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protective barrier. The performance of these alternative barriers is being
examined at the Small-Tube Lysimeter Facility. Described in this report are
results for clay and chemical grout subsurface barriers. None of the
lysimeters are vegetated and all receive twice average precipitation.

The results of this study are summarized in the following paragraphs.

Surface Treatment Effects. A1l three of the main factors (surface
treatment, precipitation, and vegetation) had significant effects on both
water storage change and cumulative evapotranspiration. Generally, lysimeters
with a gravel mulch surface had significantly greater storage change and
significantly less cumulative evapotranspiration than lysimeters with either a
soil or gravel admix surface. The presence of vegetation generally increased
the evapotranspiration and decreased the amount of storage. Lysimeters that
received twice the long-term average precipitation typically had greater
evapotranspiration and greater storage than lysimeters that received ambient
precipitation. Drainage occurred only in the irrigated gravel mulch
treatments.

Layering Sequence Effects. There were no significant storage or
evapotranspiration differences between the bimodal and graded subsurface
layering treatments. Vegetation tended to increase the evapotranspiration and
decrease the total storage change only during the drier portions of the year.
No drainage was found in any of the bimodal or graded layer lysimeters.

Surface Sand and Gravel Effects. A sand deposition layer was found to
have a similar effect on soil column water balance as a gravel mulch Tayer.
Both types of surface layers significantly decreased the amount of
evapotranspiration and increased the amount of storage compared to control
lysimeters that have a plain soil surface. Vegetation significantly increased
the amount of cumulative evapotranspiration from the sand and gravel covered
lysimeters during the second year of measurement. Drainage was detected from
both the sand and gravel covered lysimeters, with no significant differences
among the treatments.

Alternative Barrier Effects. There were no significant storage or

evapotranspiration differences between the clay and grout treatments.
However, the grout treatment had significantly higher amounts of
evapotranspiration than the control treatments (bimodal and graded capillary
breaks) at the early sampling dates. This difference might be attributable to
the high water content of the grout slurry used to form this lysimeter layer.
The drying of the grout slurry layer may account for the increase in
evapotranspiration noted from these lysimeters. None of the clay or grout

ysimeters produced detectable drainage.

A1l barrier configurations with or without plants, and with or without
gravel admix, prevented drainage under both ambient and twice average
precipitation conditions. This result indicates that the barrier, as
currently designed, will prevent water infiltration under the conditions
simul .ed. Barrier configurations that included a surface layer of either
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sand or gravel did not prevent drainage. This implies that if a gravel admix
surface erodes to form a gravel mulch or if sands are deposited on the barrier
surface, then infiltration may be possible. The probabilities of these
occurrences should be evaluated.
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graded series of gravel, sand, and fine soil to form a st: le capillary break.
An alternative structure of the capillary break is fine soil over pitrun
gravel. Pitrun gravel has a bimodal particle size distribution (sand and
gravel), and is hence termed bimodal gravel in this report. The bimodal
gravel design would probably be less expensive to construct and would more
closely resemble natural soil structures on the Hanford Site. However, the
bimodal design may be less effertive in minimizing infiltration; this is
currently being tested at the o..F.

The addition of gravel to the barrier surface either as a mulch or as an
admix will provide considerable erosion protec ion compared with a bare soil
surface. The surface gravel also may affect infiltration and decrease the
amount of soil evaporation, thus increasing the 1ikelihood of water
infiltration through the waste. These effects are being examined at the STLF
and at the McGee Ranch Admix test plots (Waugh and Link 1987, Waugh 1988). An
additional potential problem for a protective barrier is the eolian deposition
of sand on top of the fine soil layer. This also would be expected to
increase the soil surface infi tration and reduce the amount of soil
evaporation. This effect is also being examined at STLF.

The inclusion of a very low permeability sublayer within the protective
barrier would function as a redundant infilt--tion barrier, and would help to
protect the underlying waste even under extr...ely high-intensity storm events.
The efficacy of sublayers of clay, chemical grout, and various types of
asphalt are being studied at the STLF. Studies involving clay and chemical
grout sublayers are described in this report; the asphalt experiments are
described separately (Freeman et al. 1989, Freeman and Gee 1989). This report
describes the operations and results of nearly 2 yr of data collection at the
STLF. Re yea et al. (1990) describe the initial condil >ns and fill
specifications for each of the lysimeters. results for both fiscal year
(FY) 1989 and FY 1990 are analyzed and descr 1 in this report.
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2.2 DESCRIPTION OF EXPERIMENTS

The experiments at STLF represent an expansion of the studies conducted
at the Field Lysimeter Test acility (FTLF) (Kirkham et al. 1987). Several of
the treatment combinations are in common with the treatments included in the
FLTF design, and some match the conditions in previous UNSAT-H simulations of
unsaturated soil water movement (Fayer et al. 1985) performed in support of
the Hanford Site protective barrier program. The data acquired at SLTF will
supplement the FLTF data for validation of the UNSAT-H computer code
(Fayer 1990). The primary advantage of performing experiments at SLTF is the
ability to greatly increase both the number of treatment combinations and the
number of replicates of each treatment, thus improving the statistical power
and confidence levels associated with the analysis of the resultant data
(Waugh and Link 1987).

