. Aronovici (1971) and Lotspeich, et al. (1971) measured the depth of water penetration below native grass cover near Amarillo, Texas, where the average annual precipitation is 18.5 inches. Their data demonstrated that no precipitation has moved below the root zone under native grass during the past several hundred years. Hauser and Chichester (1989) measured the soil water balance under perennial grass cover in east-central Texas where the average annual precipitation is 35.5 inches. No water penetrated below the rooting depth of the perennial grass on five different soil profiles, in spite of one unusually wet winter during the 6-year experiment.


Short-term field measurements in New Mexico, Idaho, and Washington were published by Nyhan, et al. (1990), Anderson, et al. (1993), and Waugh, et al. (1994), respectively; their field measurements demonstrated that covers using soil and vegetation to manage infiltrating water could keep wastes dry in the intermontane region of the West. Computer models by Hakonson, et al. (1992) also confirmed the ET Cover concept for western locations.

2.3.5  Compacted Clay Cover Performance


Computer model simulations presented later in this report predict substantial water movement through a compacted clay cover in Denver’s climate. However, in practice, they are effective covers; a possible explanation is presented below.


Part of the compacted clay layer will freeze and thaw each year, and probably the entire layer during cold winters. Because the soil cover is thin, the underlying clay will wet and dry several times each year. Both of these actions serve to increase the permeability of the clay above 1x10-5 cm/second. Therefore, the compacted clay will return to its natural state.


The maximum K value of the clay after freeze-thaw and wet-dry cycles should approximate the K value of undisturbed clay that is also exposed to wetting and drying and freezing and thawing cycles. The K value for undisturbed clay layers within 6 soil profiles found in the Denver area varies from 4x 10-5 to 2.8x 10-4 cm/second (Hauser, 1995b). All of the undisturbed soils are productive and both water and plant roots move or grow through the clay layers (Larsen and Brown, 1971). The compacted clay cover appears to function as an ET Cover in the Denver area as a result of natural processes.

2.4  LANDFILL GAS CONTROL


The potential migration of gases from landfills is an important concern because they may cause safety and health hazards; however, these are unlikely issues at OU 2. The waste is more than 16 years old and relatively thin; thus, only small amounts of gas production are likely. Gases can escape through the existing cover except when the surface is very wet or covered by ice, which are infrequent events in the dry climate of the site. Additional detail regarding the need for and design of gas control may be found in McBean et al. (1995), or similar reference books.

SECTION 3

LANDFILL COVER EVALUATION

3.1    SITE-SPECIFIC LANDFILL HYDROLOGY


The variability of soils, vegetation, and climate requires estimates of landfill hydrology for each site where a cover is required. These estimates permit selection of a cover that is adequate to protect the public health and the environment at the site in question. Although measurements of the performance of various cover systems are not available for each specific site, computer models are used to effectively estimate landfill cover performance. These models employ measured data for climate, soils, and vegetation that are representative of the site. Estimates were made using two different computer models: (1) the Hydrologic Evaluation of Landfill Performance (HELP) model, version 3.01, Schroeder, et al. (1994a), and Schroeder, et al. (1994b); and (2) the Erosion/Productivity Impact Calculator (EPIC) model described by Williams, et al. (1984), Williams, et al. (1989), Sharpley and Williams (1990), and Williams, et al. (1990).


Both models employ statistics from measured weather data to synthetically generate weather data on a daily basis; thus, they avoid the problem of assembling very large weather data sets for each site to be modeled. They both use the runoff and infiltration method described in the Hydrology Section of the National Engineering Handbook of the U.S. Department of Agriculture Soil Conservation Service (1985). The vegetative growth simulation is somewhat similar, but the EPIC model permits entry of much more complete data describing the plants and their growth than the HELP model permits.


The models have different goals and scopes for their estimates. The HELP model was developed to simulate all aspects of landfill design and operation. Therefore, it focuses on bottom liner performance, leachate production, and cover performance. Its estimates of cover performance are somewhat limited to currently used landfill covers. The EPIC model does not estimate overall landfill performance. EPIC does effectively model the interaction between plants and soils as it was designed to do. As a result, EPIC is very useful for evaluating the ET Cover. Therefore, the HELP model was used to estimate performance of conventional covers, and the EPIC model was used to estimate the performance of the ET Cover.

