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-=Kathryn-Chamberiain

From: Ron Rager [rrager@lanl.gov]
~.8ent:- - Thursday, Novembér 04, 2004 4:31 PM
" " To:  'Kathryn Chamberlain’
Cc: acrowder@pmctechnologies.com
~ Subject: MDA B-Cover study report

Katie,

~Here-is-the result of: my first attempt to dig up information on the cover placed on MDA B {west end). If | read this
~ correctly, there is 8.75 feet of cover over the original landfill (cover) surface. I'm looking further to see if | can
locate Appendix A plot plan.

Regards,

Ron Rager -
RRES-RS - :
Phone: 505-665-4065
fax: 505-667-5801 -
. Mail Stop: M 992
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A WATER BALANCE STUDY OF FOUR LANDFILL COVER DESIGNS AT MATERIAL
DISPOSAL AREA B IN LOS ALAMOS, NEW MEXICO

by

Johin W. Nyhan, Johnny A. Salazar,
David D. Breshiears, and anley 1. Bames

ABSTRACT

The goal of dispasing of Jow-level radionctive and hazardous waste in shallow landfills is
to reduce risk to human health and the environment by isolating contaminants until they
no longer posc an unacceptable hazard. In order to achieve this, the Department of Energy
(DOE) Environmental Restoration (ER) Program is comparing the performance of severni
different surface covers at Material Disposal Area (MDA) B in Los Alamos. Two conven-
tional landfill designs, consisting only of layers of topsoil seeded with grasses, were
comparcd with an improved cover designed to minimize plant-and animal intrusion and to
minimize water infiliration into the underlying wastes. The conventional covers varied in
depth and both conventional and improved designs had different combinations of vegeta-
tion (grass verses shrub) ard gravel mulch (no mulch verses mulch), These treatments
were applicd to each of 12 plots and water balance paremeters were measured from March

1987 through June 1995, This has been the longest-tenm study of water balance on a
remodizied site.

Field results docurnent several improvements for conventional landfill surface covers.
Adding a gravel mulch significantly influenced the plant cover: field plots neceiving no
gravel mulch averaged 21.2% shrub cover, while plots with gravel had a 20% larger
percent cover of shrubs. However, the influence of gravel mulch on the grass cover was
cven lasger than the influence on shrub cover: average grass cover on the plots with no
gravel was 16.3%. compared with a 42% increase in grass cover due 1o gravel mulch,
These cover relationships are important to reduce runoff on the fandfil cover, as shown
by a regression wmoede) that predicts that as ground cover i8 increased from 30 to 90%,
anonal runolf is reduced from 8.8 to 0.98 cm-~a ninc-fold increase. We also found that

decreasing the slope of the landfill cover from 6 to 2% reduced runoff from the landfill
cover by 2.7-fold.

To minimize the risk of hazardous wasice from landfills to humans, unof{ and seepage
need 1o be minimized and evapotranspiration maximized on the landfill cover. This has to
be accomplished for dry and wet years at MDA B. Seepage consisted of 1.9% and 6.2% of
the precipitation in the average and onee in len year events, respectively, whereas corre-
sponding values for runoff were 3% and 16%; these changes were accompanied by
correspanding decreases in evapotranspiration, which accounted for 86% and only 78% of
the precipitation occurring on the average and once in ten year event, respectively. We
found that doubling the percent shrub plus grass cover (25% verses 50%) on the landfili
cover increases lifetime evapowanspiration by 28%. Since our evergreen shrubs could
transpire during the seasons when seepage usually occurs, we found scasonal differences
in scepage: as shrub cover increased from 0.13 to 23%, seepape occurTing in the winter
and spring decreased from 5.73 to 1.19 cm.
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L INTRODUCTION

The goal of disposing of low-level radiouctive and hazard-
ous wiste in shallow Tandfibls is 10 reduce risk 1o human
health and the environment by isoliting contaminants until
they no longer posc an unacceptable huzand. instinnional
control and maintenance of low-level radactive waste
repositories are oxpected o cease HXY years after the
closure of o waste siie, after which time the repository’s
fandfill cover needs 1o act passisely o isokate the rixbonu-
clides for an additional 300 10 500 years (LS NRC. [9582:
US DOE, 19881, Disposal in shallow landfills can ming-
mize both costs and the problems of excavating., transport-
ing, and reburying large quantities of stiphtly contamunated
material. However, 10 e cost-eifective and reduce risk
associated with the moevement of contaminans in tie
environment: londGills must be designed to minimize long-
terms maintenance and to maximize the inteerty of the

land il cover.

Vegetation can play a critical mole in peeclhuding waner
received as precipitation from reaching buried wisstes
(Asderson et al,, 1993}, Plams can extract water from the
entire sai) profile, whereis the physical process of sotl
evaporation only removes water from relitively shallow
soil depths. On an annual basis in arid and senviarid
climates, potential evapotranspiration iy far greater than
the amount of water received as precipitation (Chang,
1971). Consequently, if a landlill cover is deep enough to
store precipitation received white vepetation is dormant,
and if sufficient vegemation is present to use all of the
stored moisture cach growing season, then no water will
drain into the underlying wastes, Conversely, if vegetation
is sparse or absent, bas insufficient rooting depth, or is
physiclogically inactive during several scasons, the landfill
cover may become very wet and water will seep into the
buried wastes.,

Vegetation has many other influences on the landfil!
topseil {Dadkhah und Gifford, 1980). Vegetation plays a
major role in sail erosion us 4 componeiit of the Cover
Management Factor (Nyhan and Lane, 1986) of the
Universal Soi! Loss Equaiion (USLE)L The US EPA-
recommended approach to reducing soil erosion on
landfills is based on control using plant cover (US EPA,
1989, as opposed to approaches based on the use of gravel
and other materials to comtrad erosion (Lopez et al., 1988,
198%; Nyhan et al;, 1984, Nyhan and Lane, 1986). Plant
cover influences many cther hydrological processes,
including interception, infiltrition, evaporation,

transpreation, and soil water storage, and plants are also
wwvolved in conaminant uptahe.

Twao pamary factors that can reduce the imegeity of the
cover and increase the nisks assaciated with the movement
of comanunants are surface erosion of the cover and
infiltration of water through the cap and into the waste
tJacobs ¢t ab., 1980 Luxmuoore and Thaep, 1993; Suter et
al, 1993). Eroston cates are relited 10 amounts of runolf
that leave the surface area and are reduced when more
ater fnfilirates imo the soit profile. Propenties of the
surface cover such as vegetation and organic matter or
roch mulches can increase the infiltration capacity of a site
{Nyhan and Lane, 19861, Hawever, increased infiftration
into the cover can potentially lead (o more water weaching
thie waste, so there are wradeoffs in cover desigo to ophr-
nmize both the amounts of renofl wond leachite that are
senerated from precipuation.

Vegemtion can modify :ail moisture profiles, suggesiing a
hypothesis for the tradeoft between runoff and soil mwois-
tre storage: nnoff and zrosion rates can be reduced o
acceptabiy low levels by maintaining a high percentage of
ground cover from vegedation and pravei mulch, and
seepage can be reduced by using vegetation that is deep-
rooting wnd evergreen. In addition, problems with root
penctration mto the waste can be mimmized using
biobarricrs. This hypothesis has been the focus of 2 long-
term study a1 Material Disposal Area B (MDA B) at Los
Alamos National Laboritory between 1987 and 1995, A
field study was designed to test the intcractive effects of
soil surface mulches marie of gravel and type of vegetation
cover on components of water balance under natural
precipitation. One of the two major vegetation types tested
wis an oversiory of rubder rubbithrush (Chrysothamaus

rauseosus), wh evergreen shrub (Miclke, 1993) observed to

be growing year-round at Los Alamos and having maxi-
mum rooting depths of 4.5 m {Tiemey and Foxx, 1987).
Rabbitbrush is not an evergreen plant such as a plant like a
ponderosa pine, but even of cabbitbrustrloses its leaves in
the carly winter, this plant cuan still transpire becanse it has
preen stems, The other vegetation type established on the
plots wus a plant cover of mixed grasses and forbs, oh-
served to be actively growing predominantly during the
spring and summer, Testing this hypothesis requires a
long-termy daty set, net only because regulations for
radivactive wastes require long-term containment, Bt
because of (1) high variability in precipitation among
seasons and across years, and (2) chaoges in vegelation
through time,
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MDA B was selected forthis study for several reinons,
This disposal area is focated on a mesa top sinnfar o
severa] other landdils than were closed inthe 19308 af Laos
Alamios National Laboratory (LANL). MDA B has been
the ohiect of a previous field stdy of biobariers in Laefil)
covers {Nyhan et al,, 1986), in uddition, current regula-
tions prevent the instuadlution of different covers onihe
same witsie site, s this study represents O unigue opportu-
nity for acontrolied comparison of different cover treat-
menls.

