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ABSTRACT

The Greater Canfinament Dispersal Test (GCOT) was conducted at the Depantment of Energy’s (DOE) Nevada
Test Site (NTS) to demonstrate an alternative method for management of high-spechic-activity (H5A) law-level
waste. The GCDT was indially concaived as a method for managing smal volumes of highly concentrated
tritium wastes, which, dus to their enmvironmental mobility, are considared unsuitabla for routing shallow land
disposal. Later, the seope of the GCDT was increased to address a variaty of other "problam” HSA wasies
Including isotope sources and thenmal Qenerating wastes.

The basic deslgn for the GCDT evolved from a sarias of studies and assessmenis. Operational design
objectives wera to: (1) emplaca the wastes af a depth sufficiant to minimize or aminate routine environmental
transport mechanesms and intrusions scenarios, and (2) provide sufficiant protection for aparations pergonnel
in tha handling of HSA sources. To achieva both objectives, a large diameter borahola was selectsd.

The GCDT consisted of a borehole 3 meters (10 feet} in dlameler and 36 meters {120 feet) deep. surrounded
by nine monkoring holes at varying radli. The GCOT was instrumented ior the measurement of lemperature,
moistura, and sol-gas content.

Owver ona million curles of HSA low-level wastes were emplaced in GCOT. This report reviews the development
of ithe GCDT project and presents analyses of data collected.
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1.0 INTRODUCTION

The GCDT was an operational research amd technol-
ogy demonstration projact for disposal of HSA wag-
tes. The GCDT was conducted over a perlod of seven
years and during a period when fundamental changes
1o low-leval waste (LLW) dizposal requiraments and
phiosophy wers occurring. The indtial purpose of the
GCDT was to develop a cost-sffective method for dis-
posing of low-leval wastes which ware opetationally
difflcult to handle or which excgeeded spacific
radionuclide concentratlon limits. Thiz sactlon
provides a background on the development of greater
confnemant disposal concept and the mitlal con-
siderations usad in devalopment of GCDT,

1.1 Development of the GCDT Concept
In 1578, DOE sastablizhed tha Natlonal Low-Leval
Waste Managameant Program (NLLWKMP} which is now
the Defense Low-Leval Waste Management Program
[CLLWMP} to address amerging technical and
regulatory izsuss for ganerating and disposing of LLW.
One of the garly goals esiablished by the DLLWMP
wasto sask improved methods for disposing of moblle
radionuclide species, in particular, tritium.

The Nevada Test Site (NTS) was among the DOE dis-
pasal sites concerned with tritium wastes. The NTS
was the disposal location For small volumes of con-
coentrated trithum wastes from Mound Labarataries.
These wagtas ware digposed in a conventianal shal-
low land disposal [SLD) trench. Due to its high en-
vironmental mabiity, minute quantiies of trithum were
500N detected a1 enwironmental monitoring stations
located on the perlmeters of the disposal site' . While
the amounts detected pased oo hazards 1o workers
or the environment, & was recognized that SLD did nat
provide sufficient confinement for these wastes.
Simfar problems with tritiurm wastes had been en-
cauntergd at other DOE and comimercially-operated
LLW shes.

To address the Issue of tritium waste disposal,
DOE/NV proposed to develop an “intermecitate depth”
disposal project utiizing (arge diameter borehoies =,
The initkl concept was ta use a 3-meter (10-foot}
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dlameter, 45-metae (150-foot) shaft. The thickness of
the waste amplacement zone wolld vary based onthe
type and quaniity of material disposad, but a minimum
of 10-20 metars (20-80 feot) of backiill cover matorial
would be used to seal the borehole, By staying below
tha 3-8 meter (10-20 feet) zone of active evapo-
transpiration, it was anticipated that the titium wastes
woulki be sffectively coniEned from tha major transpon
mechankam.

In March 1979, the Three Mile sland reactor aceident
accuered.  Ong of the waste management |ssues
brought to light by the accidant was the problem with
disposal of HSA cesiom-137 and strontium-90 wastes
contained within the submerged demineralizer and
Epicor Il fitration systems. Because of the accident,
the ion axchange resins had bacome comaminated
withlevels of thoge nuclides which excesded the limils
for SLO and were therefore identifled as a “new"
category of HSALLW.

The gbwvious question faced by the DLLWMP was how
much HSA-LLY were being produced at DOE facilities
arxl hiyw was it being maraged? InOctober 1979, the
DLLWMP requested that DOEMNY preparea report on
criteria nacassary {or development of an “inter-
mediate” depth disposal tacility'™. The report work
seope was expanded to address amalysis of DOE
defense HSA-LLYY streams and potential for use of
bareholas at NTS for disposal of thess wastes.

Concumrent with preparation of the report, technical
meetings werg held by DOE and the Muclear
Regulatery Commission {(NRC) to assess the impacts
and implamentation requirements of the newly
proposed Title 10 Code of Federal Ragulations (CFR)
Part 619, The regulations recommended im-
plementation of a waste classificaton system based
on concatttation. Each waste category (A, B, or G}
had limits on nuclide concentrations and reguiraments
forwaste packaging and form. One of the deficiencies
noted by the DLUWMP in the NRC regulation was the
failure to addrass "Graater than Class C" (GTCC) was-
tes. Whila small in volurme, thera were ho provisions
in the ragulation for management of these wastes. It
was the NRC opinion that wastes above the Class C



values ware ganerally unsuitable for SLD, and alterna-
tive methods of treatmant andjor disposal should be
Lsed.

In subsaquant mestings held among the DOE, NAC,
and tha DLLWMP, & was agreed that the GTCC was-
tes required disposal methods which provided
"graater conflngment” than SLD. One axampls cited
in these discussions was tha Intermadiate dapth burial
conGept proposed by DOEMY. In 1581, the DLLWMP
approvad funding for a project at NTS with the specific
gaal o demonstrate greater confinement disposal
technoiogy Inan arid region.

1.2 Anslysis of Waste Streams.

At tha start of the project, there was fimfled guidance
a5 o which wastes ware considered unsultable for
SLD. From a ragulatory standpoint, the GTCC
category of wastes was an obvious chaice, Howavar,
there warg other wiastes such as triium for which SLD
had proven to be Inadequate containmant. Also of
concesm wera thermal enargy generating wastas and
wastes which required shiglding during disposal
aperations. For purposes of the GCOT, itwas decidad
that greater confinement disposal wastes woukd not
be limited 1 the category of wastes betwaen LLW and
highevel waste but a variety of wasies considersd un-

suitable for SLD.

Prior 1 1978, the majority of wastes dispasad af the
NTS wara from onsite weapons testing programs.
These wastes primarily consisted of bulk and pack-
aged debns, primarlly soils and rubble. Tha majortry
of these wastes were contaminated with low con-
centrations of bata-gamma and alpha-emilting
nuclides. One exception was the small volumea of HSA
tritum recedved from Mound Laboratories,

In 1978, as a esult of 3 DOE policy change to discon-
tinue use of commercial disppsal sites, the NT3
began ta recedva wastes from several offsite DOE
defense waste genarators. Initially the NTS began
recelving contaminated solls, nltrate salts, and
decommissioning detxis from the Rocky Flats Plant
as woll as some additional HSA uitlum wastes from
Mound Laboratones. As additional generators bagan
shipping to NTS, the irend Involumes and type of was-
tes being disposed cleady showed that the majority of
radicactivity was contalned in only a small fraction of
the waste volume (see Table 1.1).

As can be seen in Table 1.1, the majority of waste ac-
tivity (84%) was contained in less that 3% of tha tolal
waste volume. Therafore, a logical candidate sel of
wastes for GCD would be the small volume of H3A-

LLW currently being disposed by SLD. By providing

TABLE 1.1. NTS Low:Level Waste Inventory - Ten-yYear Totats!"

Activity Volumg Concantration
Waste Type ©_ (%) (Mm% (%) (Gifm®)
Tritium 4.6E+E {84) 87E+3 (3) B1E+2
Bota-Gamma B.7E+5 {18} 12E+5 83} 74E+0
Alpha B.2E+3 {.1) 4.7E +4 (25) 11E -1
Stored TRL) 25E+2 {1} 42E+2 {2) 60E-1
11-Th 14E+3{1) 1.3E+4 (7) 1.0E - 1
All Waste 5.5€ +6 1.3E+5 29E+1
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greater sorfinement for these wastes, the ovarall
shont- amd long-tenm rsks assoclated with LLW dis-
posal would be substantially reduced.