The stud- ; conducted at STLF are primarily comparative experiments
devised to measure the influence on water storage, ET, and drainage of the
following factors:

e Surface gravel admix and gravel mulch

e Sand deposition

e Twice the long-term average precipitation

e Vegetation

e Structural sequence of the capillary break

e Impermeable alternative infiltration barriers.

One or more of these factors are included in the treatment combination
assigned to each lysimeter. These treatment combinations are summarized in
Table 2-1. Treatment descriptions and initial results of the asphalt barrier
tests are provided in Freeman et al. (1989) and Freeman and Gee (1989).

The inclusion of all six of the factors reviously listed) in one
experimental design would require a facility at least twice as large as the
present STLF, and would result in several impractical treatment combinations.
Therefore, four interconnected, but separate experiments (statistical models),
are performed simultaneously to analyze the effects of the six factors of
interest. A complete statistical description of these models is provided in
Relyea et al. (1990). The experimental designs are briefly summarized in the
following paragraphs.

Experiment 1. The first experiment is a 3 by 2 by 2 factorial analysis
of variance (ANOVA) designed to test the effects of erosion control practices.
It includes three fferent surface treatments (plain soil, 30% gravel admix,
and <urface gravel mulch), two levels of precipitation (ambient and two times
the ong-term average), and the presence or absence of vegetation. There are

2-4
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a total of 12 treatment comt 1rations (treatments 1 through 12), with five
replicates of each combination. A1l of the lysimeters in this experiment have
a graded capillary break structure.

Experiment 2. This experiment is a 2 by 2 factorial analysis of variance
designed to test the effects of different capillary break layering sequences.
It includes two different capillary break structures (graded sand versus the
bimodal or soil over pit-run gravel/sand structure), and the presence or
absence of vegetation. This experiment includes »ur treatment combinations
(treatments 2, 8, 15, and 16) with five replicates of each treatment.

Experiment 3. The third experiment is a 2 by 2 factorial analysis of
variance designed to test the effects of a sand deposition layer and
vegetation on soil column water balance. It includes two sand deposition
treatments (pure soil and 20-cm surface sand layer) and two levels of
vegetation (none and cheatgrass). This experiment includes four trei ment
combinations (treatments 2, 8, 13, and 14) with five replicates of each
treatment combination. Each of these lysimeters is the graded sand capillary
break. A1l of the lysimeters in experiments 2 and 3 receive the two times
precipitation treatment.

Experiment 4. The fourth experiment uses a one way analysis of variance
to compare the effects of a clay subsurface layer (treatment 17), a chemical
grout layer (treatment 18), and the designated control treatment
(bimodal capillary break - treatment 15), usina five replicates of each
treatment. We included an additional control reatment (graded s ;surface
capillary break) in some of the analyses. All of the lysimeters in this
experiment receive the two times the precipiti ion treatment and none are
vegetated.

The 80 lysimeters used in experiments 1 through 3 are arranged randomly
throughout rpows 1 through 16 of the SLTF array (Figure 2-3). The five
lysimeters used for testing the clay layer are in row 17, and the five used
for chemical grout are in row 18. Rows 19 through 21 are being used for a
separate evaluation of asphalt subsurface layers (Freeman et al. 1989 ) and
are not included in the main statistical design.

2.3 SUPPLEMENTAL APPLIED IRRIGATION

Two precipitation treatments are included in the STLF experiments. The
ambient treatment lysimeters receive only natural precipitation, which is
recorded at the HMS. The two times (twice average) treatment receives natural
precipitation plus enough irrigation to bring the total water input twice the
long-term average precipitation. Irrigation is applied over a period of 1 to
4 hours within 2 to 3 weeks following the end of each month in which rainfall
is less than twice the long-term average. Table 2-2 shows the monthly average
precipitation, the recorded precipitation, and the amounts of irrigation
applied during each month of - 2 study. In April 1989, some of the ambient
tubes were inadvertently irriaated, so the sai amount of water (2.49 cm) was
subsequently added to all of - e ambient tubes to preserve the statistical
models previously descril {.
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Because the sun's rays were oblique to the vertically oriented openings in the
grating at the time of the temperature measurements, the soil beneath the
ste¢ grating was shaded by the grating.

