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Introduction

Before permitting solid waste
landfills, the U.S. Environmental
Protection Agency (EPA) or the
authorized states generally require
an assessment of the seepage or per-
colation rate beneath the landfill, in
accord with the federal standards
and reguiations for solid waste (Na-
tional Archives and Records
Administration 1992). This seepage
analysis evaluates landfill designs
and predicts impacts to ground
water quality. Numerical and ana-
lytical models are more commonly
being used to predict seepage rates
from landfills. Development of one
such model was sponsored by the
U.S. EPA: Hydrologic Evaluation of
Landfill Performance {(HELP)
{Schroeder et al. 1984). This model
allows for lateral and vertical flows
within the cover and liner systems,
and it routes water vertically in the
vadose zone below the landfill if the
soil water content exceeds the so-
called field capacity of the soil.

The predictions of any model
achieve validity through field
results, Unfortunately, in arid and
semiarid areas there are few pub-
lished field results of landfill perfor-
mance that can be used to validate
the models. This may be due in part
to the absence of significant leachate
generated to date by landfills in dry
climates. Peyton and Schroeder
(1988) ran the HELP model to simu-
late 17 landfill cells from 6 sites in
California, Kentucky, and Wisconsin.
None of these sites are in a semiarid
climate. Although we concluded that
the HELP model generates reason-
able water balance results, percola-
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tion through the landfill clay liner was only measured
at the Kentucky site where the HELP model overpre-
dicted percolation by approximately 35 percent. Nichols
(1991) evaluated the HELP model by comparing it to
a more physicaily based code called UNSAT-H for a
landfill design in the semiarid environment of Hanford,
Washington. Nichols found that HELP predicted more
deep percolation of water below the root zone than did
UNSAT-H. Because of the manner in which HELP deals
with unsaturated flow, Thompson and Tyler (1984)
found that the early version of UNSAT-H (UNSAT1ID)
produced more respresentative results than the early
version of HELP (Version 1.0) for semihumid and arid
(e.g., Phoenix, Arizona) climates.

This paper will present a case study on applying the
HELP model to predict deep percolation from a pro-
posed expansion of an existing solid waste landfill in
southern New Mexico. We also present the results of
ficld investigations designed to validate the long-term
rate of leachate generation predicted by the HELP
model.

Site Description

The site is located near Sunland Park, New Mexico,
along the U.S.-Mexico border about 2 miles (3 km)
northwest of El Paso, Texas, and 40 miles (64 km) south
of Las Cruces, New Mexico (Figures 1 and 2). The site
is in the Chihuahuan Desert physiographic province;
the climate is semiarid. Mean monthly temperatures
range from about 44 F (7 C) in January to 82 F (28 C}
in July. In nearby El Paso, Texas, the mean annual pre-
cipitation is about 8 inches (20 cm) and the potential
evapotranspiration is about 50 inches {127 cm). The
sparse vegetation at the site consists principally of creo-
sote bush.

The site is situated on the western edge of the valley
of the Rio Grande in a cusp incised into the La Mesa
escarpment {Figure 2). The topography of the landfill
area gently slopes to the northeast at an average of
about 300 ft/mile (57 m/km). There are a few broad,
poorly defined drainage channels that traverse the site
from southwest {0 northeast.

The site is undetlain by unconsolidated alluvial sedi-
ments, including the Camp Rice and other Quaternary
units of the Santa Fe Group. The depth to ground water
is about 250 feet (76 m) below the site and the ground
water gradient is about 0.002 to the northeast.