Another candidats wasts identified during the prelimi-
nary studios was ancapsulatad isotopa sources usad
fn food iradiators and thermoelectrk: generators.
These wastas are highly radioactive and require sub-
stansal shigkding and precantions #n handling. Be-
causa of the difficulty In wasts handling, tha majosity
of encapsulated sources are being stored, rathar than
disposed. it was therafore decided ihal development
of a remote waste handling systemn wallld be a neces-
sary part of the GCDT and of benefit to the DOE
dafanss waste system,

1.3 Design Consgiderations

The GCDT was developed as an “operational re-
gearch' project, and it was recognized that balance
was ngcassary between tho noed to demonstrate a
waste disposal technology and the experimants o be
conducted to assess the performance of the
facility'” #. in designing the facility and experiments,
a seras of trade-olfs ware necessary to accomplish
hoth goals. For example, a minimum, of water was
used in the drilling and backiifling of holes $0 as not to
introduca addidional sod maigtura; and vibratory com-
paction was not used during backfiling oparations to
reduce the potential damage o downhole nstro-
mants. Within aach phase of tha project, several
design dacisions warg madse toaccommotatg projact
goals. In hindsight, soma alternativa designs would
have been praferrad and will be discussed nlater sec-
tions.

The principal waste of concern 13 NTS was HSA
tritium. Past experience had shawn thai trithum migra-
tion was due primarly to diffusion through s0ds cover-
Ing SLD trenches. Although the tritium was shipped
as tritiated water solidified in cement and packaged in
biturren, tritium hag the akility to diffuse through waste
forms and packaging. OQutside the package, the
tritium usuclly becomes alther hydrogen gas or water
vapor and will diffuse thwough the porous solls. At the
NTS, the low pracipitation and high evaporation rates
woukd tend o drive water and light gases to the sur-
face. By placing the tritium wastes at depths greater
than ihe 5-9 meters {20-30 feet) used in SLD, the of-
fective diffugion pathway tength is increased and the
source is removed from the portion of the soll column
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whare the offects of ovapo-transporation are most
pronounced. Both of thesa factors reduce the travel
time o the surface. Since depth of burial was the limit-
ing factor In providing confinement, deep augered
horeholes provided a reasonahls and cost effectivaal-
ternativa to a deep trench for zmall volumes of waste.

The borehole design was alzo preferred far hanaling
high radiation sources. Radiation emanating from
sources althe bottom of the bareholewould ba cofum-
niated and the sources could he sasiy covered with
backdill matarial theraby reducing potential exposures
to opesations personnel,

The Inttial design for the GCOT was a d6-meter (150-
foot) borehole with a 3-meter (10-foot] diameter,
However, auger drill rigs available at NTS were only
capable of achigving a 35-meatar depth (120-oo1), and
it was deckied to proceed with a J6-meter design.

Mine manitoring shafts wete drilled arourd the central
borehole and instrumented 1o detect maisture,
temperature, and tritiated soll gas vapors. Since the
aliuvial sois at NTS are rafativety dry, cobesiveness of
matenials limited the ability of boreholes o remain
open, of 'free standing." Through a series of test
holes, it was determined that a 60-cm (2-foot) diameater
was necessary to mairmain a free standing hole.
Monitoring holes of this size were not deslrable be-
cause of the large disturbed area around the instry-
ments. The only alternative was to utilize removable
casing in each hole and pull the casing after the instru-
ment strings had been lowered nto place, This pro-
ceddure woukl have been complicated, costly, and
potentially damagityg 1o tha instrument lines. There-
forg, it was declded to {grucead with the 80-cm
diameter monitoring holas ),

Ancther operational considemtion wag tha selection
ofa remote waste handling system (RWHS) forencap-
sulated sources. Survays of potential waste gener-
ators had shown that many faciities ware storing
decommigsioned sources in avariaty of shielded ship-
ping casks and configurations. The sources ware
ususlty configurad for a specific cask or device and,
in dasign of theese sources, it had been assumed that
remaval would ba performad in a haot cell or stevage
pool. To accommodata the larga varialy of sources
and casks, the RWHS would nead to have a modular
structure which could accommodate different con-
figurations of tools used to extract the sources from
the casks!"®.



2.0 GCDT DESIGN AND DEVELOPMENT

Having selected the barehole design and detarminad
the principal transport mechanism, a serios of meet-
ings wora beld to identify suitabie locations for the
GCOT and design of monitoring equipment.  As with
moat field experimants, avalablity of slectrical power
to operate instrumamation and convenisnce 1o
facilities were principal conskderations. Other issuas
addressed included depth to groundwater, soil
chemistry, potential for caliche layers, and easa of
drilling.

The original congept for monitoring of the diffugion
transpeort mechanksm was based on maasuwing iritium
diffuging from thewaste packages. A sail atmosphers
sampler system was designed 1o collect triiatad water

vapor and specifications for a temparature and mois-
ture manitoring system wars devalopsad.

This Section discusses the charagteristics of the
GCOT site and the procass that cccured In develop-
Ing, and later shanging, the gxpovimental deskn.

2.1 Description of the Site
The GCOT Iz located in Area 5 of the NTE, near

Frenchman Flat {see Figure 2.1) The GCOT is located
within the boundaries of the AWMS which serves as
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the principal location for disposal of offsite-generated
defense LLW.

2.1.1 QGeologle Setting. The GCDT is bocated onan
allyvial fan inthe Frenchman Flat area of the NTS. The
she is charactesistic of the southwest's Basin and
Range geclogy''". The area Is bordered to the
northwast by the Massachusetts Mountains, by M.
Slayer and Black Ridge to the west, by the Burad Hills
e ther east, and by Marcury Ridge 1 the south (see
Figura 2.1}. Frenchman Flat is a cdosed basin primari-
ly composed of quaternary akiuvium, although at its
center I a large playa depostt of sht and clay (see
Figure 2.2). The Massachuseits Mountaing are Ter-
tiary volcanic tuffs and ash flows. The mouwntain
parimater 1o the east s Paleozoic, mostly undiffersn-
tlated carbonate and quarnzite formations. Mercury
Ridge i a misturs of Tertiary and Paleozolc materlsl.
A gravity survay of Frenchman Flai indicatas that the
greatest depth, in axecess of 460 waters, to the base-
ment Paleozoic carbonates is approximately 2 Km.
southaast of the GCDTYY), Directly banasth the GCDT
sita tha dapth 1o badrack is approximataly 400 meters
{==e Figura 2.2}

2.1.2 Solls. The soil at the GCOT developed In ahigh
temperature, kow rainfall snwironmeant, 8ased on par-
ticle size distribution, the sol may be dassified as a
sandy loam. k Is coarse-textured with a low organic
content"?, Soil moisture ranges betwaen 10 and 12
parcant of the matrik porg volumes. Vith thavary low
mpisture cantent, the unsaturated hydraullc conduc-
tivity of these soiis is approximately 1070 cmystS!,
The alurvial material collected during drilling of the
emplacement and monlioring holes showed the soll
1o be redatively homogenaous. A few lenses of coar-
ser material were the only notable exceptions. Ak
though an accurmulathon of carbonata salt within a few
meters of the surface commaonly results in a caliche
layer in NTS scils, callche was not identified during
drilling ",

The limitex availabiilty of water minimizes rates of soi
formation and produces coarse-textured, weakly-
structured sois with low clay and organic matter con-
tent. The alluvium at the site has a clay content of
about 5-15 percent. X-ray analyses of the ¢lay fraction
indicate that s composition i mostly montmoril-
lonite, illite, and the zeolite mineral, clinoptiolits.

2.2

{Cuartz, feldspar, and calcite are also presant inthe fine
silt and clay fractions'™.

Sorplion properties of site soils were studied by apply-
ing spiced solutions of vanying cesium and strontium
concentration strengths to soil samples’™®, Data in-
dicate that sonption of cesium ™ is much mors efficient
than sorption of strontium®®. ‘The soll sorbs cel-
sium + praferantially over strontium® * indicating that
tha lyatropic zerias far the sollis different than far pure
maonimorifionita. The sorption affinity of the ilite and
clinoptilolita for cesium ™ apparanty aveswhelms the
aﬂhnit! that montmorllonite has for sorbing stron-
Hum? ™.