Mean temperatures of the different surfaces are listed in Table 2-3.
One-way analysis of variance for the effects of surface showed significant
surface-temperature differences (F=50.95, p<0.0001). Table 2-3 also shows the
results of the conservative Scheffe F-test (Snedecor and Cochran 1980)
comparing temperatures for the surfaces of the lysimeters, the soil below the
steel grating near lysimeter rows 15 and 16, and the grating near lysimeter
rows 15 and 16.

Shading by the grating caused the surface of the soil between lysimeter
rows to be significantly cooler than any of the lysimeter surfaces or the
grating itself, both of which were exposed to direct sur ight. Shading
resulted in temperatures approximately 8 °C cooler below the grating compared
with the vegetated and bare soil surfaces (Table 2-3). Although additional
measurements were nnt taken, it would be expected that the midday temperature
differences would ‘:crease later in the summer as the solar angle increases
and the relative amount of shading decreases. In general, the dark-colored
surfaces (sand, grave , and grating) were significantly warmer than the
lighter-colored surfaces (soil and admix).

An additional effect that the black grating may have is the formation of
a heat island around the STLF. -Such a heat island could alter both the
surface and surrounding air temperature patterns in a uniform manner. The
higher temperatures, as well as the increased air movement across the facility
that could be caused by the heat island, would increase the amount of
evapotranspiration from the lysimeter surfaces. This can be addressed in the
future by using infra-red photography and/or measuring air temperature
profi 2s along a transect across the facility, and in adjacent native areas.

2.5.2 Subsurface Lysimeter ..mperatures

Concern that lysimeter soil temperatures may f ~ from nearby soil
temperatures outside the lysimeters prompted an investigation of lysimeter
soil-temperature profiles. The ET measured in the lysimeters may not be
representative of natural conditions when the temperature in the lysimeter is
‘unlike that in the surrounding soil. Temperature-profile measurements began
in October 1989, approximately 1 yr after soil water balance data collection
began. The lysimeters are positioned inside arallel-walled sleeves that
result in a 3- to 4-cm air gap the length of the lysimeter between the outside
lysimeter wall and the inside of the sleeve. Thus, the Tysimeter design
allows free access of outside air to the bottom of the lysimeter.

Thermocouples were installed in lysimeters 16d and 16e at depths of 1,
10, 50, 100, and 140 cm. Holes were drilled - rough the lysimeter walls, and
thermocouples were pushed into the soil 2 cm past the ysimeter wall.
Thermocouples also were installed in the space between the lysimeter and the
sleeve casing at depths corresponding to the ycouples placed inside of
the lysimeters. A control hole was dug 1 m outside the lysimeter faci ity to
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to absorb considerable amounts of water. It was determined that bicycle
inner-tubes of the proper diameter were available and fit snugly over the
lysimeters and when inflated would fill the interspace between the lysimeter
and the sleeve. Initial trials indicated the inner-tubes are easily installed
and removed, are flexible, and perform as an inflatable rubber gasket without
absorbing water.

The inner-tube gaskets were installed on the lysimeters in row 16 on
March 5, 1990. Figure 2-5 shows temperatures at the 100-cm depth for
lysimeters 16d and for the control soil outside the lysimeters before and
after the installation of the insulation gaskets. After the inner-tubes were
installed the temperatures inside the lysimeters began to tra. the control
soil temperatures more closely than before installation. Short-term
fluctuations in temperature were damped, and the lysimeter temperature more
closely approached the control soil temperatures. Insulating gaskets were
installed on all of the lysimeters in rows 1 - 18 on April 2, 1990.

2.6 DATA MANAGEMENT SYSTEM

The data management system is used to store, retrieve, and analyze data
from the small-tube lysimeter experiments. Data acquired routinely for the
tube Tysimeter studies include the following:

« Monthly rainfall measurements from the HMS

e Volume of irrigation applied

o« Monthly lysimeter weights and scale calibration weights
o Soil temperature measurements

» Volume of subsurface drainage fr  the lysim ears

» Leaf area and biomass measurements.

The data management system consists of five basic components:
(1) standardized data collection forms designed to encourage recorders to
consistently enter al essentic field information, (2) methods for consistent
data entry into the computer and for quality control verification of the data,
(3) data coding, sorting, and r__:.ructuring programs to make the system
accessible to analysis and graphics programs, (4) data graphics programs, and
(5) data analysis programs. Field data that are subject to rigorous analysis
are maintained on a mainframe ct juter (ZVAX) located in the Sigma V Building
at PNL. Supporting data that require only tracking and/or summarizing are
kept in standard spreadsheet files on personal computers. A1l ZVAX programs
are written in the SAS* system language for data management and analysis.
The data are accessible by modem or direct link for graphics and analysis on
the ZVAX and for importing to mini- and micro-computer operation systems.