The following sections of this report deseritic the lustory
of waste disposal and previons fiekl scadies at MDA B,
docuent the methodologies used by members of the
Environmental Science Group, present the field daia
collected for the Department of Energy (BDOE) Environ-
mental Restoration Program between {1987 and 1993, wd
demoastrate the utihty of thas Hield data for improving the
application of laindhll cover technolugy @ Los Alimios,

A, History of Waste tse at MDA B

MDA B wus probably the Nisst common solid woste barsl
ground used by Los Atumon National ?ahoraory (Rogess,
19771 This disposas! arcic s ocated v a narow eastwand-
trending miesi whose seath side s approsviniately 3m
fromw a canvor tributary to Los Alamos Canyon (see
Figure 1), Mor: specificaily, it ocuted on ihe south side of
DP rowd, upproximately 488 m vast of the miersectian of
DP Roud amd Trinity Drive (SE 14 sec. 15, T, ION.,
R.6E., and SW [4 see. 14,7, 19, R.6E.). Approximate
acreage as 6.03, the westem two thirds of which is pres-
ently coveved by a fuyer of asphalt, Elevation of the arca
ranges foom 7150 11 at the cast end 10 7230 £ at the west
end. The MDA B waste disposzl pits weze cus in Unit 3a
of the Tsicrege Member of the Bandelier wtf and the
thickness of the 1ufl bencath the dispusal pits is estimated
to exceed 240 m (Nyhan et al., 19863, Depth o the walter

table iy estimated to be 365.8 m bencath the surfage of the
mes,

Based on memas dated July 5, 1945 through January 31,
1952, and on aerial photographs, Rogers 11977 reported
that a series of pits was used at MDA B (see Figure 1),
Chemical wastes were huried in trenches 091 10 1,22 m
deep. 1,61 wide 10 4 1 deep, and of varving fengibs,
Trenches of viher sizes were also used (3,66 m deep,

457 m wide, 91,44 m longy, Total volume of the pits, after
*Cducting three feet of cover material was estimated 1o be
21,400 cubic meters (Moyer, 14711 '

The comaminuion of materials in these pits consists of Wi
types of radioactive matertals used at Los Alimios bug
contatn very Hidde plutonium: less than [0 g of Pu™ for
the entire area (Meyer, 19510 Approximately Y0% of the
witste comisted of paper, mgs, robber gloves, glussware,
ard sl apparatas placed in cardboard boxes and serled
with nusking tape by the waste eniginator, At least one
vuck contianinated with fission producis from the Trimty
test v also buried at MDA B,

[hadihe currest practices of lavering wiste in pits, the
MDA B waste filled the depth and widdh ol the puts befese
they were covered with backfill, As i result, shonly alter
MDA B was closed in 1947 subsidence occurred, The
cover over the pits then was remedinted by using the area
for disposat of noncontaminated concrete and soil from
constraction sites (Rogers, 1977). Around 1966 or 1967,
the western two-thirds of MDA B was covered with a hayer
of asphalt,

A more detatled history of matecial disposal is presented o
Appendix Q of the Los Alamos National Laboratory
Environmental Restoration Work Plan for November 1991
(LANL, 1991,

B3. Previous Studies at MDA B

Several previous studies have occurred st MDA B, These
provide valuable data for analyzing the cwrrent stady and
for designing waste covers, In 1966, the US Geological
Survey investigiued the Jdistribution of subsurtice maisiure
and potential migrating contaminanis in the soil and wif
around the perimeter of the site (Purtymun and Kennedy,
1966). They found that the moisiure content of all layers
was below saturation, that theee wis no cvidence of lateral
migration of contaniininty, and that a slight fncrease in soil
moistare at depths of 3.7 w 7.3 malonyg the upgradient
sidke of the site indicated slight lueral moisture movenent,

In 1978, concenteations of plutonwm and strontium in soil
i ant adjocent 1o Technical Arca (TA)Y 21 twhere MDA B
is located) were estimated 1o determine deposition of
plutonium from ventilation stack emission (Kennedy and
Purtymun, 1971). These dats quantify a significant, input
source of Pu™ in surfuce soils, idependent from that
disposed of 10 the renches at MDA B, In the Jate 19705,
above-bickground concentrations of Am™", Pu’™, Pu*™,
C'™and U were measured in suefiace soils and vegetation
at MDA B {Trocki, 1977) amd were attributed 1o deposition
of stack emissions from a source near MDA B and tfrom
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subsidence und crosien, redent burrowing, and plam
uptuke taking place within MDA B,

I 1981, vegetative cover and root distributions were
astimated a1 MDA B (Tiemey and Foxa, FUS2)L Numwerous
nattve species had recolonized the waste site, inchuding
many ponderosi pities (Pians ponderase), the larger of
wiich were 16-27 vears old, Several plant species ihat e
assoctted with disturbed arcay weee also prevalent, The
diswrbance was related 10 soil slumping aixd burrowing by
gophers, At this thne, radioouclide conventrations in
phiims, sotl, and rodents were also estinited (Wenzel et al,,
FIRT). The radionuclide concertrations in plants were
elevated above world-wide fallout concentraiions, cansis-
tent vith observations that plam roots had penetrated the
cover and had sceessed the wistes,

o 1982, the cover of the vegetaied portion MDA B (the
castemn third of the emire MDA B site) was moditied as
part of wreruedial action (Nyhan ey al., 1986). The study
tested a conventional waste cover (the control) against an
miproved cover that included a biobarrier designed to
prevent penetration into the waste by plant roets and
burrowinge aninuds and 1o serve as b barrier to maisiune
Jow (Figures 2a und 2b). The profile of the control plot
consisted of about 75 cm ol crushed wff covered with 15
cm of topsoil, The improved design consisted of 75 cmof
H0- 1o 30-em dismieter cobble covered with 28 eniof 2-em
of gravel. The surfuce of the entire area wirs seeded with a
avixture of pative grasses arl covered with i straw osulch

Lo minimize erosion during seedling establishment (Barnes

and Warren, 1988: Nyhan et al,, 1986: Nyhan, 1489}

The effectiveness of the covers thar were installed in 1982
was studied by measuring soil moislure and plant root
penetration through the covers, The results ot s three year
study indicated that (1) all three cap designs prevented
plant root intrusion to the simulsted waste underlying the
caps: (2) most of the increase in sail wuter storiage within
the covers, and all of the seepage throuph the covers was
associated with snowmelt: (3) the biobarrier functioned
effectively as a capillary harrier and reduced the incidence
of percolation: amd (4 evapotranspiration effectively
prevented percolation into hacktill during the simer
months regardless of cap design {Nybhan e1 al., 19862
MNyvhan, 19R9),

Sner ihe vegelative cover establistiedd in 1982 resulted in

heterogenceas minture of prasses and clover with severat”
arcas of bare soit avrsss the westem portion of MDA B,
the entire site was disked i 1984 at the start of an EPA-
sponsored project (Bames and Rodgers, 1988), Twelve
study plots were estabfished on 1he site at e locations of -}
(he plors in the current study (Figure 2a). The site had ploo
with thyee ditferent soib prefiles (Figure 2b) and four i
different surlace ircatments. Two treatments consisted of
rabbithrustt (-gad. size) planted  ditferent densities,
Besides the bure soil reatment, the fourth treatiment
consisled of a vegetated cover of saixd dropseed
(Sporabolus cryptandrus), which weee plaited as 2.5-cm
by ¥-cm plugs, This two-year study demonsizited severud
ditferences i soul water withdrawal on the plots as a
function of vegelative cover and compared predictions of
xoil moisture on the site using the CREAMS and HELP
madels (Barues 1 al., 1986 Baraes and Rodgers, 1987,
TURE: Bames and Warren, 1985 Lopez ot al., 1U88, 198Y

C. Current Study

The experimental design of the loag-term water halaonce
study at MDA B is documented o detnl in the work plan
for TA-21(LANL, 1991). Brictly. the experimenta desig
cansisted of applying new surfuce treatments tothe 12
stidy plots 1305 m by 1H0.7 m) used for the EPA-funded
study. Four surfice treatments (grims with gravel cover,
arass with no gravel covee, shrub with gravel cover, and
shirub will: oo gravel cover) were used on plots a8 each of
three locations en the site (tFigure 21 Soil moisture, runol
precipitation, and surface conditions have been monjione
since PHET ancd sediment transpornt was monitored hetwee |
1987 and 19KY. The objective of this sudy was to deter-
niine the interactive effects of vegetation cover and use o
gravel mulches on runoff, erosion, and soil moisiure
storage.
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Figure 2a. Plat locations, surface ireatments, and average percm! downhill s!apc for Study pfots at :HI)A B

{top), and a cross section of soil praﬂft.' chaeracteristics (kotmm) For further dem:ts refer to plot
map in Appendix A.
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A. Flot Construction

The soil and vepetition covers front the 1982 study were
modified at shallow depths to create three soil profiles
(Figure 2). The cast and west portions of the site surtuce
were replaced with a standard trench cover consisting of
147 cm of crushed tif overlain by 75 cm of topsaoil. The
topsoit profile for the cist portion was sandy clay loam
(020 cm). sandy loam (3045 cm), and o mixture of one
part sandy clay loam to one pun sandy joam (30-45 cm):
the west profile wus sandy clay loam (-15 cm) and o
mixture of onc pant sandy chy Toam 1o 1wo pants samndy
loam (15-75 cm). Boih the cast ind the west profiles were
underlain by 147 cm of crushed wif from the old waste
cover, The central profile included a biobarrier, designed
to prevent peneteation into the waste by plant roots and
burrowing animals to serve as a hirrier to moistuze Now.
This center profite consisted of sandy clay foam

{0-15 em), sundy loam ( 15-60 emi, 25-cm diameter gravel
(60-75 cm), and - 10 Y)-cm diameler cobhle

{75-150 cm), underlain by 72 cm of crushed wit {rom the
old waste cover.

. Four cover ireatment plots were installed on each of ihe

. three soil profiles (Figure 2). These were shrub/prave)
{shrub cover with gravel inulch). shrubfbare (shrub cover
without gravel mulch), prass/eravel {grass cover with
grave! mulch), and grass/bare (grass cover without gravel
mulch). Each plot (3 m x 11 1) was oriented with the long
axis parallel to the south-facing slope of the site. Downhilt
slopes (along the tength of the plot) ranged from 1.9 to
6.2% (Figure 2). with the slopes across the width of the

| plots being dess than (.7% (Lopez et al. 1988).

| B. Hydrologic Measurements

: 'n’froughout the entire study, precipitation wis measured

§ using a Universal Weighing Ruin Gauge. The locution and

d'atn collected daily from this gauge is presented in Appen-

R dices A and B, respectively. In 1987, un Omnidata metco-

g rological station was installed so thit we coutd also

: measure solar insulation, air tempermuce, and wind speed

> snd filrectiun. This data buse is currently maintained in the
g —rvironmental Sciznce Group duta archives.

> Me““fi“.':’- volumetric water content was perfornied using
g ° Campbell Pacific Model 503 neutron moisture probe

; g-‘PN b::omomuun, Pacheco, California 94553; Serial

i Nimber 4519). All of the aluntinim access wbes were 5.1

e dinmeter, as specified in the calibration of cach of the
soils in the study arca (Nyhan cl al., 1994). Three access
tubes were instatled along the fong centrad axis of each plot
10 1 maximam depth of 100 cm on the castand west
profiles and to 60 cm on the central profile 10 measure soii
maisture with i ncttron probe (these wbes are numbered §
threough 361, Suil moistare was also measured tn wbes that
were still in place from the 1982 study (these whes were
numbered in the 6K, for which the nuaximum depth was
1R em. In general, seil moisture was measured at depths
of 20, 41, 60, K0, and 100 cm for plots on the cast (Plots
I-4) and west (Plots 9--12) profiles: and at depths of 20.
40, und 60 cm fer plots un the central prolite {HPlots 5-8).
The lscation of the access tubey is shown on o map pre-
sentedt in Appendix A, and the entire soil moisiure data
base is presented in Appendix D.