Tha average madmum sorption of cosium © is 21 mg
por gram of sol, and for the strontium?® * is 3.5 mg por
gram of soil. Asguming an avarage bulk density of
1600 kilogramyeubic meter for tha GCDT site sails, the
average maximum sarption par unit volume of soil
wauld be 33.80 kilogramycubic meter for cesium ™ and
5.34 kiogramimetor for strontium?* . The maximurm
sorplion of these ions an an aquivalent basis per unit
volume woukl ba 252.8 aguivalents par cuble mater
for cesium*,_ and 122.0 equivalents per cubic meter
for strontium?* . Results of these sidies indicate that
the ian sorption praparties of NTS solls would be ada-
quate 10 effectivaly retard large quaniities of cesium
and strontium under narmal and abnommal anviron-
mantal conditions.

2.1.3 Groundwaier. The groundwaier system below
the GCOT s part of the Ash Meadows aguifer. This
regional aguitar is an interbasin low gystam in the
basemenl Palaozoin carbonates which is relathvely in-
dependent of the tnpnqraphic boundarias of
Frenchman Flat {(Figure 2.2)!'". Betowthe GCDT, the
Ash Meadows aquifer occupies the lower portion o
the Cenozoic alluvial M. Figure 2.3 Hlusirates the
direction of groundwater llow under the GCDT,
generally south to southwest. Depth 1o waler at the
study site Is 245 metars, Increasing toward the moun-
tain perimetert’ ",

The shortest contaminant releass pathway at the
GCOT is upward through the 20 melers of backfil sil
to the ground surface. Dowrward unsaturated Aow
must traverse over 200 meters of dry alluvium to reach
the uncanfined regional aquifer. Given the very small
conductivitiss for soll, the estimated travel time
thraugh the unsaturated media iz estimated to be over
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FIGURE 2.2. Geologic Map of Area 5 and Vicinity




100,000 years"'>. Also, ransh time to the discharge
point at Ash Meadows |s conservatively estimated in
excess of 3000 years once the manants andar the
reglonal saturated flow system''™® Since the malority
of disposed radicactive wastes woukd decay to one
parcart o less of arigingl curis contant wihin 200
years, thelr discharge at Ash Meadows is not a path-
way of {11}

2.2 Facilty and Instrument Designs

The GCOT consisis of a central emplacement shait
and 9 monitoring shafts (Figure 2.5). The emplace-
ment shalt is 38 melers deep and 2 meters indiameter.
The monitariy] shafts ara the same degth, but only 60
cantimeatars indlameter. Monitoring shafts are orbal-
ly staggersd at radii of 3, 4.8, and 6.7 meters. They
are idaniified by radial distance from the emplacemant
shaft centar and by azimuth, such that 640-120
describes the southeastam {120%) monitoring shaft
furthest (640 cm from the center of the emplacement

/
' &

FIGURE 2.4. Water Table Map of GCDT
Area
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FIGURE 2.3. Gaologic Cross-Saction of the GCDT Site
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shaft. AN holes were backfilled with Ene-graded, sitted
aflrvim,

The GCOT had 9 Instrument lines with a tatal of 144
monitoring stations, Each confained a so¥-aimos-
phate sampler, thermocouple psychrometer, and an
independent thermocouple. Three instrument lings
were positioned along the perimater of the emplaca-
ment shaft; the othar § are In monitaring shafts. The
bottom & stations of tha emplacemert shalt Instrument
lines had 2 thermocouples and psychrameters each.
Three manttoring shalts were reserved as access
porty for 4 neutron scatter prabe,

Figure 2.6 i a cross-sectional seple view (through
transect A-A" in Figure 2.8) Alysirating the instrurman-
tation of the GCDT. Monitoring stations for sach ling
ware spaced every 3 meters down to a depth of 24.4
meters, and every 1.5 metars thareafter, totalling 16
sample gtations per instrument line. $haft 305-320
contained an aluminum nautron probe acoess tube for
soll meisiure measurements at any depth. The central
emplacement shaft had a 5.5-meter-tall riped at the
bettom, used to position the 3 ceniral instrument lines
dlong the shaft parimeter. Four monitoring stations
were inclugded on the tripod as an extension of line 160-
250,

Upon completion of drilling, the instrument lines and
the neutron and gamma access tubes were emplaced
and tha monitorng shafts ware compleately backfillad
with slified alluvium. The emplacement shaft was
backfilled to the 30.5-meter depih 1o cover the tripod
anchar and to provide a Nlat suface for the placemant
of a thermal diss/pation soUrcedrum detaied in Figura
2.7. The source drum s 447 cantimaeters in diarmngier,
137 cantimeters tall, and has a 30-sentimeter-thick hol-
lowwall fillad with metal shavings. The purpose ofthe
drum was to hold the heat-generating ancapsulated
sources and digtribute the thermal snergy overa larger
strface area and pravent excassive haating of the solls
in direst eontact with the sourges.

2.3  Analylical and Monitoring Systems

The most significant design changs made in the
development of GCOT occurred snortly after the
monitaring lines ware installed. Early In the project,
difftesion was identified as the only major transport
machanism. This led investigators 1o design a soil at-
masphere sampling system similar to ones used in

25

other tritium mondtoring experiments at NTS. The sys-
tem would utlize kow voluma air pumps to draw 500
gases across a cold trap to condense titiated water
vapors. By analyzing the amount of tritlum contained
in the so# gas and moksture, the diffusion rates could
ke determingd.

The two major drawbacks to this system were that the
tritium sowrce term (. tha rale of iritium diffusion from
the burled waste packageas into the surrounding soils)
woulkd be uncertaln, and secondly, the continual
removal of soll atmosphere at deep sampling loca-
tions could induce comvective flow. After several tech-
nical reviews and discussions of altarnative concepls,
1t was decided to proseed with the basic design. This
dezign Included the use of 1/4-Inch diameter teflon
tubing for the principal sampling fine. Plastic tubing
was schecled over metal primariy because of weight
consideration and concens over possible crimping of
lines during mstallation.

In 1953, the work baing performed by Kreamer and
Thompson®' " "9 in guorocarbon soil gas tracers be-
carne known to the GCDT investigatars. These tracers
had diffusion rates slgniflcantly greater than tritiated
waler vapors and coukt potentially provide the data
necessary 1o characterize the diffuston properiles of
tha GCDT sols because a known sourcé term could
be introduced.

The advantages to utiizing fluarocarbon tracars over
tha tritium sampling system were conskigred sig-
n¥ficant and a declsion was made 1o modify the ex-
parimental dasign, The major obstaele to
implementing the system used by Kreamer and
Thornpson was in tha taflon tubing.

2.3.1 Tracer Data Analytical System. The Tracer
Data Analytical System (TDAS) was devaloped to ad-
dress sampling problems agssociated with the original
GCDT soil gag sampling design. The amaunt ol soll
gas sample required to analyze for fluorocarban
tracers was only a few millliters.  The annulus air
volumes of the 1/4-inch diametar teflon tubing would
significantly dilute the sample and introduce substan-
1ral sample emror.  Thersefore an alismative sampling
system would need to be developed.

The TDAS system evotved from a series of discussions
centered on tha nead to minimize corvective law and
finel 3 means of obtaining a valid sample from each
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FIGURE 2.8. Schematic of the Tracer Diffugion Analytical System

sampling location. With only a few milliltars of alr
being drawn at a time from each sampling location, it
would lake several howrs to analyze the annulas air
volumes, [Jt should be noted that at the tmse, column
gas chromatography {GC) was the principsl method
used for detecting flucrocarbons. Detection systems
which could have beer used “inding" to constanily
analyze tha air being drawn from the tubirg were ot
yet available.] Sinca B was expected that the tracers
woukl diffuse rapidly, aach station would need to be
sampled saveral imes a wesk to assure tracer
bveakthrough points wore chtained. Both the tima re-
quired lo poMormthis sampling and tha soncarns over
withdrawal of subsurface air volumas lad ta the
developmeant of a recirculating sampling system.