3.1.1  The HELP Model


The HELP model was developed by the U.S. Army Engineer Waterways Experiment Station for the U.S. Environmental Protection Agency (EPA). It is a quasi-two-dimensional hydrologic model of water movement, and it predicts landfill cover performance, including leakage through impermeable layers. The HELP model was extensively tested and is widely used by consulting engineers. Its estimates are accepted by most regulatory bodies in the United States.

3.1.2  The EPIC Model


The EPIC model was developed by the U.S. Department of Agriculture to assess the effectiveness of soil erosion control practices nationwide. As a result, the EPIC model incorporates all major aspects of hydrology, climate, soils, plant nutrients, plant growth, soil temperature, and plant environment. It also estimates a complete water balance. EPIC performs all calculations on a daily time step, but it is computationally efficient and can simulate hundreds of years in a few minutes on a desktop computer. It generates climatic data for the continental United States from internal coefficients and contains soils data for the major soils found within the United States, but the user may also enter measured data for a particular site. The EPIC model permits numerous sequential runs using the same climate file and allows preliminary runs to equilibrate the soil variables of nitrate and soil water. Approximately two dozen scientists and engineers contributed to the model development and documentation (Sharpley and Williams, 1990); they tested and validated it against measured field data at more than 200 sites worldwide. Hauser and Shaw (1994) and Hauser, et al. (1994) more fully described the use of the EPIC model to evaluate landfill covers.

3.2  COMPARISON OF HELP AND EPIC ESTIMATES


The EPIC model best describes the interaction of factors controlling soil physics and hydrology, plant growth, and transpiration. The HELP model effectively describes a modern lined landfill and the process elements that control production of leachate. The two models were evaluated using parallel input data, and the models were found to be comparable. Because of their different objectives and input data requirements, these models cannot be expected to produce exactly the same results. The EPIC model is a more detailed evaluation of the active processes in the landfill cover, therefore, it can be used to validate the HELP results for our application.

Table 1. Comparison of Hydrologic Estimates by the HELP and EPIC Models
	
	HELP
	EPIC

	
	-----  inches  -----

	Fondis soil
	
	

	Deep percolation
	  0.04
	  0.0

	Surface runoff
	  0.27
	  0.34

	Evapotranspiration
	15.11
	15.07

	Precipitation
	15.44
	15.46

	
	
	

	Bresser soil
	
	

	Deep percolation
	  0.14
	  0.04

	Surface runoff
	  0.06
	  0.08

	Evapotranspiration
	15.23
	15.28

	Precipitation
	15.44
	15.46



MITRE compared estimates of the hydrologic performance of the ET Cover made by both the HELP and EPIC models (Table 1). We estimated ET Cover performance over 100-year periods with two soils found in the Denver area. Both models used weather coefficients for Denver, Colorado to generate weather data. The HELP model uses the weather generator developed by Richardson and Wright (1984), but the EPIC model uses an improved version, Sharpley and Williams (1990). The input parameters describing soils are more complete in EPIC than in HELP. The soil descriptions for HELP were selected to be as similar as possible to those used by EPIC. The EPIC model permits complete description of the plants growing on the landfill, whereas HELP uses only a few parameters. The ET Cover was 3 feet thick, and precipitation was the only water falling on the covers for both simulations. The predicted average annual deep percolation and the other hydrologic parameter estimates were similar.

3.3  CONVENTIONAL COVER EVALUATION


MITRE used the HELP model to evaluate possible RCRA and compacted clay landfill covers for Lowry AFB. These cover types are described in Section 2.3, and the surface soil used in the simulations for each of them is similar to the Bresser soil, a local sandy soil with moderately low water-holding capacity (Hauser, 1995b). The 100-year simulations of cover performance used synthetically generated weather data for Denver, Colorado. The results are shown in Table 2.

Table 2. Average annual estimates for four different landfill covers from 100‑year simulations using the HELP model. The model synthetically generated the input weather data for Denver, CO., and the simulated average annual precipitation was 15.44 inches.

	Cover type and Description
	PRK1
	Q2
	ET 3
	Lateral Drainage 4

	
	inches
	inches
	inches
	inches

	Compacted Clay, K = 1x10-7 cm/s
	0.0
	0.86
	14.57
	-------

	Compacted Clay, K = 1x10-5 cm/s
	0.18
	0.28
	14.97
	-------

	
	
	
	
	

	RCRA, single barrier layer *
	0.05
	0.06
	15.18
	0.14

	RCRA, double barrier layer **
	<0.01
	0.06
	15.19
	0.18

	_____________________________
	
	
	
	

	1PRK = Deep Percolation, water moving into the waste

2Q = Surface Runoff

3ET = evapotranspiration

4Lateral Drainage = water leaving the landfill through the drainage layer

---- = The compacted clay covers have no lateral drainage layer.