While the existing landfill occupies about 20 acres
(8 hectares) at the site, the proposed new area would
expand the landfill to about 500 acres (202 hectares).
The proposed new landfill designs would place refuse
in four lifts, each about 18 feet (6 m) thick, There would
be three intermediate lifts to cover the refuse with
6 inches (15 cm) of compacted native sandy soil, in addi-
tion to the daily soil covers within the 18-foot-thick
(6-m-thick) refuse lifts, A 24-inch-thick (61-cm-thick)
final soil cover would be placed above the last refuse
lift. The design would include berms to control run-on,
as well as grading to divert runoff from the landfiil.
Figure 3 is a simplified conceptual model of the final
landfill in vertical section.
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Approach

To support the application for a solid waste disposal
permit, the New Mexico Environment Department
asked the applicant to predict the rate of seepage that
could develop from the proposed landfill with the HELP
model. We applied HELP Version 2.05 (Schroeder et
al. 1989) to the design shown schematically in Figure 3.
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We assumed the landfill would operate for 80 years and R = (Clp/Cly) x P ¢y

during this time there would be 6 inches (15 cm) of
compacted bare soil comprising the top layer. At the
end of 80 years, the landfill would be capped with
24 inches (61 cm) of compacted soil. We also assumed
that a poor grass cover would be established on the
capping layer during the closure period. The input data
for the HELP model are summarized in Table 1.

Because there were no field monitoring data avail-
able to evaluate seepage from the existing landfill, there
were no means of validating the predictions from the
model with a site-specific data set. An attempt was made
to partially validate the model by comparing the model-
predicted deep percolation component of the water bal-
ance equation to the long-term diffuse areal recharge
at the site under natural conditions.

Natural recharge was quantified for this site using
the chloride mass balance method described by Allison
and Hughes (1978). This method has been widely
applied in semiarid climates (e.g., Stone 1984; Phillips
et al. 1987; Dettinger 1988; Scanlon and Richter 1990).
The method recognizes that the principal source of chio-
ride ions in the soil water is due to chloride in precipita-
tion. As water infiltrates, chioride accumulates in the
soil and is concentrated by evapotranspiration within
the root zone. At equilibrium, the mass rate of chloride
input to the soil from precipitation will equal the mass
rate of chloride output of water percolating below the
root zoae:

where:

R = Recharge rate (L/T)

Cl, = Chloride concentration in precipitation (M/L%)
Cly, = Chloride concentration in soil water (M/L?)

P = Average annual precipitation (L/T).

In this model], precipitation rate, chloride in the pre-
cipitation, and evapotranspiration rates are assumed to
represent long-term averages; hence, the flow and trans-
port are steady state. Application of the chloride mass
balance method assumes that water percolating below
the root zone eventually becomes recharge. Under ideal
conditions, chloride would be expected to increase in
concentration with increasing depth and reach a con-
stant value below the depth where neither evaporation
nor evapotranspiration are significant,

For our analysis of recharge by the chloride mass
balance method, we considered 0.34 mg/L representa-
tive of the concentration of chloride in precipitation in
New Mexico (Stone 1984; Phillips et al. 1987). Average
annual precipitation was assumed to be 8 infyr (20 cm/
yr). Soil chloride concentration was determined from
30-foot (15-m) soil cores collected from three borings
located in the southeast section of the proposed landfill
at undisturbed topographic settings considered
representative of the site (Figure 2),

The soil cores were collected in the field using a
hollow-stem {flight auger rig and split-barrel sampler.
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Table 1
HELP Model Input Data Summary

Feature Measurement

Notes

Site Description

Thickness 75 feet
Top layer 6 inches
24 inches
Refuse 18 feet
Intermediate lifc cover 6 inches
Base layer 6 inches
Layer type —

Climatic data —

Surface conditions, during operations 6 inches
18 inches
0.95

Surface conditions, after closure 24 inches
24 inches
1.0

SCS Curve No. 82

Initial Cap, Cover, and Native Material Conditions

Porosity 0.357
Field capacity 0.113
Initial moisture content 0.072
Wilting point 0.058
Saturated hydraulic conductivity 7.5 x 107 cmifs

Initial Refuse Conditions

Porosity 0.520
Field capacity 0.290
Initial moisture content 0.178
Wilting point 0.140
Saturated hydraulic conductivity 2 % 107 emis