The basic design of the TDAS is shown in Figure 2.8,
A 118-Inch cutzkde diamgtar stainless stes tubg was
nserted into each of the leflon tubes. A T-junction
was attached 1o the top of each tefion wbe and 1/16-
inch stainless steel tubing was used to run 5 sample
loopto a rotary valve.  Connected in line to the vale
were a melal ballows pump, pressuve transducer, and
gaschromatograph. Althastart of each sampling. the
valve was rofated 1o allow the pump to draw air from
the wubing and return &, creating a closed system. The
metsl bellows pump provides a constant fiow rate and
by timing Ihe pump, a faily accurate measure of Row

volumes can be determined. The annulus air volumes
far bath tha teflon and stalnleas stesl tubes were cal-
culated and flow rales intervals determined.  After Ihe
appropriate pumping interval, the valvwa was rotated to
the gas sampling loop. The samples were drawn
through a nafion dessicant system to remove water
vapor and into the GC. The GC conlained a
chrmto?t?hic column and an electron captura
detector! 1) Figure 2.9 shows the TDAS pump and
valve arrangement used for GCDT. Figure 2.10 shows
the TDAS cobirol parel.

While ihe TDAS system solved many of lhe problems
entified with both the original tritium sampling sys-
tam and use of lucrocarbon tracers, it was an untried
dasign and required a substantial amaount of effor to
obtain satisfactory rogults,

2.2.2 Remote Data Acquisition System, The
Rempte Data Aquiskion Systam [RDAS) was original-
Iy conceived as 8 mean of automaing data collecting
fromthe thermocouples and TCPs. With a total of over
IO TCPs and thermocouples, the ime required tq ob-
iain readings would be substantial. Also, it was known
that the TCPs ware complex and sensitive instrumants
and TCP reader/recorders were difficult 10 use, There-
tore, it was decided to try to develop a prototype data




FIGURE 2.9. TDAS Pump and Valve
Arrangement

FIGURE 2.10. TDAS Control Panel

acquisition system that would automate the reading of
these devices.

The ROAS systart was designed by EQ&G Special
Projects Divialon and involved a combination of spe-
cisly-designed electronic clrcult boards and com-
puter software program. In the laboratory, ADAS
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functioned as imended. Howevar, in the field, the
ROAS provided erratie and inconsistent data and was
discontinued In favor of manual recordings.

Why the ADAS did not function In the field was never
completely determined and will be discuszed later.



3.0 WASTE HANDLING SYSTEM AND OPERATIONS

The handling of wasta packages exceading 200 mrem
at contact is cause for spaclal concern™ . Equipment
operators and waste handfing parsonnel maust monhicr
radiation levels and time of eqosure. The opermting
philasophy of keeping exposures as low as reasonab-
ly achigvable is fundamantal to all NTS activitles.
Given the very high radiation levels of many HSA was-
1as, it was necessary 10 davelop a remate system for
handling of waste packages and procedure for limi-
ing exposures W personnel,

3.1 Remota Waste Handling System

As discussed earlier, one waste stream |dentiied as
requiring GCD was highly radioactive sealed sources,
These sources must be transportad in shisldad cashy
and remotely handled. ‘While many DOE LLW dis-
pozal sites do provide for remote handing of [arge
canislers, none ware aquipped to handle small sour-
ces or a varety of source types.

in devetoping the Remata Waste Handiing Systesm
(RWHS} for the GCOT, the I‘dlmﬂng design features
wers considered naoesaary

*  Allweather Constrpction bor use In field opera-

ticng.

Full remote operation up to a distance of 150
meters.

Ability to handle a variety of waste sources
and patkages.

Abiity to bandle 227 -kilograms loads lor place-
ment at depths up to 36 meters.

Ability tox visually monhtor above and bk
ground cperaticns through a remote-gontrol-
led idec gystem.

Usable in other routing waste managjement
aparations.

3

Based on these criteria, a modular RWHS3 consisting
of 3 principad elements was developed. The first was
an 18-ton, all-tarvain crane that was modified to allow
remcie contrad of tha boom and realing functions
{Figure 3.1}. During remaite operations, 1he crane
boxdy is kapt stationary. Tha boom conirols {lLe., tale-
scopa, swing, holst, and angle) are electro-mechanil-
cal and give the gperator inching capability. To
facilitate placing scurces downhole, the boom angle
and swing comntrols can be set so that remate in-
dicalors Iight up when the end of the boom is centerad
over the GCDT shalt. A camera, located behind the
crang cab, monitors a set of crane function indicators,
which inchixle fued level, il pressure, engine tempera-
ture, and boom angle, The crane can be cperated
manually For routine operations.

The second part of the RYWHS s the remate-control -
led gragple module {Figure 3.2%. The module is
suspended from the crana hoist hook and has a
separate sot of control systermns. The modue provides
a 350-ceyree rotational capabilty, positive pressure
locking pin and clevis grapple, and remotely control-
led video camesa and light. The modute also containa
a load call transducer to provide readouts on waight
of lifting loads. The module was designed (o allow
rapid change-out of a varlety of ilting tools.

Automatic ¢able uptake reels for the camera, lighting,
and power cables are mountad an the crane boom.
In addition to the grapple camera, the aboveground
survedlance camora that can be positionad for remote
viewing of the sntire waste handling oparation is in-
cluded. Both cameras have pan, tilt, and room
capahilties. When usad in tandem, the cameras
provide the oparators with some dagree of depth par-
ceplicn

Tihe camera on the grappie madule Aows close-up
viewing of source plekup operations. This parmiis the
crang operator to propady and efficiently position the
grapple modida while using the remote controlg. This
camara also alleews viewing of downhole operations.
With this: capabllity, the wastes can he positioned inthe
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disposal shaft to attain highes loading efficlencies than
would otherwize be possible.

The third part of the RWHES is the remoate console for
contralling the aperation of tha ¢rane, grapple module,
and video components (Figure 3.3). The consdle was
designed to be moblle and capable of withstanding
the climatl: conditiong at the NTS,

3.2 Waste Emplacement Operations

Prior o conduct of remole wasts loading operations,
detaled operating procedures and contingency plans
were developed. Time, distance, and shielding cal-
culations were parformed to assure that pergonnel ex-
posures woukl be as low as reasonably achievable,

An B-mater high sol dike was consiructed adjacent 1o
the GCDT pad to provide shigding for operations per-
sonned [ocated approximately 120 meters behind the
dike. Whie the shiekling dike eliminated all direct

radiation, skyshine and scatter radiation were detec-
tabje(1-2027),

The HEA encapsulated sources were Iree-alr trans-
ferred from thelr transport casks downhole to tha
sayree drum uging the RWHS. Concentrated and en-

vironmentally moblle triium wagte packages were
emplaced In saveral stages, such that levels may be
idantified in the shaft. Levels are differentinted by
source material or by backhll interval. To ménimiza
woid spaces during backiiling, sited aluium was
poured downhole at appropriate inlervals as dictated
by the fortm or quantity of deposited waste. Dimen-
shons and sourca bevel depths arg illustrated in Figure
1.4 and disposal volumas and materals arg presented
inTable 3.1,

Sevaral strontium-90 , sosium-137, and cobalt-60 en-
capauiatad sources wers placed in the source drum.
Backill material in Lavel B was pourad into tha
amplacemeant shalt, resulting in coning of subsaduant
source layers. Levil C contans strontlum-90 in ther-
moelactrle gengrators, and radium-226 and actinium-
227 in 210:liter and 114-ltar diums, regpactively.
Lavels D through F contain tritium n 210-lier drums.
Levals A and G only contam gifted aluvium. The shal-
Iowast saLrca is iritium, in Leved F, 19.5 metars below
grourd surfacs.

Total activity of the disposed waste was 1.11
megacuries as of May 1. 1984, The encapsulated
source lotal was approximataly 517 kilocuries, 956 par-
cent of which is atirlbutable 1o strontium-90. Total

TABLE 3.1. GCDT Disposed Wastes

Thermal
Layer Depth Activity Quipant
Level {m) Material flilocuries) {Waits)

G 20.7 Alluvial Backfil - -
F 232 Tritium - 35 Drume 175.3 59
E 25,6 Tritium - 28 Drums 266.2 9.0
D 227 Tritium - 13 Drums 152.1 5.1
C 296 Sr.90 an.0 273.2

Ra-226 0.1

AL-227 0.01
e a5 Sr.o0 458.10 31649

Cs-137 2.8

Co-60 0.4
A 350 Atwrvial Baokil - -




tritiurm

ivity amounted to approximately 593.6
kiucuri;sﬂ‘-!g.