*  compacted clay, K= 1x10-5 cm/s

**  poor flexible membrane and compacted clay, K = 1x10-7 cm/s


3.4  ET COVER EVALUATION

Table 3.  Comparison of Predicted and Measured Weather Parameters.
	
	Stapleton

45-year
	EPIC

100-year

	Precip.
	15.6 in.
	15.5 in.

	Max. temp.
	17.9 OF
	18.0 OF

	Min. temp.
	2.6 OF
	2.6 OF



MITRE used the EPIC model to estimate the performance of the ET Cover at Lowry AFB. The input parameters for average monthly precipitation and average monthly maximum and minimum air temperatures were derived from the 45-year record at Stapleton Airport in Denver, Colorado. Table 3 shows the annual average 100-year estimates by EPIC and the 45-year measured annual average values. The estimates by EPIC agree well with the measured values from Stapleton Airport.

3.4.1 Hydrologic Performance of ET Covers


Table 4 shows estimates by EPIC of the hydrologic performance of several ET Covers at Lowry AFB. The values shown are average annual results based upon a 100‑year simulation. The soil parameters used were based on weighted averages and assume a uniform mixture of each soil to the top of the parent material (Hauser, 1995b). Both soils examined are common in the area. The Fondis soil has relatively high plant‑available water holding capacity (AWC) and the Bresser soil has relatively low AWC. We also estimated the performance of a cover consisting of a layer of Fondis soil placed over the existing sandy soil on top of OU 2. No data were available on the properties of the existing sandy soil, so it was assumed that its AWC is less than that of the Bresser soil.


The plant parameters used in the simulations were for the perennial, cool season wheatgrass plant association that is native to the area (Hauser, 1995a). A mixture of grasses should be planted on an ET Cover, and it should include both warm and cool season plants. Moreover, annuals establish themselves, whether planted or not. As a result, plants could grow during more weeks of the year than we simulated in the model, and they could remove soil water more quickly than estimated by EPIC. Thus, decisions based on the data shown in Table 4 are conservative.

Table 4.  Estimates of Hydrologic Performance of Dryland ET Covers

	Description
	Cover Depth
	PRK1
	Q2
	ET3

	
	feet
	inches
	inches
	inches

	Fondis soil mix
	2.0
	0.00
	0.44
	14.97

	
	1.5
	0.00
	0.65
	14.75

	
	1.0
	0.01
	1.02
	14.36

	
	
	
	
	

	Bresser soil mix
	4.0
	0.01
	0.06
	15.31

	
	3.0
	0.04
	0.08
	15.28

	
	2.0
	0.17
	0.11
	15.12

	Fondis/existing
	
	
	
	

	1 ft. / 1 ft.
	2.0
	<.01
	0.45
	14.97

	1 ft. / 2 ft.
	3.0
	0.00
	0.31
	15.10

	1.2 ft. / 1 ft.
	2.2
	<.01
	0.49
	14.92

	1.5 ft. / 1 ft
	2.5
	0.00
	0.38
	15.04

	
	
	
	
	

	1PRK = deep percolation

2Q = surface runoff

3ET = Evapotranspiration
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3.4.2  ET Cover Selection
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The calculations for the ET Cover 
with 1 foot of Fondis soil mixture estimated an average 0.01 inches per year of deep percolation (Table 4). The EPIC model estimated that the total amount of water moving through this 1-foot design cover and into the waste in a 100-year period would be about one inch. Furthermore, during 97 of the 100 years there would be no deep percolation (Figure 4). In comparison, the HELP model estimated that about 18 inches of water would enter the waste by deep percolation through a compacted clay cover with K = 1x10-5 cm/s in 100 years (Table 2). The HELP model also predicted that a RCRA single barrier cover would permit 5 inches of water to enter the waste during a 100‑year period (Table 2). Both the compacted clay and the RCRA covers are accepted by designers and regulators as adequate for wastes similar to those in the landfill at OU 2 and located in dry climates. Therefore, it appears that an ET Cover with 1 foot of Fondis soil mixture or an equivalent soil would provide adequate protection from infiltrating water at Lowry AFB. The following soil combinations in an ET Cover would provide adequate protection against deep percolation at Lowry AFB:  (1) Fondis soil 1 foot thick; (2) Bresser soil 4 feet thick; and (3) Fondis soil 1 foot thick over 1 foot of existing cover material.