Average after 80 years of operation

During operations {0-80 years)
After closure

Four layers

Three covers

Natural soil

Vertical percolation (no lateral drainage or barrier layers)

El Paso, Texas {model-generated, 20-year sets of evaporation
and precipitation data)

Compacted sand, bare ground cover
Evaporative depth (default value)
Potential runoff fraction {exposed working face)

Compacted sand, poor grass cover
Evaporative depth (default value)
Potential runoff fraction {final cover in place)

SCS soil type is Dofia Ana {(hydrologic soil group B); poor
range conditions; lifts are compacted to an estimated 90-95%
standard proctor density with sheeps-foot roller; 4-12% slope
is maintained for drainage

Default value for loamy fine sand
Default value

Wilting point value plus 25% of the difference between wilting
point and field capacity. Typical starting point is wilting point
plus 10-20% of the difference (Shroeder 1991)

Default value

From remolded samples tested in the laboratory

Default value
Deciault value
25% of difference value
Default value
Default value

Samples were placed in 4-ounce (114-cm?) jars that were
capped and taped to prevent evaporation of soil water.
Upon arrival in the laboratory, the samples were
weighed and oven dried to determine gravimetric water
content. After cooling, 50 mL of deionized water was
added to each sample. The samples were mechanically
shaken for four hours and then were filtered. The chlo-
ride concentration of the decant liguid was determined
by ion chromatography, and the concentration of chlo-
ride in the soil water was calculated after correcting for
the deionized water additions and field water content.

Hydraulic properties of selected soil core samples
were measured in our in-house laboratory to check if
the recharge calculation was reasonable. Laboratory
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analyses included gravimetric moisture content by oven
drying, soil-water potential by psychrometry, porosity
calculated from dry bulk density, saturated hydraulic
conductivity in falling and constant head permeamecters,
inoisture retention from desorption on a pressure plate
with psychrometry, and particle size by sieving and
hydrometer tests.

The moisture retention and saturated hydraulic con-
ductivity were used to calculate the unsaturated hydrau-
lic conductivity with the van Genuchten three-parame-
ter model of the Mualem equation (van Genuchten
1980).

The soil hydraulic properties were used to estimaie
the recharge rate by calculating the Darcy velocity in
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the vadose zone. The Darcy velocity is the product of
the unsaturated hydraulic conductivity at the in situ
volumetric moisture content and the hydraulic gradient,
Because our dala set was not sufficient to calculate the
hydraulic gradient, we assumed the gradient was unity
in the vertical downward direction. A unit downward
gradient simply represents a gravity-dominated flow
field. o : :
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Results

The HELP model predicted that deep percolation
from the landfill would be approximately 5 % 10~ in/
yr (4 % 107" cm/s) after Bt years of operation (Figure 4).
After closure of the landfill and placement of a final,
24-inch-thick (61-cm-thick) vegetated cover, the pre-
dicted percolation continues to increase, reaching a
maximum of 0.0084 infyr (68 X 107'° cm/s) nearly
1200 years after operations began. Following this period
of moisture drainage from the landfill, HELP model
results (Figure 6) indicate that for approximately the next
3000 years, the percolation rate decreascs and eventuaily
equilibrates at 0.0027 infyr (22 X 107" ¢mys). In the
overall water balance, the deep percolation that would
become recharge represents approximately 0.034 percent
of the mean annual precipitation.