3.3 Radiologlcal Considerations.

To assess the effectivanass of the radialogical protec-
tion afforded by tha RWHS and GCDT faciity dasign,
a serles of axperimants ware conducted during the
remote transfers of HSA waste capsules. An amay of
thermolumdnascent dosimaters (TLDs) and realdime
radiation detectors wese placed around the GCDT pad
and locations both In the line-of-sight from the sour-
cas and as bahind the shislding dike, Results of these
studies hava been published"*"%2, and are sum-
marized as follows:

a. The radiplogical protaection afforded by the use of
systems for GCOT was excellent. Thera wera no

recordable exposures to personnal during any of
the remota operation,

Data collacted from the axperiments were used (o
validate the SKYSHIN computer code. This code
was specifically developed for calculating radia-
tioh doses over bamiers

c. Inadequate documentation on the encapsulated
sourcas resulted in the urderestimation of raclia-
tion levels. In particular, the contributions of
brewnsstralung radiatlon from sirontiom sowces
ware greater than expecied.
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4.0 MONITORING AND TRACER EXPERIMENTS

Ther arid climate of the NTS and the thick alluvial scils
undarlying the GCOT provide lor an excellent LLW dis-
posal site. However, these same conditons limit the
ability to effactivaly monitor and model the site. With
diffusion as the only major transport mechanism,
migration of materals from the disposed wastes |5
vary slow. While the slow migration process Is keal
for disposal conditlons, it also requires extendad
periods of monltoring to detect changas.

GCOT monitoring systems were primarly designed to
measurd ghanges in termnperature and s0ll micisture
cortent due to the thermal ganerating wastes. Tracer
tests were developed to simulate gaseous wasta (e
tritbun} migration and maasure the diffusive propertias
of the GCDT sois.

Thiz Sectlon presents the axpariments conducted in
the GCOT peoject and discusses some conclusians
ahout the gxpiriment and data collacted.

41 GCDT Temperature and Moisture

Soll temperature and muisture data were colected at
saveral points within the disposal borehole and
monitaring shafts. These data wers collected o
analyze the effects of thesmal ganesating wastes on
surrounding solls and the fate of soll moisture. The
principal devices used In monitoring temparature wera
the Type J theemocouples. The thermocoupla por-
tiu;m of the TCPs were alzo ugad but wers limited ta
BO¥C.

Baseling measuremients for tampavature Weva mada
during the latter part of 1982 and the beginning of 1583
isea Figure 4.1 (a)). The average ambient subsurface
termperature was approximately 17°C. Wasta loading
operations were completed in March of 1984 and tha
shaft wasz backfiled. Changes in temperature wera
first observed at a radius of 2.8 meters after 20 days,
4.5 meters after 90 days, and §.3 meters after 120
da'fs During the first 30 days after closure,
temperature exceeded 100°GC within 1.6 meters of tha
thermal sources [See Figured.1{b)). The lemparatura
within the waste emplacement zone sxcesded 200°C
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within 10{ days after closure. Figura 4.1(¢) shows the
temperature profles approsamately two years after
closure. Vestical heating of the shaft backfill material
cleary exceeds that i the horzontal direction. This
distribution s due to both the tendency for upward
convection of haat as well as the lowar dansity of 1he
backfil compared to surrgunding soils. Figure 4.1{d}
presents temperature profiles for -.Il,)lne 1988, ap-

proximatiehy S0 months after closura®, Results indi-
cata that tempetature in the proximity of the disposal
2one has reached eguiibrium.

Sail moksture measurements were obtained using a
neLtron scatler 3ail maisture probe and thermocouple
psychrometer. Dua to numerous problems in the
reading of TCPs, thoy provided litle useful data®?,
The mast rellable results were obtalned from the 4
nsulron access holes. Measursmenis mads In
Fabruary 1384 showed Initial soil moisturs to be ap-
proximately 10 10 12% by volume (Sea Fiquwe 4.2 (a}).

During July and August of 1984, locallzed
thundarstarms caused ponding of water on the con-
crete GCOT pad and run-off watar infiltrated the
amplacement and monitoring shafts. The moisture
lervds increased to approxddmalely 26% i ngar surface
soils and a welting I‘r-::mt enterwded dowrnards 10 ap-
proximately 4 meters™.  ARer the accurrence of
these ralnstorm, precautkons were taken to seal the
shaft covars to prevent the further introduction of run-
off water. The concrete pad zerved as a moisture bar-
rier, preventing the evaporation and drying of the soils.
Consequently, the sol moisture volumes wnder the
GCOT pad remained highear than background for rwo
years after the 1984 thunderstorms (See Figure
4.2(b}). The topographic presentations of soil mois-
ture in Figure 4.2 show the effects of heating in the dis-
posal 2ones. As soll lemperalures Increased, water
vapor ditfused outward from the heat sourges, craat-
ing localized zonas of highar molsture.

Whila tha usual processes for redistribution of soil
moisture are matric patential and vagor transpan, it is
beliaved that g'awtydralnaga may al2o be an infuenc-

ing factor'™. Gravity drainage will occur when the
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FIGURE 4.2. GCDT Soil Moisture Profiles

volume of soil moisture approaches saturation levels.
While the avidence lor this Is not yel apparent in GCDT
data, & was predicied in eardy modaling shudies con-
dusted by LANL.

4.2 Preliminary Tracer Studies

As discussed earier, the TDAS was a modification to
the original experimental dasign for GCDT. A rech-
culating traces sampling systern of this type had not
brean used before and a significant amount of ima was
spent in modifying and adjusting the system t obtain
reliable results. For mors than 18 months pricr 1o the
start of tracer testing in GCOT, a series of preliminary
tracer tasts were conductad. Tha first two tests to ba
conducted using TDAS were perfurmed in the Shallow
Test Plot {STP). Results from thesetest were unsatis-

4.1

factory and there wera several questions concerning
the operation of the systern and the effect of dllution
caused by drawing and vecircuating the: annulus air
wolumes within the teflon tubing. There were alsc
questions as to the effects of pump-induced convec-
tive Aow which would essentially eliminata the purpose
ol tha recirculating sampling systam.

4.2.1 Racirculation Syslem Tast Container. To ad-
drass the questions raisad during the first TP tests, a
Recirculation Systern Test Container (RASTC) was
doveloped.

Ageries of six diffusion tests were conducted using the
ASTC. The primary purpose of the tests were to asg-
sass individual component and system configurations
ina contrallad laboratory situatlon ) The RSTC con-
sisted of 2 90- ¥ 60~ x 60- centimeters box filad with
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alluvkl solls {Sea Figure 4.3). Horizontal panstrations
wera made throughthe box at various radial distances
around the injaction and sample points. Portg were
created to allow both the direct injection and
withdrawal of soll gas samples using a syringe.

Thafirst test (ASTC-1) was to collect data ob the pras-
sure digiribution within the sampling system and to
determine F convective Bow was occurring. RSTC-2
and RSTC-3 wera “slug" 1ests invaiving the direct in.
jactionof 10 millkikers of a 1 ppm bromochlorodifuorg-
methans (BCF) standard gas into the soil ar sampler
and outside the samgling head. In both tests, airwas
drawn fram the teflon ubing and reinjected through
the 1f18-nch staniess stesl tubing. Results showed an
unsatisfactory recovery of sample and excesshva dilu-
tion of the tracer. These tests comfirmed that in order
to uiilize the recirculation sampling system, sam?zles
would need to be drawn from the 1/16-inch tubing'®>,

RSTG-4 and RSTC-5 were similar to tests 2 and 3 ax-
cept the sampling lines were revarsed, and samples
ware drawn from the 1/18-Inch tubing. Also to prevent
cross-cantamination from the previous tracer, a 1 ppm
sulfur hexafluoride {5Fe) standard gas was used.
Results of these tests showed a more consistent and
interpretable set of results. Theae tests also showed
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no apparent clogging of lines that could have been
caused biydrmuing finz 50l particles inta the 1/16-inch
tubing®%

The last test, RSTC-6, used Freon-12 and Freon-13B1
tracers. Syringe sampies were drawn from the soil
around the sampling and :njection point to determing
tracer source release characteristics.

The resulis of the BSTC tests ware:

a. Noapparent corvective flow was induced by the

recirculation system,

Air samples needed o be drawn from the 1116
inchiub¥ng in Grder to obtain reproducible results,
Also, clogging of sample lines did not occur.

Critical to obtalning reproducible results was the
careful manitoring of pump times and line pres-
Sures.