*SAS is a trademark of the SAS Institute Inc.
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part nonsignificant, affect on the soil and admix treatments. The presence of
vegetation did not significantly affect the storage change for any of the
surface treatment combinations.

On the October 1989 measurement date, after one complete water cycle, ET
was affected by surface treatment, precipitation, and vegetation (Figure 3-7).
The gravel mulch treatments had the least amount of cumulative ET, with the
lowest value found for the bare, ambient precipitation combination. The
gravel mulch/vegetated/ambient precipitation treatment combination had a
similar cumulative ET value as both the soil and admix/bare/ambient
precipitation treatment combinations. The remaining soil and admix treatment
combinations all had significantly greater amounts of cumulative ET than any
of the gravel mulch treatments. Vegetation had a significant affect on the
gravel mulch/ambient precipitation and for the admix surface treatments under
both ambient and twice average precipitation treatments. The amount of
precipitation significantly affected the cumulative ET for both soil and
admix, but not the gravel mulch treatment combinations.

Storage change at the October 1989 measurement date was positive for
three of the four gravel mulch treatment combinations (Figure 3-8), the only
exception being the vegetated/ambient precipitation combination. The
gravel/vegetated/ambient Tysimeters had storage values similar to the
bare/soil and admix lysimeters. Precipitation had a significant affect on
storage only in the gravel mulch treatments. Vegetation had a significant
affect on storage under ambient precipitation conditions for both the gravel
mulch and the admix surfaces, and under twice average precipitation for the
admix surface treatment. Neither precipitation nor vegetation had significant
affects on the storage change in lysimeters with a soil surface.

At the May 1990 sampling date, the cumulative ET from the gravel
mulch/bare/ambient precipitation lysimeters was significantly less than from
any of the other treatment combinations (Figure 3-9). The twice average
precipitation/gravel mulch lysimeters behaved similarly to ambient

precipitation soil and admix lysimeters . st 1at pro| -tionately only
half of the water input was lost - ilgh <. Jrom ... gravel mulch lysimeters
compared to the soil and admix ly_...._ters. Within each vegt ation/

precipitation combination, the cumulative ET amounts were significantly
greater from soil and admix surfaces than from gravel mulch surfaces. The
amount of precipitation significantly affected cumulative ET for the soil and
admix treatments, and for the nonvegetated gravel mulch combinations. The
effect of vegetation was significant for gravel mulch surfaces under both
precipitation regimes and for admix surfaces under ambient precipitation
conditions.

Within each vegetation/precipitation combination, storage change was
significantly more positive in the gravel mulch surface lysimeters than in the
soil and admix lysimeters (Figure 3-10). The storage change was significantly
different among all of the four gravel mulch treatment combinations.
Vegetation did not significantly affect the amount of storage change in either
the soil or the admix combinations. The amount of precipitation did not
significantly affect the amount of storage in the soil surface lysimeters, but
did have a significant affect for the admix surface Tysimeters.

3-8
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Irrigated Gravel Mulch and Dune Sand
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3.4 ALTERNATIVE INFILTRATION BARRIERS

There is little difference among the clay, grout and control treatments
in the Tong term patterns of either cumulative ET (Figure 3-22) or in total
storage change (Figure 3-23). In the analysis of the results at the selected
sampling dates, the only significant difference in cumulative ET occurred
early in the experiment in May 1989 (Figure 3-24). Likewise, this sampling
date is the only one that showed significant storage change differences
(Figure 3-25). The grout treatment had significantly higher cumulative ET and
lower total storage than either the bimodal control or the graded design. The
means for the clay layer lysimeters were between these two extremes and were
not significantly different from either. The different appearance early on in
the experiment may be the result of the high water content of the grout slurry
used to form the grout layer (Relyea et al. 1990). The drying of this layer
may have provided the extra moisture for the increase in ET. The same would
be true to a lesser extent in the lysimeters with a clay layer. No drainage
was detected in any of these alternative barrier lysimeters.
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Figure 3-22. Impermeable Subsurface Layers
(Cumulative Evapotranspiration).
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the plan is to provide enhanced vegetation growth in FY 1991 by (1) adding
nutrients to the lysimeters, (2) changing the vegetation by planting other
species, or (3) both of the above. The establishment of normal plant cover on
the lysimeters also is important if representative test results are to obtain
on protective barrier performance with respect to ET, soil water storage, and
drainage under enhanced (three to four times average) precipitation.
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