The chioride profiles for the three borings are shown
in Figures 3, 6, and 7. These figures also show the mois-
ture content profiles and geologic logs of the borings.
All three borings exhibit strikingly similar features. The
soil is mostly sand with gravel, but there is a distinct
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Flgure 4. Landfill percolation calculated by the HELP model.

clay layer at least 3 feet (0.9 m) thick at depths of 28
to 35 feet (8.5 to 11 m) below land surface. In the sand
above the clay layer, gravimetric moisture content is
only about 2 percent, but in the clay layer the moisture
content is about 15 to 18 percent by weight. In each
boring, the chloride concentration ranges from 130 to
320 mg/L. within the upper 6.5 feet (2 m) of the profile, .
The chleride concentration increases below this depth
to a maximum of about 3000 mg/L at about 21 feet
(6.4 m) below land surface. At greater depths, particu-
larly in boring B-9 (Figure 6), the chloride concentration
decreases and approaches a near constant concenira-
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Figure 5. Profile of moisture content, chioride concentration, and lithology at soil boring B-8.
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tion. The average chloride concentration of the three
deepest samples in borings B-9 and B-10 is 353 mg/L
and 377 mg/L, respectively. The corresponding recharge
rates calculated from Equation 1 are 0.0077 infyr (6.2
X 10710 em/s) and 0.0072 infyr (5.8 x 1071 cmis). These
results agree surprisingly well with the long-term deep
percolation predicted by the HELP model.

Soil hydraulic properties were determined in the lab-
oratory for four samples collected at the site (Table 2).
The Darcy velocity was calculated from the laboratory
data for two of the samples. Darcy velocities for samples
B-8 and B-9 are 0.00022 infyr (1.8 » 107" cm/s) and
0.1736 infyr (1.4 x 107 cmi/s), respectively. The geo-
metric mean of the two values is 0.0062 infyr (5.0 X
10719 cmn/s), which is also very close to the long-term
infiltration rate calculated by the HELP model and is
virtually the same rate of natural recharge estimated
using the chloride mass balance method. Although the
significant variability in the calculated Darcy velocity
and the mean of the two values is not representative of
the population mean, the sample mean result is consis-
tent with other results and suggests that additional
calculations of the Darcy velocity may be justified.

As a final check on the soil-water fluxes, we exam-
ined the saturated hydraulic conductivity of the clay
layer in boring B-10 (Table 2). The saturated hydraulic
conductivity of the clay sample is 8.0756 infyr (6.1 X
10" cmys), but the clay was only about 70 percent satur-
ated when the sample was collected (Table 2). There-
fore, the flux through the clay was much less than the
magnitude of the saturated hydraulic conductivity, prob-
ably one or two orders of magnitude less. There is no
evidence of increased moisture or perching which would
be expected if the soil-water flux were equal to or greater
than the saturated hydraulic conductivity of the clay.
This analysis further substantiates a deep soil water flux
under present conditions on the order of 0.0012 infyr
(107'° em/s) or less.

Discussion

The HELP model appeared to produce results that
were consistent with field information and independent
analyses of deep percolation. However, it is important
to point out some of the uncertainties in selecting
parameters for the HELP model. One of the uncertain
parameters is the evaporative depth. This parameter
controls in part the amount of moisture that can be
stored in the soil. The greater the evaporative depth,
the more moisture is available for evapotranspiration.
The smaller the evaporative depth, the greater is the
potential for deep percolation. In our analysis, we used
an evaporative depth of 18 inches (46 cm) while the
landfill was operating, and 24 inches (61 cm) after clo-
sure of the landfill and placement of a final cover. In
desert climates with sandy soils, this depth seems reason-
able. Extensive petrocalcic horizons (caliche deposits)
oceur beneath the La Mesa surface to the west and north
of the site which are as much as 45 inches (114 cm) deep
{Gile et al. 1981). Significant soil-water evaporation
apparently occurs at least to this depth. It is also uncertain
what role the presence of refuse below the final cover
plays in effective evaporative depth. Therefore, our esti-
mate of evaporative depth may be low, and the long-
term deep percolation predicted by HELP may be con-
servatively high.