4.2.2 Shallow Test Plot. The STP was a small scale
version of the GCDT and was used to test both tracer
sampling and as tempesatura and soll molsture sys-
terns. The STP was a 3-meter-diameter shaf augured
to a depth of & meters {Sea Figure 4.4} Instrument
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Configuration

strings and neutron sad moisture probes were
emplaced In the shaft A 55-gallon drum filled with
metal turnings and cantaining bwo 1000-watl electrical
reslstance heating elements was placed in the center
of the shaft at a depth of approximately 4 meters. The
instryment sttings, sampling lines, and backfill
mateclals were the same as those used lor GCDT. The
E5-gallon drum was used t¢ simulate therroal generat-
ing waste,

A seres of 3 tests ware conducted In STP io test
various components and configurathn of the zam-
pling systams, The fiest two tests (STP-1 and STP-2)
showed significant variation in the sample results,
Ona of the problems iklentified was in the sensitivity ol
the gas-chromatograph’s electron capiure detectos
(ECDH, requiring s raplacement{a'. Hewaraver, as dis-
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cussed above, several questions woo raised by these
first bwos tests and 2 dedision was made to utilize the
ASTC to assess systam problams,

After corracting problems with the analytical system
and modification of certain components, another test
(5TP-3) using a continuous release of BOF was used
to basedine the system. Pump imes wera datarmined
for each of the sampling stations andd measurements
taken until breakthrough equilitrinm.  STP-4 was
similar to STP-3 except that each station was sampled
repetitively at one.-minute ntervals to determing i
repetitive sample withdrawal would affect concentra-
tion values.

STP-5 and STP-6 imvolved Freon-13B1 and Freon-12
tracers. STP-5 was aborted after complications with
the tracer release system and STP-£ sampling data
showad very litlla difusion was ocourring. Aler ex-
ammination of possible causes for the test hilures, itwas
dacided that the tracerrelease ling had become block-
ed as a resuit of solls sheting or compacting.

BTP-7 was the first completely successiul tracer test.
Both &SFs and Freon-1384 were used. Both com-
pourds ware introduced at sampling station 152-037-
475 with saurce strengths for 7.55 and 11.74
nanograms/s respectively for SFg and Freon-1381/%),
The test lasted for approximately 300 hours. Figures
4.6 and 4.5 presant lsoplath concanteation lines for the
twi tracars. The data were analyzed using a krigging
mod el and certain distortions in the concantration pat-
terns are an artifact of the modal. However, these
figures do show the tracers exhibit & generally sym-
metrical pattern cose to the ralease point with the
predominant upward diffusion @7

Flgures 4.5 {dy and 4.6 id} show the eslimatad con-
centration kopleths calculated using an gnalytical
solution model comparad with the sampling data at
152 hours, Tha modeling results closaly compare with
the sampling deta at painis close 10 the tracer refease,
The model assumed a homogensous soil density and
porosity and did not account for boundary conditions
at the backfill interfaces®”). Thetefare, the upward dif-
fuston of tracers woukd be expectad ¥ the backfll
matetials were not compacted to original scil density,
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FIGURE 4.6. STP7 SF6 Tracer Contours {ppb}



Thadata obtalned from STP-7 partially valikata the dif-
fusion moda. Fall validation would require modifica-
tion: of tha model 1o account for boundary conditions.

STP-8 was a thesmal ‘ramp-up” st Aftar cownplation
of STP-7, the two 1000-walt haaters warg activated 1o
buid up temperatures to over 100°C. Duwwing the
period of tempearature bulld-up, soll air samples waerg
drawn to tmondtor tracer desorbtion from soliz In STP.
Tamperaturas stabiized aitar approximataly 60 days
of heating (See Figure 4.7)'7"  Durng the heating
parod, soi moisture was monitored.  As expectad,
heat build-up causad moisturs to diffuse outward from
the haat source,

3TP-9 was the last test tn be conducted, Thetastwas
camed out using the same tracess as STP-7 excapt
under heated subsurface conditions. Figures 4.9 and
4.9 presant the concentration and heat isopleths for
the two tracers at various times. As can ba 38en from
thesa figures, the diffusion direction was affacted by
both the upward wigration through the backflll
matedial and a horizontal cormponent due to the haat
radiating irom the thermal sources.

Tha rasults from the STF traces tests can be sum-
marizad as follows.

a.  Many of the difficulties and ermors assoclated with
the sampling and analytical systems werg iden-
tified. The system did provide usely data bt re-
quirgs skilled cperators capable of interpreting
analytical results and making system modifica-

ticns.

The data collected varified the acctracy of, and
partially validated, the difusion modal used 1o
predicted tracer migration,

Composition and dangiry of backfil matarials af-
fected the direction of gaseous matarial diffusion.
As would bs expectad, the tracor gasas followead
tha path of least resistancs.

43 GCDT Tracer Tests

A serles of § tracer and calibrations tests were con-
ductad n GCDT. The first four tests were pimariy 1o
test components of the system and obiain perfor-
mange characteristics of the sampling lines and sta-
tigns. Several of the sampling stations were
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determined 0 be woperative after these tests had
been complsted and wera eliminated during sub-
sauent testing.

The principal tracer test, GCDT-5, was started on
November 5, 1886 and completed on January 23,
1987%% Both SFg and Freon-1361 ware used. The
5Fg was releasad at a rate of 454 nanggrams/minute
at the 26-meter depth of ling 279-088. This locatian
was approximately 2.8-metets from the center of the
emplacement shaft. Tha Freon-1361 was released at
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{C} Tracer and Tomperature at 235 Hours

|
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a rate of 2085 nanograms/minute at the 15-maler
depth of line 160-120 which is In the central emplace-
ment shaft appeoximately 1.6-meters from the center.
The purpase of relsasing twe tracers in different loca-
tlons was 1o assess the migration across the horizon-
tal soll boundarles and determine the migration
characteristics of the tracars within the amplagament
and monitating shadts,

Interpreting the data from GCDT-S proved complax
and a variety of analytical methods wern applied (soe
Appendix A). The compladty mn the data dervas
primarily in tha conflguration of the GCDT and the deon-
sity of tho backill materials. It waz apparent that the
tracers ware aat diffusiag in a radial patiern and were
following the path of loast resistance within tha back-
lil material. Based ontha tests conducted in STP, this
was expacied ta occur, Howevar, ag the tests con-
tinued and agditional tracar material was added, the
polnt Injection source essantially became a line
source. Thergfore interpratation of the data required
reevaluation of oM data and use of a line source
madal?®,

Figures 4.10 through 4,12 show tha obsarved and ex-
pected wracer concentration profiles for Freon-1381 at
three time Intervals.  Flgure 4.10 (a) shows the ex-
pacted diffusion it a paint source I5 assumed. The dii-
fusion patterns ara more closely aligned whh the
observed data (Figura 4.10 [c}) than tha Iing source
modal profles prasented in Figura 4.10 (b). At later
tima intarvals, the observed data for both Freon-1381
and SFg begin to fit tha expected lina source model,
Based on thesa data, the concluslon was that at early
fime intervals, the racers were acting as a paint
source. Ax additional tracers diffused into tha soils
and concentrationt bacame highar in the vestical
bacMil materials, the tracers begin to act as a line
5OUree,

Comparizon of the Freon-12381 observed cobcentra-
tion data to the pradicted point source modets shows
an ovar-pradiction of 120 ppb at S0 hours and 260
ppb at 1700 hawrs. Farthar away from tha sources the

411

moded gver-predicts by 10 ppb at 500 hours and 40
ppb at 1700 hows. Tha line source model ganarally
under-predicts the concentrations but the discrepan-
clas are not as great. At 500 hours the differences are
only 20 ppb at localions close 1o the mum? and lgss
than 4 ppb further away from the saurce'®® . At later
tne Intervals, the under-prediction incraases to as
much as 50 ppb close to the socurca, While neither
modal accurately predicts the tracer concantrations,
tha line model iz a closer fit. It 13 assumed that soma
of tha under-prediction of tha lina source modal may
be dua to the sffactz of hoat rising in the eentral
emplacemant shaft. Unfortunately, the contributions
to diffuslon rates due (o thamal affects could not ba
analyzad using thasa models.

Figures 413 through 4.15 present bath observed and
predicted data for SFg point and line sources. For the
5Fe data, the observed data were contoured using
two differant methods. The flrst assumed a point
source distributed as was used in the Freon-1381
analyses, and the sacond assumad the data wera dis-
tribution as a line source.