3.4.3  Critical Hydrologic Events for ET Covers


It is important to understand the kind of hydrologic event that may fill or nearly fill the soil water reservoir of an ET Cover; this event may be called the critical hydrologic event. The critical hydrologic event usually results from precipitation on several consecutive or near-consecutive days during cool, cloudy weather when ET is low. Other large precipitation-producing events, such as heavy daily rainfall or high-intensity storms, are more likely to occur during warm weather when the ET rate is high; thus, these events are less likely to become part of a critical event.


The physics of water storage in soil and its interaction with climate and plants is important to understanding the functioning of an ET Cover. The field capacity (FC) of soil is defined as -0.33 atmospheres of pressure. When the soil water content is at or below field capacity, gravitational water movement through the soil is near zero. When the soil becomes wetter than field capacity, the gravitational force causes water to percolate downward until the amount of water in the soil profile reaches field capacity. Most plants either stop growing or use very little water when the water content of the soil decreases to the wilting point (WP). The wilting point of soil is defined to be ‑15 atmospheres; however, plants and air drying can extract some water at lower pressures. For practical purposes, the size of the soil water reservoir is defined by the water held between field capacity and wilting point or the AWC. Water held in the soil between field capacity and wilting point is moved very little by gravity, but it may be removed by plants or evaporation. The EPIC computer model estimates each of these parameters for each day modeled.
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Figure 5 shows the greatest soil water content in a 1.5‑foot thick ET Cover made of the Fondis soil that was estimated by EPIC. The annual precipitation during that year was 27.6 inches; it was the wettest year in the 100-year simulation for Lowry AFB. In that wet year, there was no deep percolation through this ET Cover.


The largest one-day rainfall during the 6-month period shown in Figure 5 was 
1.76 inches in early June. That rain event raised the soil water content only to the wilting point. However, 1.98 inches of rain during a nine-day period in October raised the soil water content to its highest value for the year on October 19. During a nine-day period in early June, more rain fell than in October (2.02 inches), however, because the soil was dry before the first rain and ET was high, the soil water content did not exceed the wilting point during June.


Evaluation of the critical events for ET Covers requires the integration of numerous related and interacting forces; for instance, (1) plant growth and water use are affected by plant species, soil water, plant nutrients, air temperature and solar radiation, (2) water accumulates in the soil faster from precipitation if air temperatures are low and ET is reduced, or (3) several physical forces control water movement through soils. Simplistic models cannot be used to adequately evaluate these forces. The ET Cover should be evaluated for each site by a comprehensive computer model similar to EPIC, that is capable of accurately simulating weather variability, soils, and plant growth for many decades.

3.4.4  Comparison of Measured and EPIC Generated Rainfall


It is important that hydrologic models should accurately simulate measured weather data. Annual values for precipitation vary more from year to year than do annual values for other weather parameters. Precipitation is the single most important weather parameter used in estimating hydrologic performance of landfill covers; therefore, MITRE used annual precipitation to compare the EPIC model to measured values. Figure 6 displays annual precipitation as measured at Stapleton Airport for 45 years (digital records, EarthInfo, 1993) and estimates by EPIC for Lowry AFB. The overall agreement between the measured and estimated precipitation amounts is good, and these data indicate that the EPIC computer model realistically simulates annual precipitation.
3.5  LANDFILL REUSE


The proposed use of the landfill after remediation can substantially affect the method of reclamation and its cost. For example, those uses requiring irrigation (such as golf courses) may substantially increase cover costs and may make it difficult for the Air Force to meet the goals of protecting public health and the environment.

3.5.1  Reuse as a Golf Course


The National Golf Foundation (1995) published a list of 22 golf courses built over landfills. In the same publication, Hurdzan (1995) stated “...constructing golf courses on landfills is more difficult and thence more costly by at least 25% to as much as several hundred percent more [than for clean sites].”