‘We also note that the HELP model uses the concept
of field capacity to predict deep percolation. In the
model, the moisture in the refuse or soil must exceed
field capacity before deep percolation will occur. Field
capacity is not a soil characteristic that is particularly
well grounded in physics. Tt most commonly is defined

as either the water content remaining in the field soil.

after two or three days following a thorough irrigation
or the moisture content retained in a laboratory core
at —Yio or —Y bars of soil-water potential. It is widely
recognized by soil physicists that soil water movement

gt

Table 2
Summary of Laboratory Soil Hydraulic Properties

Residual Saturated Saturated Initial Unsaturated

Moisture Moisture Calculated  Hydraulic Moisture Hydraulic

Confent® Coutent? Porosity  Condnctivity Confent®  Potential Conductlvity®
Sample* Texture (%) {%) {%) {cm's) (% volume) {(—cm) {cm/s)
B-8, 19-B Fine sand 59 31.6 31.5 11 x 103 39 53,000 1.8 x 1071t f
B.9, 31.5-B Very fine sand 117 39.0 382 1.6 x 107* 1.6 33,500 14 x 108¢
B-19, 5-B Medium sand 5.0 328 38.1 2.0 x 1072 31 49,100 NC
B-10, 35-D Clay NM NM 42.6 61 x 1072 30.5 24,100 NC

X =5x100h

* See Figures 5, 6, and 7. Depth of the sample below ground surface is indicated by the value following 1he comments.

¥ volumetric moisture content,

¢ Potential at initial moisture content.

< Calculated unsaturated hydraulic conductivity at initial (in sitw) volumetric moisture content using three-parameter van Genuchten analysis.
€ Volumetric moisture content at — 15,000 cm potential,

Yo = 0.07206; N = 1.219; residua! volumetric moisture content = 2.75%.

Ba = 0.00505; N = 1.728; residual voiumetric moistiere content = B.73%.

P§ = Geometric mean value of samples B-8 and B-9.
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occurs at moisture contents much less than field capacity
(e.g., Hillel 1980). For example, in the native soils at
our site we found that the soil water potential is {ess
than —24 bars (Table 2), yet under these conditions,
which are much drier than field capacity, it is clear that
soil water has percolated to significant depths based upon
chioride and caliche distributions. Consequently, unless
field capacity is defined as equal to the specific retention
(water content at which liquid transport is virtually nit},
this concept is inappropriate to deal with infiliration and

-drainage through native soils. Additionally, with the field

capacity concept in the HELP model, upward flow of soil
water from below the evaporative depth is precluded. As
aresuit, the HELP model may overestimate deep percola-
tion. For other more detailed comparisons of HELP with
more physically based models, refer to Thompson and
Tyler {1984) and Nichols {1991).

It is important to recognize the limitations of models
used to predict vadose zone processes and to make
regulatory decisions. The advantage of the HELP model
lies in its simplicity and ease of use for a variety of
conditions, including those aspects other than deep per-
colation such as surface runoff and lateral flows within
the landfill.

Despite these limitations of the model, the predicted
deep percolation is realistic. Our chloride analysis and
hydrogeologic data for the site certainly lend credibility
to the HELP model. However, these are uncertainties
in the analysis. In particular, the chioride data are not
what would be expected under ideal conditions, as
described previously. The chloride concentration
reached a maximum at about 21 feet {6 m) and then
decreased. If the profile were at equilibrium, the chlo-
ride concentration should remain constant at depths
below 21 feet (6 m). We suggest that one possible expla-
nation for this behavior is attributed {o paleoclimatic
changes. The chloride found at about 21 feet (6 m) may
have entered the soil several thousand years ago or
more, perhaps when the climate was even more arid or
when vegetation was more aggressive in water uptake.
However, it is also possible that the peak chloride accu-
mulations are in part due to upward-flowing soil water
which gradually evaporates or is transpired. Limited
soil-water potential measurements (Table 2) indicate
that the hydraulic head gradient is upward, at least
within the upper 40 feet (12 m) of soil at the time of
sampling. However, the field data are too limited to do
more than speculate on directions of soil-water move-
ment at this site. If the peak chloride concentration is
used to compute recharge, then the recharge rate would
be about 10-fold smaller than that computed from the
deeper chloride measurements. On the other hand, if
we used the lowest values of chloride in the profiles,
the recharge rate would only increase three-fold from
that computed from the average chloride in the three
deepest soil samples. These values bracket the likely
recharge rates estimated by the chloride mass balance
method.