The line source pradictive model more closaly
matches the dala ky both treatments of the observed
data. At 500 hours the peak concantrations are under-
predicted by 5 ppb and by 30 ppb at 1700 hours. At
outfying regions, theunder-prediction s only 0.510 2.0
pph-

In comparing tha results cbtainad fram the two tracer
data sats, ik should be noted that the Freon-13B1 was
released in the central emplacement shaft and there-
fore was diffusing In a 3-meter diameter hcle com-
parad to the 80-centimeter monitaring shaft for the
SFe. Also, tamperatures around the SFe release point
wete approximately 20°C higher than for the Freon-
13B1. This would account for the kateral shifting of SFg
contow lines perpandicular to the heat sources which
was ot seen inthe Freon-13B1 data,
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4.4 Tritium Migration Studies

Upon comgletion of the tracer tests in GCDT, a imvas.
tigation of trikiurn migration in GCDT was initiated.
Several of same sol aik sanmpling stations and lines
were used as in the tracer test. One excapifon to the
sampiing system was that the 1/16-inch tubing was
removed from each station and samples wera con-
tinuwously pumped from the lnes. Scol air was passad
across a coid trap to condense any (itiated water
vapor. The purpose of these studies was not only 1o
determine tha relaase rates for tritium 1o the sumound-
ing solls but to assess what the rates of release 1o the
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atmosphere werg, These data are necessary to as-
sess visks and migration potential associated with HSA
tritium disposal in GCD.

The first results from these studies were received
shortly before publication of this report (see Reference
36). The studies confirm results from the tracer experi-
ments, showing upward migration through the back-
fill material. The rates of release to the surface are
approdimately 30 microcuries pet day or ap-
proximately 10°'C of the invertory volume. These
preliminary results indicate that GCDT is an effective
methad of managing HSA tritium wastes.



5.0 RISK ASSESSMENT ISSUES

During the cotrse of GCOT, wo separate studies were
conducted o assess the risks assoclated with dis-
posal of GTCC wastes at NTS. Tha firet study was
praparad in 1983 to address long-tam risk scenarios
and was based on preliminary design and invantory
data®®. The second study will ba issuad in 1988 and
addrasses apsratlonal accident scenarios and short
lermrroonsequence analyses and ks basad on data cot-
lected during wasia loading uparaxlnnsm.

This section summarizes tha resulis of the two studies.

5.1 Operational Conslderations

During GCO oparations, the principal shont-tamm risks
arg o operations parsonnel primariy from axpasune
during frag-air transfer operations of HSA sources. To
address these fssues, a probabilistls rigk assessment
of waste handling aperations was performed. The ex-
posurs scenarios were caiegorized as those duning
narmal oparations and those during off-normal opara-
tions. The nomal operations scenarios evaluate the
expasures from eachdisposal aperation. Tha off-nor-
il seenarios SOncem pxiposures when e oF morg
ttems of aquiprmaent break down so that contingency
plans must be executed. Of particular interest s a
source suspanded In mid-air and a source discon-
nected and dropped to the ground.

5.1.% Normal Operations. Thare are two
mechanlsms for personnel exposure duning nonmal

operations.  First, thera is exposurs 10 an individual
within the conteolled area. While safsty procaedures
prahibit personnel fram being outside the comrol
room during waste loading operations, the worst case
seanarnic assumes an individual o be Yocated outside
the control room. The second exposure pathway oc-
curs during backilling operations. The operator of the
front-end kxader antees the radladon fleld arcund the
borehoie to dump cover sGil. The operator is frained
to accompiish this task in a shost time interval (about
2 minutes}, in order tolimit individual exposure. Doses
far the 2 machanisms were computed assuming the
source term presented in Table 5.1 7",

The scattersd radiation dose 10 an individual outside
the control room was companted using the computer
code SKYSHIN that was developed for the QCDT
pecect™"). The results for the 2 mechanisms, along

with uncertainty bounds, were®):
Expected 55% Upper
Mechanisen DRose Uncertainty

Scantered Axliation 3.7 mrem 4.5 mrem

Front-end Loader Q.04 mreen Q.07 mrem

5.1.2 Off-Normal Operatlons. The term "olif-normal"
apesations refers to an accident or rare avent that has
the potential for radiclogical exposura to perscrnel in
the wicinity of the borehole. Atmospheric transpart,
diract garnma radiation, and sky shing radiatlon path-

TABLE 5.1. Normal Qperations Nuclide Inventory - Single Container

Nuclide

Co-50
Sr-a0
Cs-137
Ra-226

Quries

167
3,333
B.333
- ¥
41,840

51
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ways were congidered.  The following off-nosmal
release scenarios were selectad for analysis.

1. Atmospheric transpart after rupture of 8 sowrca
containar.

Radlation from a suspanded source after falure of
the RWHS boom crane 1o lower or rotate tha
source into a shieklad position.

3. Radlatlon from a dropped source after the Failure
of ihe grapple module ool or [ting attachments.

Using the source lerms presenled in Tabla 5.1, a
redease of 0.25 curles was assumed for the case of a
nyptured cortainer, Tl‘Ha frequency of ruplure wias as-
sured to e 3 x 10 per year. Five nulide specles
were assumed 1o be in the container, uniformly dis-
tributed, the two largest fractions being for tritium and
strortium-90. The astimated dosa o individualz within
50 meters was 60 mrem. The SSth-upper uncartainty
boundg was estimated as 2860 mrem, mainly because
of a release fraction uncertainty factor of 10. The risk
- of this scarwm {thau is, the prnbabllg weighted dose)

was 2 x 10°* mremvyear (9 x 10° mweny upper
bc-urd:i

In order to devaelop hazard and probability models for
the suspended source and dropped source $CEnNanos,
avents lhat could cause the scenanios were
developed. These were sought using a technique
from the discipline of rellability cngineering known as
failure modes and effect analysis (FMEA}™9, The
results from the FMEA are summarized in a tree
dlagram n Figure 5.1. Figure 5.1 should not be con-
strued as a rigorous faull free. In order to develop the
probabllity models, avent trees were drawn to provide
the inlerrelationships of various failure events alter the
inidating event and thair associated contingency
plarg. For exampke, f it turns out 1o be too dificult to
repair the primary crane after tha initiating event, the
planis to push the source into the disposal hola using
the front-end loader. Tha event traafor the suspendad
sourca seenario is shown in Figura 5.2,

The probabiliiies for each of the steps intheg event tree
ware eglimated from tha literature 30 that the prob-
ability for each limb cowld be estimated. (It may be
noted that human error I3 not included because the
uncertainties of step probakilites are large encugh ta
encompass tha operator grmorg.) Tha doss o an n-
dividual involved in gach step was also sstimated
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using the nudida invantory presaniad in Tabla 5.1,
Finally, an average was computed for each of the two
iniating events. These ware 1245 mram for tha
dropped scurca and 1247 mvem for the suspended
source. Itis important o know that thase numbers ara
not maximum individual doses because no one per-
son [ Imvolved Inall steps. This is particulary true for
tha mechanics Imvolved in repairing the primary crane
In a radiation field because these people woukl be
rokated out of the job in accordance with prescribed
health physics procedures.  Finally, an uncertainty
analysis was completed taking NG account that many
of the events were depender. The results for both the
dropped source and the suspended 50U EC%? for the
asth-uncertainty bounds were 4140 mrem

Results of the cccupational risk analysis are sum-
marized In Table 5.2, From this table and other inter-
mediate results, it is concluded that the suspernded
source scanarlo is the most serious, especially for
crana repair mechanics and for fronl-end joader
aperators. lbmay also be observed that the ruptured
container scenano ¢an cause individual exosures
approaching 3 rem, depending on how much the
nuclide distribution and the release quantity deviale
from the nominal values.

5.2 Short-Term Consequence Analysis

The issue of short-ternmritiuom releases was addreszed
by EGAG Idaho™. At the time the study was con-
ducted, there was insufficient information available to
alow realistic modaling of the tritlum release 2f the 30il
surface. Instead, an upper bound model was
developed. This upper bound model assumed 203
drums buriad In a 10-feet diameter baorehode. Each
drum was assumed 0 have a release rate of ap-
proximately 1.7 % 10™ micro Cih in accordance with
areport by Mound Labaoratories. The released activity
was assurmed to anve ak the sol surface at the same
rate. This was the source term for an airbome
transport model that assumed a constant wind
velocky toward Las Yegas at 3.6 metersfs (Smiles per
hour). Doses ta the people exposed lo Ihis plume
ware calculated and ara shown In Table 5.3,

5.3 Long-Term Risk Asseszsment

Lang-termn risks issuas were evaluated using scenario
based assessments rather than functional analysls.