The plots were bordered with metal sirips o prevent
overland {low of runoff from cntering the plot. The borders
were made of 25 em wide metal srips instalied so that

6 cm was iaserted in the soil und Y cm estended above
the soil surface. On the downslope end of cach plot. a

4} em-wide, 14 gauge metal end plate with a 5-cm lip was
inserted into the soil so that the'lip wats {lush with the soil
surface. Total runoff from each of the 12 study plots was
collected by a gutter system ai the lower end of the plot
and diverted through @ buried drain pipe into collection
tanks, The daily runoff data is summarized in Appendix E.
Runofl volume (1) was initially estimated by measuring
water denth in the collection taniks. Calibeation curves
were used to estimate water volume in the collection tanks
us o function of depth. In May 1943, an automaied system
was instilled 10 measure runoff volumes from the plots,
using 4 compuictized sysiem of pressure transducers to -
measure water Jevel in the runoft collection tanks located
on the south side of the pilot sdy aren, o N
Each of these runoft tanks is now equipped with a sub-
mersible pressuse detector to continuously measure the
water pressure and thus the water depth occurming during
snowmelt and sumrsér runofl events, A 'submersible sump
pump in the bottom of the tank pumps water from this tunk
to a second karge tank for backup and overflow measare~
ment. Pressure:monitoring, data logging, and pump control
are performed by a persona! computer in i weatherproof
enclosure mounted on the south fessee of MDA B.




Druck Incomporated depih transducers (model 940) were
placed horizontally-on the botiom of the wnks. This sensor
is & tempernture-compensated halanced bridge that is
excited by 9 v DC and has a nominal outpul of zero volts.
The device output is rativmetric; the outpet is propostional
to the excilation. [n order to accurately meisure the
excitation over a S0 ft cable, the excitation was provided
by one pair of wires and wits measured using a second pail
of wires connected directly 1o the device, This arrange-
ment eliminates ervors due o excitation voltage loss in the
50 11 cable. Volume data was logged to disk storuge housty
as well us for any time that a significant event occurred.
When the water level neared the top of the tank, the pump
was lamed on for approximately 20 seconds o returms the
witer level to near the hotom of the tank. Water volume
calibration was achieved by logging pressure sensor output
at five levels of manually measured water volume,

The power souiv.. "o the instrements, computer, and
pumps were iwelve volt batteries, which were recharged
and maintained by a conventionul charper and smal!
transformers. In case of AC power imerruption, the
electronics and pumps will operite for more than one hour
on a full charge. The water heaters for freeze protection
operated & 28 v AC,

Campbell Scientific temperatuee probes {maodel 1078
were placed alongside the pressare sensors, as welt as in
the personal compier, the battery charger enclosure, und
external to the enclosure for meusurement of anshient
temperature. These devices incomporated a thermistor and
resistor in series with a IR ohm sensing resistor, Exciti-
tion of minus nine volis was applied to the device. The
voliage drop across the [K ohm sensiny resistor indicaed
the current through the device, and therefore the resistance
of the thermistor. Since the output was ratiometric, it was
necaessary (o messuge the excitation voltage accunuely.

A Smith-Gates watertight ansomatic water warmer {model
450-50A2) was placed in the bottom of each runoff tank
keep the runof{ from freezing in the winter, The water
warmier contained an automatic internal thermostat, bust
power applied to it was controlled by the computer. 1t huwd
a power rating of 450 watts at 126G v AC, which corre-
sponds to 24.5 walts at 28 v AC, A temperature sensor in
the buttom of the tank was monitored by the computer,
which activated the water wasmer when the temperature
reached two deprees Celsius, The only space heated was
the water in the 30-cm dianweter ks,

Io

C
|

4

Lighining-induced transierits on the incoming power line 1
were snubbed and blocked by the vanators and u Vilier, %
Furthey suppression of powes fine voltage iransionts was :*
accomplistied with additional varistors, The purpose ol the
didde networks and adapters wax t-:. protect the electrontes -
from lightning induced transients, . ‘ ;

¥

ol

A few runoff samples were collected and provessed w
determine total sedimen yield from cuch plot (Lopez et-
al., 1988: LANL, 1991 see Appendix F), Sediment yields
from each plot for cach runoff event were measuned from
Aprit 1987 through February 1989. Personnel limitations
preclued continuous measurerment of s0il Toss on ald phots
from May through Ociober 1989 soil erosion was mea-
sured on only the west suil profile (Plots 9-12, which
includes one plot of each cover treatment 1ype). Snowinelt
runoff from al} plots was measured in January and Febru- -
ary of 1991, Subsequent erosion measurements were nol
abtained, The plots were insteumcnted to collect sediment
in hugs durmg the Falt of 1993, afier the automated runoff -
collection system had been jnstalied, but no runoff oc-
curred during the 1993 10 1994 winter, and hence no
sediment was collected, '

The waler balance equation given below was sotved for
cuch time period in the study by using the precipitation and
rupoff datai described previously.

. AS=P-Q-L-ET

(Equation 1)

where: S s
AS = chunge in voil water storige q
P = precipitation

Q = nmoff’
i. = seepage or percolarion
ET = evapotrmspiration

Svapotranspiration was determined by difference after
cstimating the change in soil water inventory wikd seepaps.
Soil waier mvcmury wits cnlcul.uc-.‘. for each plt by .
calewlating the average volumetric water content for the -
20-, 4G-, and 60-cm depihs (thres Tocations per depeh),

dividing this number by 100, and multiplying this rcsulx by
60 con (the thickness of the landfill cover).
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When the original kwdfil! cover restoration ovcurred
MDA B, we were not allowed to install a secpage collee-
tion system over portions of the old waste cover

(Figure 2), even though this would have been the best
technique for measuring the scepage term of the water
batance equation. Thus, the water balunce calculations for
the study plots were performed on the 60-cm-thick Lmdfill
cover layer, with scepage estimated hy increases in soil
water inventory at the 8- and 100-cm depths for the eam
and west plots, and by increases w1 soil water inventory
the 160- and 180-cn depths (beneath the biobarrier for
the central plots.

Detailed graphs of the water balance caleulations are
presented for each sampling data in Appendix D.

C. Vegetation Measurements

Treatments for each soil profile included two vepetative
covers: two plots with a shrub overstory of rubber rabbit-
brush (Chrysethamaus nanseosis) and 3 sparse understory
of mixed grasses and forbs, and two plots with a mixed
grass and forb cover. One plot from each pair with the
same plant cover was randomly assigned a prave! mulch
treatmient. The gravel had a diameter of less than 1.5 cm
and was applied at 13 kg/ny’, Vegewation was periodicaily
mowed 10 the north of the plots 1o maintain access along a
dint road and on the south side of the plots for maintenance
around the collection gutters,

Plant canopy cover and ground cover (plant crowns, liter,
and grave!) were estimated using a point frame. Detatled
precedures for point frame measuremenis are provided in
Appendix Q of the November 1991 Environmenta) Resto-
ration Workplan for Los Alamos Nationa] Luboratory
(LANL, 1991). Estimates were obtuined once in 1987
(October), three times in LIRS (524-6/10, 7/19-7/22, und
8/23-9/02), ance in 1989 (8/28-8/31), once in 1990
(217-7119), and once in 1994 {10/1). These data sire
presenied in Appendix G. Leaf area relationships reponed
in Barnes and Rodgers (1988) have been used previously
10 determine leaf arca indices from the cover data from:
MDA B, Spherical volume of the cover and conopy of
cach shrub was estimated from shrub dimensions. The

Biomass of shrub cover has been estimated previously

using relationships between shrub dimensions and biomass
(Bames and Rodgers, 1988,

i

I5L RESULTS AM! DISC l]S‘al()N
The hydrotogic cycle at MDA B ivm: chisructerized guanmi-
tarively by solving the water balance egnation on 1 target
biweekly time schedule. In this way we were able o keep
an inventory of the witer added to MDA B us rain and
saow, and apponijon thiese additions (o changes in soil
water inventory (culeutated directly fronvthe votumetric
wiler content _dmil coliccied a each sampling depih),
cvapatranspiration, ranott, and seepage. Water halance
data is presented in a group of 120 figures in Appendis. D
for every set of measurements collected from Marck 1987
through June 1995, :

A. Precipitation Probabilitics for Slud:;- Site

The overalk significance of cach year's water baluice data
can periaps best be understend by first understanding the
spatial and wemporat oceurrenee ol precipitation aronnd the
Luborawry (Bowen, 199, Proceeding (rom the Jemez
Mouniains on the western border of Los Alamos County 1o

the Rio Grande 19 the eust, Bowen shows that mean annua) -

precipitation decreases from 45,3 cns at TA-5Y w only
33.7 et Whirs Rock. The overall patterm of annual
niean precipitition across the county (piesented in Figure
3.3 of Bowen, 199 leads us 10 believe that the precipita-
tion at MDA B can be estimated by an average of these
two reporting stitions, ecach of which has a much longer.
dtss base than the precipitution dita base we have col-
Iected in owr Tield study at MDA B. However, since two
different probability distribwtions of annual precipitation
are involved, we decided to compared our MDA 8 daia
with the Los Alamos precipitation data, Using the prob-
ability distributions of Los Alamos annual precipitation
{Bowen, 1990), we used a regression model to predict the

robubility ¢ Y) of h.l\ ing an .mnual prcupu.mou event
X

Y = -3.6133 + (10750 X)
(Equation 2}
This moilel ::ur:.céssfully predicted probability from et of

annual precipitation with a coefficient of determination of
(LY67 and o standard error of 741,

RN
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‘The information presented in Table | hiis been obiained
from Bowen's report, whieh summarizes precipitation
probabilities for Los Alantos (TA-59) and from predictions
of precipitation probabiliies from Eqguation 2 for our study
site at MDA B. The data presented in the first column of
Tuble | represent the percentage of tme that precipitation
15 less than, or cquat 10, the specilted amowsm of precipitu-
tior: for a given yeas. The frequency of the mean annual
precipitation event vecurming witlin §00 yeurs is preseitted
in the second column (an event oceurring 309 ol the timne
is listed as occurring onee every iwo years, or a two-veir
evenl, corresponding  a precipitation value of 3%.) comb

TABLE 1.
ANNUAL PRECIPITATION PRORARILITIES FOR
LOS ALAMOS AND MDA B STUDY SITE.