Although there may be some uncertainty in the
recharge rates calculated from chloride, the recharge
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results from our site are consistent with those from
research sites in the region (Table 3). This table shows
that in general, diffuse areal recharge in several loca-
tions nearby is on the order of 107! to 10™ cm/s. Note
in particular the consistency between the results of Phil-
lips et al. (1987} at the Jornada site about 50 miles
(80 km) to the north of Sunland Park, New Mexico, and
the results of Scanlon and Richter (1990) at the Hud-
speth County site about 50 miles (80 km) to the south-
east of El Paso, Texas.

Tahle 3

Comparison of Sunland Park Percolation Rates with
Regional Percolation Rates

Percoialion
Rate
Location® (cm/s) Melhod Reference
Sunland Park, NM 21 x 100" HELP model  This study

6 x 107" Chloride mass  This seudy
balance

Navajo Mine, NM 16 % t07'"  Chloride mass  Stone 1984
to balance
81 x w"
Sevilleta Wildlife 81 x 107" Chloride mass  Phillips et al.
Refuge, NM balance 1987
Hudspeth County, TX 32 x 1077 Chloride mass  Scanlon and
to balance Richter 1990
32 x 1w

28ee Figure 1.

The analyses presented herein and the resvlts of
recharge studies elsewhere suggest that long-term fluxes
through landfills in this area would be very smalt. This
conclusion is valid for properly designed and managed
solid waste landfills that do not allow free liquids in the
refuse or run-on to accumulate excess moisture in the
landfill, Under these conditions, it is apparent that a
clay liner compacted to a saturated hydraulic conductiv-
ity of 1.24 infyr (1077 c/s) at the base of a landfilt will
not have a significant effect, if any, on reducing the long-
term seepage rate at this site. Recall that a native clay
layer beneath the site having a hydraulic conductivity
of 0.0124 infyr (107 cm/s) did not appear to impede
deep soil-water movement. Flux of water from the land-
filt would have to increase by about 100-fold beyond
the HELP model predictions before a clay liner would
be effective. Even a 40-mL synthetic liner having a pri-
mary hydraulic conductivity of 1.24 x 107 infyr
(107! cmy/s) would only be marginally effective in this
environment for this landfitl design (because of poten-
tially inherent material and seaming defects in the liner).
It is our opinion that the primary utility of the landfill
liner will be during operations to collect liquid drainage
from the refuse.

It is also important to bear in mind that we have
assumed that, after the post-closure care period, the
engineered landfill will perform at least as well as the
native soil and vegetation in limiting seepage through
the vadose zone. The combined effects of compacted
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capping materials, final grading, and re-established
vegetation will likely cause less seepage to occur through
the landfill than through native soils. [t is difficult to
identify many mechanisms that counld cause the opposite
to occur. One possible scenario in which the landfill
could enhance scepage is if the refuse consolidates and
the final cover collapses in such a way as to focus runoff
and infiltration within the landfill. If there is potential
for such an extreme problem to occur, a clay liner and
drainsystem below the landfill could indeed significantly
reduce the impacts to ground water. Otherwise, in arcas
of low precipitation, clay liners and subdrains may not
have much effect on reducing seepage unless there are
major climate changes.

Conclusions

1. The chloride mass balance method is a convenient
method to evaluate long-term diffuse natural
recharge.

2. The long-term diffuse natural recharge at a proposed
landfill expansion in southern New Mexico is consis-
tent with the flux through the bottom of the landfill
predicted by the HELP model.

3. The HELP model and other predictors of landfill
performance should be validated using actual, site-
specific information from operating landfills in semi-
arid climates.

4. In semiarid areas, clay liners may not appreciably
reduce long-term, post-closure seepage, except for in
extreme events.
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