The problems associated with golf courses are illustrated by Pacelle (1995) in his article in the Wall Street Journal. He cited his experience at Englewood Golf Course, in Englewood, Colorado, where “medical waste, bowling balls, even car bumpers rise out of the ground.” He also cited a Glendale, California golf course where 6 to 15 feet of extra soil were added to the landfill cover in an attempt to correct methane and settlement problems. He noted that at North Hempstead, New York, methane that collected in a pro shop—built on a golf course that was located on top of a landfill—exploded, and knocked down walls. These illustrations show what may happen and demonstrate why expensive precautions must be taken to protect public health and the environment if golf courses are built on top of landfills.

Table 5. The Effect of Irrigation on the 
Average Annual Hydrologic Performance of ET Covers Built with Fondis or Bresser Soil

	
	Fondis
	Bresser

	Cover depth, feet
	2
	2

	AWC*, inches
	4.3
	2.6

	Estimated parameters
	
	

	Irrigation, inches
	34.2
	27.4

	Precipitation, inches
	15.5
	15.5

	Surface runoff, inches
	2.5
	0.4

	ET, inches
	40.1
	34.0

	Potential ET
	61.1
	60.8

	Deep percolation, inches
	6.4
	7.6

	percent of irrigation
	19
	   29

	*Plant-available water holding capacity


3.5.2 Reuse Requiring Irrigation


Irrigation produces a large change in hydrologic performance for any landfill cover. MITRE evaluated the effect of irrigation at Lowry AFB on hydrologic parameters for ET Covers that were 2 feet thick (Table 5). The estimates in Table 5 are 100-year, average annual values. The EPIC model was programmed to apply irrigation water when the total water deficit in the soil profile was 0.24 inches; this is a small water deficit. The automatic irrigation schedule applied water four to seven times per week during the summer. That level of irrigation is ample water for golf courses or other high-use grass covers; however, more irrigation water is often applied to golf courses. Part of the deep percolation resulted from rainfall on the day of irrigation or on the following day when soils were very wet.


Any reuse option that requires irrigation can cause deep percolation that may leach the landfill waste. This may be partially controlled by a RCRA cover with a double barrier layer (for example, compacted clay and a flexible membrane). Model estimates show that a cover that uses 2 feet of Bresser soil will pass 7.6 inches of water below the root zone under irrigation (Table 5) but only 0.17 inches below the root zone for dryland (Table 4). Thus, the relative risk is 45 times greater for leaching the waste under an irrigated cover than under a dryland cover. As a result, extra maintenance costs will be incurred to minimize the risk for groundwater contamination resulting from damage to the cover by normal settling of the waste. No cover can ensure zero deep percolation under irrigated conditions.

SECTION 4

SITE-SPECIFIC CONSTRUCTION ISSUES

4.1  ET COVER CONSTRUCTION ISSUES


Both the RCRA and the compacted clay covers require careful soil compaction and soil water content control during construction to maintain “wet of optimum” conditions to achieve the desired, low soil permeability. In contrast, the ET Cover does not require soil water control during construction, except to ensure that the water content remains small enough to prevent excessive soil compaction.


Soil for an ET Cover should be placed in a relatively loose condition by spreading with a bulldozer in lifts no more than one foot thick. Only track-type machinery should operate on the fill to prevent the excessive compaction that is likely from wheel traffic, including cars and light trucks. Passing the tracks of a track-laying bulldozer over all of the lift should ensure compaction between 1.1 and 1.4 bulk density. Bulk density of the finished cover should not exceed 1.5 at any point. Up to 10 percent settlement is possible. It is good practice to overfill by 5 to 10 percent (maximum 0.1 feet per one-foot lift) to provide the design soil thickness in the finished cover. Settlement, if any, should occur uniformly over large areas and cause no problem with finished surface grade.


Construction of compacted clay layers is difficult or impossible during cold weather because freezing of the compacted clay destroys the beneficial effects of compaction. The construction of ET Covers should not be delayed by cold weather unless the soil is wet enough to freeze into lumps, thus becoming unworkable. The dry soils that are preferred, but not required, for ET Cover placement do not normally freeze into unworkable masses.