Annual precipinaticn (¢m)

Petcentape Frequency Los MDA-B  Yeurol
aof event  Alamos sludy study
sife
< so0? 105-year 28R
< 100 1.1 -yeur 334
< 17.2b 1.21-yeur RER 1992
< 144 b 1.24-vear 34.5 993
< 250" L3yenr 300
5 379 b 1.61-year 41.0 1994
<392 b “1.65-year 41.5 1990
< 4.3 b 1.67-year 419 1URY
L L | b 1.97-yeur 43.5 foug
50,0 2.00-year 45.3
<7240 ;I!.fw'.'—yc.'u 6.5 1983
< 90,0 Mryear  64.5
£ 950" 9S.vear 4.3

*Estimates from Bowen i 14K)).
Probability values csnmated Irom regression analysis medei,

1. A Once in;Twu-;\'ear Even{ Year: 1991

From this anadysis of the precipitation data, we can now
sec the everall significance of the precipitation dita
colected in this Field sudy. whicl is listed in the fourh
colunm of Table | by calendar year (Jast cotwmn). Of the |,
seven full vears of data in this study, we observed two dey B -
years which were abeut onee i 1.2 year events (1992 and &
1993} There were three years (1989, 1990, and 1994) in
which annual precipitation ranged from 41010419 cm, 3
resulting in abow 1.6-yeac events, The amount of prccipi— :
tstion received in 1991 is 50 close to Bowen's predicted
2. (0M-year event thit we are rcfcrruu. to-it as such in the
remainde- of this report. We observed u 3.62-yeitr event in
988 when the site received 56.5 cm of precipitation.

B. Water Balance Estimales

The water balance estimates for each of the 12 field plots §
will be presented in the next three subsections for a once in J
1wo-year event ( FYRY), for & once in ten-year event ( l988}.

and for the entire life of the ﬁcld cxperiment. : 4

The water balance dats collected in'1991] is summarized in
Table 2. This:year was chosen because it was the first year
of the study that could be L.m.gorucd o8 il approximate
two-year event. The data presented in Table 2 shows that
evapotrunspiration made up she largest component of the

ioss of the 45.5 ¢m of precipitation from the plots, con- l
prising 71% of the average across ail plots. However, the 7
grass plot without geavel mulch (number 4) exhibited only - 4
25.82 cm of cvapotranspiration during 1991, largely duc to ,
4 loss of 16.14 cm of munoff during the year, Runoff was :I
greatly reduced on plots that had a grivel mulch in 1991, - |
with the highest wnoff rates being found on the grass plots -+ £
without gravel mulch. The shrub plots without grive! i
mulch exhibited from 4.41 1o 14.00 em of runoff, Pt

: vl
The seepage term of the water buliance equation (described | 3
in more detail in subsection 3 of Part I of this report) ¢ 4|
varied greatly from plat 1o plot. The average amountof 1

seepage for all of the plots was equal to .92 em, approxi-~ :.':
mately 2% of the total annual precipitation for 1991, & ¢
little less seepage wus observed on the plots containing the 't
shrubs. suggesting that sheub covers appear 10 have l

depleted soil moisture deeper in tllc jrroitle thun plots with !
2rass cover. .

PR
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wow TABLE 2, . :
WATER BALANCE SUMMARY FOR 1991 FOR ALL PLOTS ATMBA B,
ath TOTAL PRECIPITATION RECEIVED BY THE STUDY SITE WAS 455 CM. -
if the CORRESPONIHNG TO A ONCE IN TWO-YEAR EVENT. '
o dry f
2 and Water alunce paramger iemy .
Bin Ploy Soil water Livapairan:
cm, Treannent Nupiber Lotation Rupofl  Seepuge  inventury spiratian
seipi- shrublgravel [ east 6.1% 1.00 2.79 T 35.62
Ated 8 center 4.72 1.68 10.26 | 28K2
the 9 west 3.37 040 3.56 37.60
ent in shrubfare 2 cant 14.00 .66 258 © 2826
' 7 centler 9,20 163 6.01 . 2459
10 west 4,41 0.00 7.18 L a391
grassfgruvel 3 st 7.3 0.55 20m 3560
5 Lenwer 3.20 168 6.07 - 3452
plots " west 547 1.6 2.95 -, 3543
nee m grassfiire 4 ot | 16.14 .50 .01 25.82
1988, 6 cener 399 168 186 3215
12 wiest %32 0on 363 o Axad
Average of all plos: 7.19 .92  4.40 . 31,48
zed in
it year
aate
that |2, A 3.62-year Event: 1988
fthe ¢
m-

" the
i oty
due o
wias
991,

The water balance data collected in 1988 is summarized in
Table 3. This vear wis chosen because it was the wettest
year of the study and could be eategorized as on approxi-
mate 3.62-year event (Table 1),

The evapotranspiration term of the water balance equation
was still the largest term, accounting for an average, across
all of the plots, of 44.13 cin (78%) of the 56.54 cm of totat
precipitation reccived in 1988, The next largest temm wias
the runoff tem, which accounted for an average (across ll
plots) of 16% of the 56.54 cm of precipitation. Again, two
of the plots without the gravel malch demonstrated the
largest umounts of runoff measured to date in this ficld
swdy. Grass/bare plot number 4 and shrub/bare plot
humber 2 kost 29% and 28%. respectively, of the precipita-
tion added 1o these plots in U8R,

i3

Although the seepage team-was & smaller proportion of the
witter balanee equation than the runof terme, the amounts
of seepage oceurring on tiese plots represent to our
knowledge the largest amounts of seepage measured on '
landhills in a semiarid environment, The average across all

of the plots amounied 1o 3.5 cm of flow, or approximately

€% of the precipitation received by the site. Although most
of"the annual scepage ranged fron: 2 to 4 cm for most of
the piots (Table 3), plot number 1 with the shrub/gravel
treatment produced over 10 cm of seepage, representing
[8% of the annual precipitation. Thus, unlike in the two-
year event discussed previously, the water uptake rates of
the shrub roots deeper in the soit prafile were much
stealier than the infilication of water through the sail
profile in this wét year, ' .
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3. Entire #ield Study

The water bulsnee data collected over the entire tile of the
Tiekd shedy 1o chtte is presented in Table 4 1o rive the ~ite
operator the idea of what changes to eapect over an cighi
year time period ai MDA B tfrom March 19, [987,
through June 30, 19951, Since most of the yewrs of this
fiokl siudy were not like the 3.62-yoar event discussed in
the previous section, we shouhd expect 1o see amaller
percentages of sunoff and seepage and a Targer perecniage
of evapolranspirmtion in the wmer bidonce eguation, The
duta in Table - show that ecapotranspiration aceounes for
an evep kirger prapartion of the 1ot precipiation recerved
by the ite thun either the two-year of the 3.62-veatr evergs
discuseed previously. Evapatranspiration acconnted for an
average of abois 9 of the waten foss serass ll of the
plots vver the §ife of the Tickl study, Runoff 1s the second
largest companent, comprising 31,36 cm (eapressed 28 an
averaye across all plolss af the (ol 332,67 o of precipi-
ttion 1 Table 43, Seepage over the 11 of the [eld siudy
amounted to about 3% of the precipdation, amountng ta
alpwst 10 ain of average Gow across gl of the nlon
(Table db. The Largest armounts of seepage for this time
penod sere observed on twa plots with the grassigravel
cover, and these plots exhihiied sthoan 16 cm of seepage,
amounting 1o about 3% of e previpiation ecoived by
the sile.

From the duta prescated in Tabfe 4, it is obvious that the
shrub/gravel surface treatment appeius to be the best
surface treatment for a landiill beciuse of the fiwt ey
through June 36, 1993 waral previpitasion recenved by the
study site was 332.0Y em,

4

C. Relutionship of !.undﬂ!l Smpe v Runol’f ant}
Secpage

Many o the data nterprelations ase not gatile ws simple as
preseated in the Water Balance Estimatés section of this
repont, since sl of the fied plats did not have the xame
steepness {Figure 2). The plots iad slopes ranging from
L3 10 005, and previous studies have :!m.urwnml that
botl: the length and steepress of the tund slope can sub-
stantiatly affeet runoff and soil foss i are included as the
l(qmvr.lplm, Factor in the USLE (Nyhun and Lane, 1986),
Mhus, the sunoff data collected in the field from resulting
in e overall expected trend of increascd snnfl for plots
at larger slopes, For eaample, the runaff for the field plots
with 1the shrobfbare surface treanmeny exhibited 23 and
60 cm nf runot! ux the steepoess of the plats increased
from 2.0 6.0%, n,\pcm\-cl\

Howoeyver, thrae of the feld plows exhibited reduced runott
over the life of the freld experitnent s slope increased
(Figure 3). For example. the grassfbare plot with i slope of
4.7% 1Plof pumber 33 exhihited 64.7 cm of tupolf, the
Largzest wniount of runoff obyevved in iny of the plots

{ Table 0. incressutg the Nope to 5362 on feld plats baving
3 similar surface tresument should have increased the
amerd uf vunol{ observad i the Gield, Ind andy 134 em
wirs aclafly abserved (Figure 3). Likewise, the plots with
the shrubyfpravel treatment had 12,05 e runoff ata slope
of 1.9%: whereas only 28,21 cm of runoft was observed at
i slope of G.9%%, m spite of the fact that a plot {(~hrub/bare
plety with a similar stdpc (6% had 6.2 cm of cunoft.
Thus, the influence of stope is not the valy Tactor nfluenc-
ing the runoft relitionships pontraved in Figure 3, A we
will eliborsde i wore detail o the neat-section ol the
repon, the nugor reuson Tor the reduced naotf in these

plots wilh the kurger slopes was aitributed 1 fo kirger
swaounts of pl.:m cover,

LD



TABLE 3. ’
WATER BALANCE SUMMARY FOR 1988 FOR ALL PLO‘!‘& AT MBA B.
TOTAL PRECIPITATION RECEIVED BY THE STUDY SITE WAS 56.54 CM, :
APPROXIMATELY CORRESPONDING TO A 3.62-YEAR EVENT. :
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a8 ,
s Waler Dalance pariGier (emi -
H Piot Soil water Eva;:ol: -
n Treamment Number Lecation Runceff Seepuge - inventory “3piration
at Shrub/grave: 1 cast 10.71 10.19  ©  0.88 ALT3
> 8 center 342 228 1S 4oy
‘;'8‘6‘;”* 9 west 4.8 322 0 018 L 4896
ing' Shiubvbare 2 east 13.67 2.3t 08 4074
Hots ? Conter 15,63 2.28 X 37.40
olats 10 wesl 9.40 396 -0.56 4375
d : Grassfgravel 3 enst 11.62 4,52 . -L26 © 41.67
i 5 center 1.74 228 © 550 - 47.01
11 west 5.8] 382 - -1.55 - 4847
Grass/bare 4 east 16.36 2.63 I 38.50°
woff § 5 center 1.60 228 1 T . 47.87 .
d R} 2 wegt 1225 228 s 4429
apeoi B Average of all plots: 5.86 3.50  © 0.13 44.13 .
[ " -
: TABLIE 4.

WATER BALANCE SUMMARY FORALLPLOTSATMDAB
FROM MARCH 19, 1987 TRROUGH JUNE 30, 1995, TOTAL PRECIPITATION
RECEIVED BY THE STUDY SITE WAS 33"' 69 cm,

.‘:_mwr mewm : :

Plot -Soil water Evapouan-

‘Treatment Number Location Runoff  Secepage inventory spiration
Shrub/gravel H east 28.21 939 . 238 . 297.67
; 8 center 14 64 4.7 B 320.82
ose 9 west (2.03 939 1 9% © 320.54.
2 east 60.20 11.84 ToA308 263.83

7 center 49.82 4.7 LA - 285.60

19 west- 24.38 96¢ | 375 0242

3 east 15.63 17.52 © 323 128278

5 center 8.55 4.72 . -529 32470

1 west 22.87 1459 . 9.8 104.41

4 gast 64.66 (219 2.0 - 258.64°

6 center 1341 412 LAl 132197

i2 west 4127 1203 ©AL2 (233310

Average of all plets: 31.36 9.62 5,52 S 297.22

i3
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£ e !
60 oo Shrubigravel - N R} o
50 4! et Sheublbare o Cs - ks
3 11« + - Grassgravel % L /:"( , ' %
i-— 0 s . Qrassihare o’ o : ": a3
g / L .ae® : i
. e —
-] ampP” LM R .
E et e _...-"‘""-/
= 20 — :
= ] !
v : ]
16 ¥
0 IOU—— i
0 1 z 3 4 5 6 ‘ 7
Slope (%) '
Figure 3. Influence of slope on umaunis of ranoff measured aver the tife of the field e.rpdnmem at i
MDA R, : :
l
!
Omitting the slope and runoff data from the three previ- difference in mnofl with increasing :,lopa. agrees quite welt

ousty mentioned plots, the data shown in Figure 3 was
subjected to regression analysis using an exponential
medel. This model expressed lifetime runoff (Y), received
from March 19, 1987, through June 30, 1995, as a function
of percent slope (X) as:

Y = -2,040 + (15.98)(e 174
{Equation 3)

Considering that plant cover and soil profile (Figure 2)
differences had not been takan into account, this model
successfully related runoff and slope. The coefficient of
determination, r2, for the regression model was only 0.48
and the standard error of the model was 1598 cm of
rurnofl. This model predicts that as the slope [ncreases from
2 10 6%, a 2.7-fold incrzase in runoff shouid gecur. This

_ percent stope. Our field data does not support this conclu-

16

with the 3, 1-1uld change in soil loss predicted to occur for |
piots with these glopes and %lopclcn;,m., using the USLE

{Nyhnn and Lane. 1086) , \

According to n:cent guidance on the design of tandfilt . , :
covers (US EPA, 1989), landfill covers should have a iy

slepe ranging between 3 to 5%, but pot mote thin 5%. Thej,
reason given by EPA for this recommendation was that as
stope increases, it is at this siope range thal increases in
runoff are optimized with decreases in scepage. We
analyzed our field data to see if this relationship could be
valid for our site. The results are presented in Figure 4, in
which we have plotted lifetime runoff and sespage verses

sion: as slope increases, runoff increases, but seepage
demonstrates no significant mlauonstﬁp with either slope
orrunoff.
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tation 2and Water Balance Dynoaniics

f tpecies list for the MDA B plots is presented in

Plant cover daia collected from 1987 through 1994 on the
3 describing the forbs, grasses and shrubs found on ; ¥

i T MDA B study plots are presented for the plots ceceiving
a Lpiots in 1’3‘?4 Both the scientific and common the shrub/gravel and shrub/bare weatments (Figure 5) and
% * presented in this table, according to previous for the plots receiving the grass/gravel and grass/barc

& Los Alamos (Foxx and Tierney, 1985) and
western Nerth America (Spellenberg, 1979),

1S database provided by the Natural Resources
on Service {NRCS) of the United States Depant-

culture (UUSDA) was also consulted as a
SDA NRCSE, 1995).

teeannents (Figure 6). More details are presented in
Appeadix G. The first interesting cbservation that can be
made about this plant cover data is that once a vegetation

 treatment of either shrubs or grass Is applied, this reatment
seems (o be dowinant over this eight-year time span.
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TABLE 5. '
PLANT SPECIES FOUND ON THE MDA B FIELD PLOTS IN 1994,

Scientih G .

Tochs: ,

Antemisia carruthii Cuarruth's sagewﬁrt. w onnwoud ’
Artemisia dracunculus False tarragon

Artemisia frigida Fri inged sagcbmsh

Artemisia ludovicinno
Chenopodium fremoniii
Chrgsapsis viltasa
Cirsium undulatum
Convolvitus arvensis
Conya canadensis
Erigeron divergens
Erigeron flagellaris
Euphorbiu serpyliifolia
Geranium coespitosum
Grindelia aphanactis
Gutierrezia sarpthroe
Lycurus phleoides
Machaeranthera bigelovii
Medicago sativa
Melilotus athus
Melilotus officinalis
Mentzelia pumila
Muhlenbergic montana
Oenotiera hookeri
Salsola kali
Sphaeralcae sp.
Sporobolus cryplandrus
thelesperma irifidim
Tragopogon dubius
Taraxacum officinale
Trifolium repens
Verbascum thapsus
Grasses:

Agropyron deseriorum
Agropyron sevithii
Bahia dissectn
Boweloua grecilis
Bromus ine: mis
Feswea oviny
Shrubs:

Chrysothamnus navseosus

Louisiunz wormwood
Fremont's gooseioot ,}
Hairy goldenaster
Wavyleaf thistle

Field bindweed .

Horseweed, Canadian horseweed

Spreading fleabane :

Trailing fleabans :

Thymeleal sendmat, zhymc!.af spurgs

Purple geranium

Curlytop gumward, gumweed

Snakeweed :

Common wolfsail, wotftail

Bigelow aster, Bigelow's tansyaster
Alfatia

‘White sweet clov\f.r

Yellow sweet lover

Galden balazing star, dwarf meatzelia
Mauniain nwbly

Hooker's evening primrose

Prickly Russian thistle
Globemaltow

Sand dropseed

Suff greenthread, greenthread
Yellow salsify, salsify, gonisbeard |
Comimon dandelion |

White tlover

Fianne! muiisin, common mullein

Russian wheatgrass’

Western wiieat grass

Yellow ragweed, bahis, ragleaf bﬂhm
Blue grama :
Smooth brome; Hungarian brottié
Sheep fescue

Rubber rabbithrush
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Thus, the average shriby covers observed m the shrub/
gravel and the shrubvbare treatments over this time period
wers 25.4 and 21.2%, respactively (Figure 5). Some of the
shriths in plots 1 and 2 did not sucvive after 1 couple of
years after being planted, restthing in shrob cover esti-
matzs of less than 3% for these plots in 1994, The plots
receiving the grass treatments were kept free of shrubs
during 1987 and then pansral suceession of shiubs was
allowed 1o ozcur, In spite of this natural succession, the
average shrub covers observed on the plots with grass/
gravel and grass/hare traatments were 16wl 1 4%,
respectively {(Figure 6). Thus, the plats teeeiving grass
vegetauon as 3 sucfice treatment persisiently contamed
A0.2%: (grassfgravel treatment} and 360 grass cover
{grassfbare treatment).

1. Gravel Mualch

The second interasting obsecvation has to do with the
influence of the gravel treatment on the plols: gravel witha
diameter of less than §.5 cm and was applied 31 13 kpfm®.
The gravel muolch increased the plant cover on our swdy
plots (Figures 5 and ).

The shrub and grass cover estimates were averaged over
time and are presented for each ol the field plots in Table §
1o further iltustrate ths point, On the plots where shrubs
were added (shrub/grave! and shrubshare tedimentsy, plots
recetving o gravel muich averaged 21.2% shrub caver,
while plats seith gravel hod a 20% farger percent cover of
shrubs (Table 6). However, the influcnce of gravel mulch
was even more pronounced on the grass cover on these
plats, where the average grass cover on the plots with o
grivel was 10.3%, compared with i 424 incroase in
pereent grass cover due to gravel muleh. Similar results

.
-

wers observed with grass cover on the plots where only
gritss wan added to the plots, except for t.:c plots it hc
center localion (Table 6).