4.2  SOIL RESOURCES


There is little soil on Lowry AFB that is available for use in landfill covers. Most of the land within a radius of 3 miles of the landfill, is covered by urban development, so any clay or soil used in a cover will be hauled more than that distance. Soils found in the Denver area that are suitable for use in the ET Cover include the Fondis, Weld, Nunn, and Buick series (Larsen and Brown, 1971). The properties of these soils and their mixtures are more fully discussed by Hauser (1995b). That report accompanied letter number H050-L-BX210 and is enclosed with this report. At a distance of 3 to 5.5 miles east of the landfill along Alameda Avenue, there are substantial areas of some of these soils (Larsen and Brown, 1971) and much of that land was undeveloped and advertised for sale as of November 1, 1995.


Clay soils that are suitable for construction of a compacted clay cover with K = 1x10-5 cm/s will also be suitable for use in ET Covers. They must possess no property adverse to plant growth such as excess total salt, a high sodium absorption ratio, or other properties injurious to plant growth. Some clay soils may be used as the top layer of an ET Cover, while others may require a layer of an agricultural soil or amendment with manure or sewage sludge.

4.3  GRASS COVER


A vegetative cover is required for all three of the landfill covers discussed in this report. The purpose of the vegetative cover is to control both wind and water erosion of the soil layer. Establishment of a vegetative cover at Lowry AFB is more fully discussed by Hauser (1995a). That report accompanied letter number H050-L-BX202 and is enclosed with this report.


Cool-season plant species that should be planted on any cover that is used, include slender wheatgrass, thickspike wheatgrass, western wheatgrass, green needlegrass, and cool-season forbs, if seed is available. Warm-season plant species that should be planted include blue grama, buffalo grass, and warm-season forbs, if seed is available.


The discussion of vegetation establishment by Hauser (1995a) stated that both the mulch cover and the newly seeded grasses should be irrigated to wet the soil to a depth of 1.5 feet. That recommendation was based on the assumption that the cover soil would be 2 feet thick. If the soil is less than 2 feet thick, then about 3/4 of the soil layer should be wetted by irrigation to ensure adequate water supply to establish plants. The full depth of the cover should not be wet by irrigation, because that would leave no safety factor to accommodate rainfall on the cover.


If the vegetative cover is established by using standing, grown-in-place crop residue, then there is little risk for water to percolate through the cover during the establishment year. This can be accomplished by growing spring barley, which will completely dry the soil profile (Hauser, 1995a). Then the grass should be seeded into the standing barley stubble. Irrigation water applied after grass seeding will be lost by evaporation and use by plants (either the seeded species or weeds) within only a few weeks. Water movement will be controlled through an ET Cover during the establishment year because when the grass plants are small, opportunistic weeds will use the available water. This establishment procedure will control water movement during the grass establishment period because the climate is dry at Denver, and water is the most limiting factor in dryland plant growth in even the wettest years.

4.4  LANDFILL GAS CONTROL AT OU 2


No evidence has been made available to MITRE indicating that there is a landfill gas problem with the current cover conditions at OU 2. The ET Cover should not change the existing landfill gas flow or affect the relative hazard. Although landfill gas can escape through the soil of the current cover, no areas of plants distressed by gas flow are evident in currently available information. The gas flow through an ET Cover would be similar to the current cover. An Air Force contractor has proposed installation of a vertical gas barrier along Alameda Avenue. Because the ET Cover is an option, the proposed, expensive vertical gas barrier should be fully justified.

SECTION 5

SUMMARY AND RECOMMENDATIONS

5.1  COMPARISON OF COVER EFFECTIVENESS


The goal of the Air Force at OU 2 is to protect public health and the environment. The primary factor in selecting the appropriate landfill cover for OU 2 is the need to control percolation of precipitation into the waste. MITRE defines an adequate cover as one that allows one inch or less of water to enter the waste by deep percolation during a 100-year period. Table 6 presents an analysis of covers that provide adequate control of deep percolation.

Table 6.  Analysis of Cover Performance
	Cover
	Infiltration per
100 yr., inches

	1. The RCRA cover with a double barrier layer consisting of compacted clay, K= 1x10-7 cm/s and a flexible membrane, Table 2.
	<1.0

	2. The Compacted Clay cover with K= 1x10-7  cm/s, Table 2.
	0.0

	3. An ET Cover with one foot of Fondis soil mixture or four feet of Bresser soil mixture, Table 4.
	1.0

	4. An ET Cover with 1.5 feet or more of Fondis soil mixture, Table 4.
	0.0

	5. An ET Cover with one foot of Fondis soil over one foot of existing cover soil, Table 4.
	<1.0



When evaluated by this standard, it was determined that the compacted clay cover with K= 1x10-5  cm/s is inadequate, because the HELP model predicts that it would allow up to 18 inches per 100 years of deep percolation (Table 2). However, the compacted clay cover that is 24 inches deep would probably perform as an ET Cover of similar thickness (Section 2.3.5). After the expected weathering, the water-holding properties of the 1.5-foot thick clay layer should be similar to the Fondis soil. The compacted clay cover should therefore be an adequate cover because an ET Cover using Fondis soil 1.5 feet thick allows no deep percolation (see Table 4).