2. Evapotranspiration

More evapotmnspitation usually sccurred during tite wam

surnmer months than duning the other seasons on all of our
study plots. Fignre 7 presents the monthly estimtes of
evapoiranspiration (sununed from weekly estimates of
avapotranspiration) plotted as a function of time for the
entire ltfe of the experiment for two plots in the western
area of MDA B (Figure 2). F‘xn;ﬁotr‘znspintion estimates
for some months usually ue:e-dod 1dem in the swnmer,
snd exceeded 15 cmin 1991 and 1992,

Nepaive evapotranspiration (Fignrc ™ '&s pally occurred in

the winter, and represents time periods when either snow is

intercepted by the vegetative cover or the snow underfoes
sublimation: in either case, the water is never added to the
topsoil us Hanid water, but is meusured as precipitation
the enin gauge. Ravbithrush covers commonly intercepted
snow dunng e winter and this snow was commonty
maintained abovegronad mn their voluninous canopies,
potentially making the snow more avatluble for sublima-
tien processes. This relationship probably occutred in the
wintee of 1989 and the late fall of 1991, periods when

wralive (,S'.t[‘olrdﬂspird!lﬂn on the plot with the shiub
cover exceeded that on the plot with the'grass caver
igure 7). ‘ :

r

N L

¥

%

.

x
5 N

@
kL

b e

sk

>




C Lo : i

K ) : . - '!
P : : L TABLEG. S T
o LAV FRAGF GRASS AND § SHRB COVER mmmmms AM) ww.; o
o TREA r\ww PLOTS M‘m AND WHHOUT 6 a.wu. mf! tm,,\ t*ﬁbm,&. B
e . ivmk ,;nmwww%: ‘ :\'-*en , s.mbm\crf-‘zh; ':,j

B P

Withy :ua'»;i muua

»"hmvel
gighol

~

Wit "tuwb :
mulen

© N et

R : C Lawtiggan

nmw‘f

S - Fam 4. 144 Pr 3 S S
A O Cemer Ng LR Wwe Do
AR - sl n: o BN Al w
‘ V Avtrige: i it
A O A w1
3 Center BN R
: foWew 83 paX
f | Avenge 40y . 402
.

. . S ! .

1

T I

1

Pt (et

B Gragidore (et

E'npmnmmti'un {em}

ks El
e

N

R

"L

~lar3 1

P

Jamg3

r d {rmt}imm mrnv.




Plots with predominantly shrub cover usualiy exhibited
larger evapotranspiration than plots with grass cover. in
spite of the large negative cvapotranspivation values
nceasionally observed an the plots with shirub cover
{Figuee 7. The evergreen shrubs (Chrysothamnus
nauseosusy usad in this field study typically grew year
reund. whereas the grasses and forbs (Table 5) are viually
dormant fram Qctober to Apnl. Rahbitbrush s not an
evergreen plant in the sense of a plant like a poniterosa
pine, hut even if rabbitbrush loses its leaves in the early
winter, this plint can transpire because it stlf has green
sterns, Thus, we eompared the amonats of lifetme svapo-
transpiration occurring on the field plots for 1wa time
periods: May through September (grasses, forbs and
shrubs nctiveiy transpiring) and Qctober through April
{only shrubs teanspiring, bt at a ceduced rate). This
seasonal difference in evapotranspiration is presented for
all of the plots in the western and eastern portions of’
MDA B in Table 7

The data in Table 7 is presenied to demonstrate that plots
with shnib covars usually exhibited maore cvapotranspira-
tton than plots containing grass covers over the life of the
fietd expeciment (from Maren 19, 1987, thiough June 30,
1985). This was accomplished by grouping the data by
pairs of surface treatments whose anly diffecence is
predawinantly shrub or grass cover, as well as by western
and eastern plots. since the soil profiles o these two areus
are dissimtilar, Thus, comparing the shrub/ban: and giass/
bare treatments in the western plats (Figure 7Y, we discov-
ered that there was 2.8 con more evapotranspiration on the
shrub/bare plot than on the grasstbare plot between May
through September and rhat this difference amounled to
16.3 cm between October through April. The shrubfgravel
western plot exhibited 1015 cm mote evapotranspiration
than the corresponding grass/gravel plot between May
through September, and 5.6 cm more evapolranspiration

between October through April (Tahle 7); similar relation -

ships for this treatment pair occurred on the eastern plots,
This data supparts the coaclusion that landfill covers

containing rabbitbrush can evapotranspire mare water out

of the soil profile than covers with caly grass segzation,
and that this total yearly difference can be as much as
19,1 cm,

Plant caver on the MDA B field plots was related 10
evagotranspiration both on an annual basis and for the life
of the field experiment (March 19, 1987, through June 3G,

o

1995}, representing Lm first fictd dunrmmduon of this
relationship at Los Alamas. Since we onfy collected plant
cover duts on four of the years of this field study, the

annual evaprtmnspiation estimates for all of tie plots for

- these years were compared by year {top part of Figre 8)

andl surfce treatment (hottom part of Figure 8 Shinb plus
grass cover annual values for all of the plats r'nxged lrom
147 10 T0.4% as anmxa! evapofranspisation estimates
ranged from 26.3 t0 49,2 cm {Figure 8). The estimates of
plant cover and annhual uapozr.m-:pir.nicn were signift-.
cantly smaller for all of the plots in 1989 than in 1990
(Figure 9). Anmual shmh plus grass cover was .1gmnc‘mtly
related to annual evapotranspitation using the data from all
of the field plots (Figure 8). but exhibited considerable
variation (the coefficient of determination, r, for the Hinea
regression model was'only 0.27 and the standard error of
the model was 4,96 cm af water), In spite of the iemporal
and spatial vaciation i the field data, the regression moded
predicts that doubling percent annual shrub plus gass
cover (30% verses §0% caver) resnlts ina22% mcreﬂu in
annual -..wpotmnspsmuon '

© TABLE 7,

SEASONAL DIFFERENCE IN Lll”il'l‘ﬁ,ll‘
EVAPOTRANSPIRATION{FROM MARCH 19, 1987,
THROUGH JUNE 30, 1995) FOR THE \WESTERN
AND EASTERN MDA B PLOTS.

L e

Flot Evapolzansphiation (cm) (i
‘Trenment Number  May-September  Outaber-Apri]
Wastern plots : . B
Shrubdyravel b 2471 714
Grass/gravel Iy 236.5 679
Shrut/bare TR 2223 v 804
Grasspare 12 210.5 . 638
Easten;, plols 5 .
Shrubigravel 1 - 116
Cirassfuravel 3 T 637
Shrub/bare 2 042 TR
Grass/bare 4 1933 o 65.4
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Annual shrub plus grass cover (%) © i
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Annual evapoiranspiration as a function of shrub plus grass cover }'or the MDA B field plais. The upper

portion of the figure presents this data for the four y ars where plant cover data was collected, whereas:
the lower portian of the figure presents the same field data oaly as a function of surface treatment.
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‘The volumetric water content and soil water inventory
changes with time are presented in Figure 13 for two
MDA B plats with the shrub/bare reatment to demonstrate
how seepage was estimated for the study plots. Most of the
time there was very little change in soil water content on
‘thess two plots, and during these time periods the soil
Aavater inventary changes ranged {rom -0.5 10 0.3 cm of
‘water. However,.on a few of the 156 sampling timss, the
*“chonges in soil water inventory were greater than 0.5 cin,
This happened ten tites and nine times on Plois 2 and 10,
srespectively, and the seepage events usually occusred in
the winter and spring (Figuse [3). Plots with replicate
trezunents behaved similacly relative o the occurrence of
‘seepuge only when large suil water inventory changes
‘were observed, For example, between March 31,1993 aisd

‘April 16,1993, when the average volumelric water content

at the 80-100 cm depth on Plot 2 increased from 11.3 to
'15.0%, 1.86 cm of seepage occurred (Figure 13). During
‘this time period, the volumetric water cantent of this soil
layer on Plot 10 increased from 26,3 to 29.6%, resulting in
-a seepage estimate of 1.65 cm. Usnally whan seepage
accucred in the east and west portions of MDA R, it
.occuered on one plot but not the replicate plot with the
_sume treatment (Figure 13). This was inost probably due to
- differences in soil properties (Figure 2) and plant cover
(Figure 5).

.Data similar to that presented for Plots 2 and 10 in Figure

* 13 is presented for the soil layers beneath the guavel cobble

-biointrusion barrier associated with the central plots in

; Figure 14, Seepage taok place much less frequently on

.these plots than on the plots from the cust and west por-

. tiong of the study areq. Seepage occurred at different time

“intervals on these plots (Figuee 15), happening only
batween July 20, 1988 and August 3, 1988 (1.22 e,

April 10, 1951 and May 8, 1991 (0.97 ¢m}, and May §,

: 1991 and May 22, 1991 {0.71 ¢cm). This phienomenon his

" been previously ohserved oa the [TP plots at Los Alamos,

- which also comtained a shallow suil layer overlving a

. geavel/cobhle bivimrusion barrier (Nvhan et al., 1890).

- The central plats at MDA B had this same shaliow soil

" profile, which promoted more evapotranspiration to oceur

- on thess plots than the east and west plots (Tabic 4).
Increasing the evapotrauspirition on these plots generally

* greatly reduced seepage production on these pluts. How-

- ever, this shallow soil profile configuration also changed
the seasonal distribution of seepage an the censral plots

- (Figure 15), allowing no seepage to cccur on these plots

¢ between October and April.