5.2  COST COMPARISON


The lowest cost cover from this group of five adequate covers should be the most advantageous cover for the landfill at OU 2. Site-specific cost data are unavailable for all cover options listed in Section 5.1, but relative cost statements can be made that will be useful in choosing a recommended cover.


The RCRA cover clearly is most costly to build because it requires three expensive components: a drainage layer, a barrier layer, and a gas control layer. All three of these layers must be installed in a RCRA cover because the drainage layer is required to quickly remove water stopped by the barrier layer and even small amounts of gas production could be concentrated under the barrier and become hazardous. Maintenance costs are high for RCRA covers because the barrier layer must be exposed during repair.


The compacted clay cover is less expensive to build and maintain than the RCRA cover because it contains no drainage layer and requires less expensive soil compaction. Because by definition the compacted clay cover contains an impermeable barrier, it is difficult to justify building this cover without a gas control layer. Gas control layers are high-cost components of landfill covers.


An ET Cover only one foot thick is inadequate because it does not provide a sufficient safety factor to prevent contact between receptors and the waste. Therefore, either a Fondis soil cover 1.5 feet thick, or a Bresser soil cover 4 feet thick should be used. The alternative that may produce lowest cost is the ET Cover using one foot of Fondis soil over one foot of existing soil; this cover provides a minimum of two feet of soil cover over the waste.


Compared to the ET Cover, the RCRA cover requires up to five times as much volume of high-cost materials to be hauled onto the site and requires expensive soil compaction and testing. The ET Cover incorporating existing soil requires half as much soil to be moved onto the landfill from off site as would be required for a clay cover. In addition, there is no soil compaction cost for an ET Cover. The ET Cover appears to have the lowest construction cost.


The ET Cover is a natural, self-renewing cover. It is also easy and inexpensive to repair should landfill settlement damage the cover. The depressions should be filled with soil to restore surface drainage, and new grass should be seeded on the repair; these are relatively low-cost procedures. The ET Cover appears to be the most cost-effective cover because of the lower construction and maintenance costs.

5.3  RECOMMENDATIONS


MITRE recommends that the Air Force construct a cover that protects public health and the environment. The cover should be subjected to natural precipitation only, as in a dryland environment. The reuse options that require irrigation increase remediation costs substantially, and no cover can ensure zero deep percolation with irrigation of the cover. Reuse options that enhance protection of public health and the environment include (1) a High Plains dryland habitat adjacent to the existing High Plains wetland and (2) an urban environmental research area.


MITRE recommends that the Air Force use the ET Cover by placing one foot of soil equivalent to the Fondis, Weld, Nunn, or Buick soils above one foot of existing landfill cover soil. The existing cover soil should be tested to determine that it is clean enough to use in a landfill cover. If Fondis, Weld, Nunn, or Buick soils are unavailable at reasonable cost, then clay soil suitable for use in a compacted clay cover may be used if tests prove that it is also suitable for growing grass.


MITRE recommends that the Air Force use the ET Cover for the landfill at OU 2 
for the following reasons:

· It achieves the goals set for landfill covers by (1) preventing leaching of soluble contaminants to groundwater and (2) controlling contact between receptors and the waste.

· It has low construction and maintenance costs.

· It is a natural, self-renewing system.

· It meets the requirements for compatible land use.
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Figure 1.  The RCRA Cover





Figure 4. Probability for Annual Deep Percolation Through an ET Cover Composed of 1 Foot of Fondis Soil at Lowry AFB
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Figure 5. Daily soil water content and daily  rainfall during a wet year. FC = field capacity, WP = wilting point water content for the 1.5-foot 





Figure 6. Comparison of Measured Annual Precipitation at Stapleton Airport, Denver, CO to Annual Precipitation Amounts Estimated by EPIC for Lowry AFB
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