- in this comparison because they were influenced by the

25

The type of + vsgetauon growsm, in the g]ots .ﬂsu in tiénécci

when and how much. seepage wits produced ¢ on the
MDA B plots {Table 8} The seepage data for-the'n
containing the shrubs ware compaced with samtlfu' data ;)
coilected on the plots ,wnh dominantly geass ¢ cover far the .
sine twa time pcrrods used for the evapmranspnratwn data
tn Table 7: May thmugh September (grasses, forbs, amd '
shrubs actively transpiring} and. Cctober thrcugh April :
(only shiubs iranaplrmg, but at a reduced rate). T ki
seasonal difference uxseepage was compared. wzt_h, :
Tifetime average shmb caver measured.on-the east and |
west plots (Table 8); the centril plots were not cansnden'.d

H
!
i
1
i
i

hydrologic relutiomlupw related to & shallow soil proﬁlc. as”
discussed previously. As shrub-cover InCIc:lSCil from

013 to 23%, the seasonul difference in seepage. dcucdsed
from 5.73 to 1.19 cm (Table 8), showing that'slirubs cuuld
continue to transpire throughout the fatl, wiriter, dnd c:.uly N

spring, thus reducing the amounts of seepuge occurrnu, on
zm. plots. :

Several analysas of thc runoff data {Barnes et al [98(1,
Barnes and Rodgers, 1987, (988; Bames and: ‘Waftren,
1988; Lopez ctal., 1988, 1989) and solil ecasion datu
(LANL, 1991) have been performed, and these are pre- .
sented in Appendices E and F, respectively. £

A prelmmmry analysis of the runoff data from the \fIDA B

plots was pc.rfnrmed with.the rdea that the decreasgs in -

runoff with lime were due to increases in vcgcmtzve cover, -

‘This analysis did not rake into account the occjireence of
cryptogams, which started 1o appear on the soit surfaces of
many of the plots in 1987, about three vears after the plots
were ssuptuced at the site, Since this effect wus not quanti--
fied, the percentage of ground caver (with o withowt
cryplogums) for each:of the 12 plots was plottcd as-a

function of annual runoft for each of the vears wherc bath

types of data were available (1988, 1989, 1990, and. 1994).
This analysis did not show 4 very good relationship
between these two variahles for our ficld study bcu.ausc the
amounts of rupoff generated duzing the 3.52-yea revent. = ..
were so large that the influence of ground cover was natan
important {actor for 1988 '

s
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'WEST MDA B PLOTS AND SEASONAL DIFFERENCE IN LIFETIME SEEPJ&GE

TABLE 8

> i

Seasanal

Plat Lifetirne sverage Lifetime Seepage (:.m) durmg diffezence i
Number Treauent . shrub cover (%) _ Otwwber—Apri!- May»Scptembcr seepnpe (cm):
4 cast Grassibare 0.13. 8.96 323 513
Jeast. . Crass/fgravel 0.88 11.61 591 369 ¢
It west  Grass/gravel 709 3.08 L i6.50 1.58 -
12 west  Crassbare 7.96 8.77 ;3.‘.".6 : 551
2 cast Shrub/bare 11.52 8.0 i3.83 ' :
teast -~ Shrub/gravel 1377 26 14,13
Swest-  Shrublgravel 2 5.26 4,13
Shrub/uye 23.00

5,
.....

10 west

5.41 423

4. Runoff

Fgute 16. Grou
related 1o annua

?\nnual runaff {cm)

Taking the 1938 runoff and ground cover data out of the
‘ comparisons, the data was regraphed and presented in

factors influencing runoff, such as slope (Figure 3), were
pot taken into account (Figure 16). Almost 61% of the ‘
variance in runoff was described by a model describing a - ?

6 g SR s P M TN L Ve B R e eme bt

nd cover was found to be significantly
| runoff, in spite of the fact that other
. almosta 9 fold dccrcasc. _

" Gmund covervs annual runoﬂ for MDA-B
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v, USEF ULNESS OF TIII“. STUDY AND FUTURE
RESEARCH

The inforrnation gathered in this field study at MDA B
provides us with an insight inte the interactive relation-
ships between plant and gravel cover, site characteristics
such as slope, and water balance parameters. This insiglt
is necessary for the waste site operator to be able to put a
" landfill cover on this site that can be used to satisfactorily
close the site and minimize risk to man in the future,

Since the landfill cover design must perform satisfactorily
for hundreds of years, it must withsland annual precipita-
tion that has ranged from 17.3 cm in 195610 77.L em in
1941 (Bowen, 1990): In our seven-year study, we experi-
enced five years that were drier than average, one year that
had about average annual precipitation, and a 3.62-year
event. Comparing water balance relationships across all of
the field plots between the average year and the 3.62-year
events, seepage increased dramatically as amouats of
precipitation.increased. Seepage consisted of 2.0% and
6.2% of the precipitation in the average and 3.62-year
events, respectively. These increases in seepage were
accompanied by corresponding decreases in evapotranspi-
ration, which accounted for 86% (average year) and only
718% (3.62-year event) of the precipitation, If this trend

" continues, it will be critical to evaluate how the landfill
covers respond to events occurring less frequently than'a
3.62-vear event.

However, over the seven years of the field study oniy 2.9%

“of the total precipitation received at the field site ended up
as seepage, and 9.4% as runoff. Comparing these values
with the average and 3.62-year events, this is undoubtedly
a reflection of the fact that the study period encompassed
five years that were drier than average, decreasing the
average seepage and runoff values for the entire seven
years,

. Slope is a very important variable in the design of a
landfill. Qur study shows that as slope increases fram 2 to
6%, a 2.7-fold increase in-runoff should occur. However,
as slope increases no significant relationship was found
between increasing runoff and decreasing seepage, be-
cause seepage was not related to either slope or runoff over
the life of the experiment. This latter relatjonship is
obviously more strongly influenced by the soil properties
of the entire profile, by vegetative cover differences, and
by site factors such as aspect, which has been previousty
shown to impact the amounts of solar radiation and

E 7]

_antecedent molsturc condition of the Lmdﬁll CO\'LI‘ (Nyhaa :

“Two mtemung observations were mad:: conccmmg thc

et ul., 1994),

u,

surlace covertreatments on the field plots Dunng the -
seven years of our field study, once:a vegetative cover of .
either shrubs or grass is applied te the landfili cover, thls ,
treatement Seeins o dominate with time. In addmnn, graval ;
mulches increased the plant cover on our s,tudy p!ut's" LB
having a larger influence on grass cover than on Shﬂ'-b}
cover. Plots receiving no gravel mulch’ wemged 212%.
shrub cover, while piots with gravel: had a20% la:ger
percent cover of shrubs; however, thc avcm"c grass cmrer
on the plots with no gravel was 16.3% 'éompared witha ~
42% increase in percent grass cover duc o graw:l mulch
These relationships are exiremely 1mportam m lhe semi-
arid and arid portions of the sauthwestem pumons ‘ofthe . §°
United States, where plant cover can be’ very hard 10
establish on tandfills, unlike the wetter portmns ofthc
United States, : :

Cover reluttonshtps on the Iandf:ll wete fmmd to be very. §.
important in influencing runoff. Ground cover was found -
to be significantly related to annual mnoff n wpm: of the
fact that other factors influencing runoff, such as siope. K
were not taken into account. Almost 61% of the’ varmnce B
in runoff was described by a model desmbmg a puwer
relationship between runoff and ground covcr This model ,
predicts that as ground coveris mcrcase.d from 30'to 90%
annual runeff is reduced i'mm 3 Bto 0 98 cm, 11mos. a i
9-fold decre.xsc. : I ‘,‘;{ ;

Several mte:esnng retatmnshlps were quanu ﬁed:betwecn
evapmmnsp:rauon estiinates from the fi eld p!ots and- ‘g
vegetation parameters A rcgmasmn model of our ﬁeld 2
data predzcts that increasing foliar and shtub LAlL by un!y '
0.15(0.35 to 0.50 cmi/em?) results’in 17% i mcreases in.. g s
lifetime evapotmnsplrauon Expressed in terms of plant N
cover estimates from point frames; we found that doubhng a3
the percent shmb plus EFass cover (25% verses 50%} on
the landfill dover increases hfeamc evapotmnsptratmn by
28%. Both of these observations prove that e.vaputransplra-
tion is a water balance parameter that the site opcmwr can-
use to managc water relauonshlps on thc'landﬁll

Different amounts of seepage oc.urred across thc amdy -
area as a function of landfill cover sml propcmcs. which- :

also influenced the time when s seepagc “occurred: Lnrge e 3
amounts of seepage occured on theieast and west p&ots in’
the winter and the spring, Secpage oceurred! much less
frequently and during the spring di s‘ummér it mc
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pions of MDA B containing a more s Iml!uw soil cover
with an underlying biohurrier.
part of the explanation for these soil profile differences is
related 1o the observation, which could only be made for
the east and west portions of the study area. that ses sonal
differences were {ound in seepage production on the plos
as a function of the type of plant cover present. These

* geasonal ditferences were duc 1o the fact tha our ever-

shirubs were trunspiring il year, whercas the grasses
and forbs were not. Thus, as shrub cover jncreased (rom
0.13 10 23%. the seasonal difference in seepage decreased
from 5.73 to L.19 cm, showing ihat shrubs could continue
10 wranspire thronghout the (all, winter, and early spring,
thus reducing the umounts of seepage ovcurring on the
plots in the castern and western study areas. This relation-
ship could not be verified for the central pontions of the-
study area, because these areas had shallow soil profiles
that enhanced evapotranspiration and  promoted interflow
with the underlying bioburrier.

The goal of disposing of low-leve! radioactive #nd hazard-
ous waste in shallow landfills is 10 reduce risk 1o human
headth and to the environment by isolating conaminants
until they no longer pose an unaceeptable hazard. The
interrelationships between surface gravel and vegetation
treatments, water bilance parumeters, and site physical
paramciers (such as stope) which were discovered in this

. field study can now be applicd 1o improve landfill cover

technology currently needed so badly at Lm Alamos and
throughout the United States.

i3

[

SIS




o e v s o+ e et w8

LLY.

: Z . | ,
¥ . : . : o
H A “Wn .
. u .,‘ . |
L ’ :
- y :




ACKNOWLEDGMENTS

Over the entire iile of this program. thix warl\ WaIS SUp-

= ported by DOE Nutioaa) Low {,evel Waste Management
Progrum, DOE Wasie berioy Operations, the Los Alumos -

Nutiond Environmenuil Research Park, the US Environ-
mental Protection Agency, und 1he Loy Alamos National
Laburatory Envirepmental Restoration Projecy,

Muny rechaicinns and stidents contributed 1o tiis report,
Tun Ellis, Ernest Antonio, Willred errers, Susan
Johnson, Martina Kincaid, Clif Meyer, Mark Ritchie,
Shuron Tarbox, Johny Sulizar, Wayne R, Wilson, and

* Tracy Schofield collected fivld data. Leo Martinez, Ken

Rostick, and Elton Karlen also helped with instatlation,
Chuck Martin and Tracy Schofield helped design and
install the automated runoff collcction system, Gary
Langhorst, Johnny Saluzar, Laura Campbell, Wayne
Wilsesis and CHE Meyer hielped with disa compilation.

In udddition, several staff members in the Environmienial
Science Group contributed. John Rodgers, Fairley Barnes,
and Tom Hakonson helped initiate the project and instsll
the cover treatments. David Breshears and Everelt
Springer helped with dota analysis and overall project
supervision und managenwent,

The senior author would be gravely remiss without ac-
knowledging the heastfelt suppost of his soulmate, Sondm
Canirell, who listened 1o his complainis about work, spent
thousands of hours atone while he worked an this repont,
yet gave him fumily-based strength 1o do the job. Thanks,
Sondral

i5

LITERATURE GITED

Anderson, 1 R S. ‘\an,;L 1.0, R.n?lafﬂ .md() D
M.lrkh'sm. I‘J‘)B “\1.m :gmL ami mmumrc on w-asu: bu

e, Amldt M. Hm:cm't,id. and W‘ J \"mdcn Brmk

editors. Cmu.nmmictl Soil "9, Kluwer Ac:ulcmu Puh!n\h
ers. ; S

J”I pp 173- lh’

B.tmea F. . and J' R. R(nlger%. 198K, "E'.'.tlu. ion uf
hydrologic models in the design of stable I u)dhll covers
Final report IAG No. DWHYY30235-0100; US EI‘A Oth
of Rescarch and l)cu.lapmem Cincinnati, OH (L. _m '
Adwmns Nutional Lahomlow Rcmm LA- UR‘SS ”usx;

Bumes, F. L, J. R.. legr\. and G, Tru;:llu. wxﬁ "Tim
role of water lmme:* in t!w long-term stability nl’h.tz.nrd,,
s witste sile cover treatments.” Pmcccdmp. of, ther
Twelfth Annual Rcﬂc.mrh &ympuuunn EPA report numbc
EPAJGNYY- HG,"U’? us EPA Cincinnati; OH pp 50«53‘

Rames, F. J. and J, L. Warren, 1985, "Cmcr !Lchnolog, {
demuonstration forlow-level radinactive sites.” Pmcudm - a
of Tenth Annual DOE Low-Level Waste Mun.xgcxmm *
Conference, Ang., 30-Sept. 1, 198%, Denvér, CO: Id.mu o
Nutionul Engineering Laboratory rcnon INEL CQ);F-&S& ..
839-SES.VE 33-44 o ;

o Co %
Bowen, B. M. 1990, “Los Alsmos chnmhﬂog. “Los X
Alamas Nation:l L.xhor.lmry Report LA- 1173‘5 MS Lm: -

B

Alamus, NM. g
Clang, J. 1471, “Citmalc wmd .lgrwulwn‘ G
ing Compiny, Chncagn, lL. ~

B e LR

1gi§ﬁ_c Publishe: !

D‘:ﬁkh.m. M. .tnd G. F. (‘nfmrd l‘)w “mﬂuemc of

) r.m‘).yso.



http:Alull1(js.NM
http:diIIlOlt()logy;~�l.oS
http:lllbilily)lChuz..rd
http:Sal;~'I.ur

Foax, T, §. and G. D. Tieeey. 1985, “Status of the Nlora of
the Los Alamos Nutional Environmental Research Park,”
Los Akimos Nationad L.nhnmmr} Repon L«\ ROSO-NERS,
Vol T, Lm Alamos, NM.

J.lc:oh»- 1. G.. 5. 8. Epler, and R. R, Rose. 1980), “demifi-
cation of technical problems encountered i in the shallow

and butial of low-level rudioactive wasies.” Technical
Report ORNL/SUB-RIZ136§971, Quk Ridge National
Laboratory. Oak Ridge, TN,

Keanedy, W, R., and ¥, D, Punymun. 1971, “Plutonium
uard strontium ip soil neitr Teehnical Area 21, Los Alamos
Scientific Laborutory, Los Alamos, New Mexico.” Los
Alimos Sciemific Laborutory Report LA--ﬁm Lo .
Alumos, NM,

Los Alamos Nutional Laboratory, 1991, “Los Aluaios
National Lahorutory Installation Wark Plan for Environe
mentil Restarmion, Revision |, Appcndux Q." November
1991,

Lopez, E. AL F. L Burnes, aml E, 1; Antopio. 1988,
»Eftects of vegetition and soil-surface cover restients on
the hydrolagic behavior of faw-level waste trench caps.”
Pp. 379-5%6 in MLE, Wucks and R. G. Post (mils.) Waste
Munagement ‘88, Depaniment of Nuclear and Enerpy
Engineering, University of Arizona, Tucson, AZ.

Lopez, B, AL F. §. Bames, M, L. Kincaid, and E. J, Ante-
nio. 19RY, “Variation in nmolt and erosion rates fromy
different rench cap cover systems.” P, 763769 in

M. E. Wacks and R. G. Post {eds.) Wuste Management
*89. Departrment of Nuclear and Energy Engincering,
Univessity of Arizona, Tncmn. AZ

Luxmmrc, R. )., and M. L. Tharp. 1993. “Simulation of
barrier heterogeneity and preferenial Row ctfects on the
performance of shalfow fand burial facilities.” Quk Ridge
Nationai Laboratory report number ORNL/TM- 12058,
Ouh Ridge, TN

Mever, D, D. 1971, "Volame of transuraniuim wastes
buned at Los Alamos,” Los Alamos Scientific
Lubaratory memorandum from 0. D. Meyer (11-{) to
C. W. Christenson {H-7), Los Alamos, NM.

Mielke, 3. 1993, “Native plants for southwestern lgnd-
seapes.” University of Vexas Press, Austin, TX.

. nuhilayered Jandfili covers for closure of wasic Lmdl"ll

J6

sites in semmnd cm-amnmcnts." L,o: Mamus N.nmn.ll‘
Laboratory rcporr LA-11283-MS, Loy Al.mm\ NM

‘w!uu,] w,, G, L DePourter, B. ). Dmmuu f
Simanan, and G R. Foster. 1984, “‘I-m*mm o!‘ ':‘mh em‘t.
uucd n ahullm\' !.md burul a Lo\ A l.xmzm,‘ New' M\'mco

comrol * Lns Alamux Nationat Luhnr.nnfy rcprm :
LA- lu:-’I‘LMQ !o». Alumos, NM. 1

Nyhan, I W..'!'. ll:. Hakmmn .md B L Dn.nnun. l‘)‘f)t
water balance -.tud} of two landhili cover dem for
semiarid repions;” J. of Environ. C}u.ml}' R "hl-—"ﬂﬂ

Nyhan, 1, W, .mii L.J. Lune. 1 ‘18(‘)_ "Emsmﬂ comrol
technology: o uses’s wuide (o the dsc ol I_th zm:vusul 0
1088 equation ot wasic burial facilisies.” V.Lm Al:mwx :
National Labommry report LA- H)"a"M Loy’ mumu

NM.

Nyhan, 1. W..J L M.mmuz. .md(i 4 Lunghom 'I‘}‘)-XA
“Calibrativt of: neutron misture gﬂu;.c S snd their .uatlu} 1w
spitinlly determmc soil water content in cnvnmnmcma

studies.” Loy Aiamos Navionul l.ubumwr; ceport _
LA-12831-M8, l.m Aluriios, NM., i
|

Nyhun, §. W., T Gi. Schofield, und(, E. Mamn. ‘)‘}4
“Use of tine doiniin rcﬂcuonmry in h}dmluyc swdlc\ o

Los Alamos, New Mexico.” Symposiun on Time! Domain
Reflectemetry in Environmental, Infrasinicture, md
Mining Applu..mon\ Nothwestern Umverauy, Scptcmher
7-9. 1994; U. S: Department of [nterior, Burew uf Mtne‘
Special Pubhc.umu Sp. 1‘) G4: l‘l'-l 6 :

Purtymun, W, ‘.. and W. R, kf:nncdy 1966 |
of moistuge und. radcoacuvuy in the soil md [ at th
contaminated wiisie pit near Tectmical Arca 21 Lm
Alumos, New Mexlcc:.“ us (scelogt
repott. ,

o



http:1<;I66:::Dislribuli.ot
http:LA�12K:\I-M.S.1.us

' Ro;.e: s M. A, 1977, "Hlslury and cavironmenal scttings
- of LASL neur surfuce Jand disposal facilities for rudionc-

tive wastex {Areas A B, D, CE F, G, amd Tx it souree
dozument.” Lox Atamos Nutional Laborysy informal
Repont lA 624H-MS, Val, L. p. B-1-BY, Los Alamos;
NM.

Spclienberg. R. 1979, "The Audubon Society ficld puide
1o North Americun wildllowers, Western sepion.” A. A.
Knopf Publishers, New York, NY,

Suter, G. W.. R, I. Luxmaore, and E., Smith. 1993,
“Compacted soil barriers at abandoned landfill sites are

likely to fuit in the lopg-term.” J. of Environ. Quality 22;
27-23n

Tiemey, G. D., und T. S. Foxx 1982, “Floristic composi-
tion and plant succession on near-surface radiouctive waste
dispozal fucilities in the Los Alumnos National Lahoratory. ™
Los Alamos National Laboruiory Repont LA-Y219-M5,
Los Alamos, NM,

Ticraey, G, D.und T, S. Foux. 1987, “Root lengths of

plants on Les Alemcs Nowional Laberatory fands,” Los
Alumos National Laborstory Infornal Repen LA-10865-
MS, Los Alamos, NM,

Trocki, L., 1977. "Results of a surface contamination
survey ai closed Rardioactive Waste Burial Area B, Los
Alamos Nationu! Luboratory (unpublished report), Los
Alamos. NM.,

R4

26, l‘)Kh \‘. a\hmgum DC

Unitedd Stues I‘nvnmnmem.ﬂ !‘rmeumn Agem.y IUR*)
“Technical ;mdaucc document: finul covers on h.\z.mim
waste Tandfill and surface Imp(]Ulld“lLlll\. &

R9-(K7, July | 1984) N

United States Nucleas Regulistory (.ommmmn 1‘)8”
“I0CER Part 61 ficensing requirements for Lnd daspu\.\
of nidiouctive waste,” Frderal ﬁ.’z's;f.s:rr. Vol ! '\lo.
P 57446-57482,

Wenzel, W. 1., T, S. Foxx, AL F, (xaﬂc-;_.m G«Ticm(:}n an
J. C. Rodgers. 1987, “Cesium-137, plmomum-”“l{"d{}
total uranium, snd sceandium in trees and ‘;hmb\ growmg i
transuranic wiste at Ared B Los Alamos National
Laboraory Repon LA-11126-MS, Los r\lan}m. NM.

L _

TR THLA DA TR



http:covet'!'.on
http:Tcl."lmic.lI