TABLE 5.2. Summary of On-Site Occupational Dose Scenarios

Dose Cose
Individual Uncertakiy I il el Uncertakty
Mominsl G5th Noaimiral a5th
Dose Percentile Risk Percentile
Scenarlo fmrem) {meem} {meemi (mrom}
Mormal contalmer litt and a7 45
empiacement, sach
Normal backfiking, each 0.04 0.07
Suspended source 1247 4140 0.068 0.29
{per lift) {per lift)
Cropped source 1245 4140 108 2x 107
{per lift} iper lify)
Ruptured container 60 20860 2x 107 g x 107

(per year) (per yean)

TABLE 5.2. Computed Doses Due to Steady State Tritium Release

Locatin
NTS Flald { km)

Mercury (25 km)

Indlian Springs {50 km)

Agriculiure Areas {75 km}

Las Vegas (110 km)

Andividugt Sooulation
gx 10
5x 1073 43
2x10°% 9.6
1x 102 a9
ax1o0® 148
SLM: 266
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Each scenario was modeled using tha RADTRAMN
radionudlicle transport code 10 assess dosalrisk toin.
dividuals and populatlons over a 1000-year pariod. In
the report by Hurter®™, four basic scenarlos were
consldered:

Reference Case - Base case with normal periodic
precipitation and Infiltration conditions.

Climatic Change - Nearterm climatic change with
precipitation ten times normal rates.

Farmer/intruder - [ntruslon scenaric assuming
denvelopment of a farm directly above the disposal site.

Inundatlon - Weorst casa groundwater transport
scenano which assumes wastes bogorne submeargsd
through formatlon of lake immediately adjacent to the
disposal site.

For purpases of comparison, the model was run both
GCD and SLD scanarks. Ineach case, the sarme waste

irventory was used. Table 5.2 summarizes tha rasult
of the modeling. It should be notad that very conser-
vative factors were used In modeling each scenario,
tending to overastimale risks. For axample, it was a3-
sumed that climalic changes, infrusion, and inunda-
ton occwred immadiately after tha end of institutional
control (100 years). Al this point in time, the majority
of the HSA inventory has decayed less than thrae balf-
lives.

The only scenario which rasulted in appreciable doses
was the worst case inundation scenario.  In thig
scenario it is assumed that the waste disposal zone
has become samrated anxd that a drinking water wal|
is placed on the site boundary downgradient from the
groundwater fiow direction, The majority of the dose
in this scenaro is attributable to strontium-20 and
results from ingestion of the drinking water.

TABLE 5.4. SUMMARY OF THE DOSE AND HEALTH RISKS
RESULTING FROM 1000-YEAR RELEASE SCENARIOS
(Adaptad From Ref. 29)

Event Mandmue Individual™ Population
Frequency | Cose Risk | Health Rigk™" Dase Risk Health Rigk™"

Scanarn/Dispasal Method oy {remvy) | {health offects/y} | (person-remyy) | (health effectsiy)
feferance - Arid

SLE 1E +0 4E-2 1E-5 8E-1 2E4

GCD 1E+D 1} 1} 0 0

SLB 1E+3 2E-5 6E-10 3E-5 gE-9

GGD 1E-3 0 0 G ¢

SLBEE]I 1E-5 BE-3 2E-8 1E-1 AE-5

GoD ZE-7 ] o G 0
lnundation

LB 1E5 5E-3 €5 SE+1 oE-3

GoD 1E5 EE-3 ZE-5 3E-1 oE-5

) Mamimum individual is & hypothetical person kneasd o poind of maximum Jose conZequency.
i) Hwalth risk hadalsh sHecicly) s combined cancer deaths and genelic defecis per year, which squals 53 10™ healih allectzfdasa unit

muliplied by tha ancwal dase rigk,

e} The larmeriiruder dose s the sl of a container of wasts baing plowed up. The probatllity is 2 iunclion of The arsa con-
tarninatéd and the dopth of the matarial disposad. Dosa to hamer s from 40 hours axposure. Palease 1o IR occurs in 2085




6.0 CONCLUSIONS AND LESSONS LEARNED

The GCOT was a successful project and the irforme-
tion gainad has alrasdy been Incorporatad into opara-
tions at the NTS. GCDT has also contributed to the
dovelopmeant procedures for management of HSA and
GTCC wastas. Porhaps the greatast measure of suc-
cass for this project was the immediate transfor of
technology to the management of numerous Defensa
HSA LLW. In many ingtancas, thasg wastes could not
have been disposed of in convertional SLD without
risks of exposurg (o parsonnal.  However, as with all
resaarch projects, there wera some aspects of the
GCOT that would have been donw: diffgrently had the
investigators known the problems thay would en-
colntet. But the process of trigl, arror, and resoiLtion
i5 important part of any research program and mves-
tigators realize that i ks difficult to achieve complate
success in every aspact of the program.

8.1 Evaluation of Waste Handling
Operations

Certainly one of the mast notable and important
achlevements of the GCDT was in the developmend of
handling systemns for highly radioactive wastes and
minimizing personned exposuras. The HSA strontium,
cesium, and cobalt encapsulated sources disposed in
GEDT presented a significant risk to personnel, The
fact that these materials were disposed of without amy
recordable exposures and in a cost-effective manner,
i the keeping with the best principals of ALARA,

In developing concepts for a ramate wasie handling
system, tha investigators were influenced by the need
1 have 2 system capable performing a varlety of func-
thons both at GCOT as well as in other site opatations.
The decision ta modify an 18-ton all tarrain crane was
based on two peincipal factors: (1} the crana would be
of use in other oparations at the shts, and (2} existing
eranas at other LLW faclities could ha aasily madifiad
for remote operations if GCD was to ba implemented
at those sitas. The RWHS proved to be highly suc-
cessful and the technology readiy transferable io
other sites,

It should ba noted that boih the skil of tha RWHS
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oparntors and the substantlal training thay recelved in
use of the systems were major conlributors to the suc-
cess of the aparations. Also, it must be strongly em-
phasized that axtensive planning and practics for sach
remaote handled source warg fundamental 1o success.

The lessons learnad fram the GGDT HSA waste han-
diing aperations have alrgady bean impiermnentad and
incamorated into standard peacticeat NTS. (nthe four
vears since the complstion of GCDT waste loading.,
the RWHS has been usad many times for remote han-
diing of saurces as well as normal daiy operations. In
fact, t date thare have been aver 100 remate handling
GCD oparations conducted at the NTS without a
gingle recordable ssposure to personnel.  Given thg
rigks associated with the handling of HSA sourcas,
and compared with aperations at other LLYWY sitas, this
is a significant accompéishment.

5.2 Evaluation of Monitoring Systems
and Tracer Tests

The original experimental planfor GCDT called for the
monitaring of heat and maisturs in the disposal zona.
The plan was later modified to incorporate use of
tracers to assess facility performance. Whie the
monitoring systems used In GCOT obtalned the re-
quired data, problems expearienced with certain sys-
tem comgonents woukd today, resull in a significantly
diffarent systam dasign.

5.2.1 Soil Moisture Monitoring. The most reliable
moksture data collected was from the noutron mois-
ture probe and in retrospect, additional neutron ac-
cass holes would have been desirable. Howenver, the
data obtained adequately demonstrate the moisture
flux away from the heat sourcae and show that infilttra-
tion of presipitation iz not a signficant trenspart
machanism.

Data from the TCPs proved. unsatisfactory and of
limited uza. This is largely due 1o the complex alectni-
cat TCF reader/racordar and the axtremaly dry soil
conditions of GCDT.  The dryness of the soils and
backfill material and later, heat from the thermal waste
sources, preventied establishment of an equillbrium



background for most of the TCP monitoring stations.
Anaother factor was the Installation and operation of
RDAS. Asdiscussed aadler, the RDAS was proto-typi-
cal and problems with the system weare nevar coim-
pletely resolved. This may have been partly due o
system design, but lack of a stable background was
probably tha major contributor to efratle readings. In
summary, the lessons learned were;

a.  TCPs proved to be inappropriate for monitoring of
sofl moisture in the dry and unstabie thermal en-
vironments of the GCOT.

The RADAS was a good concept but insulficlent
time and development funds wera avallable lo
resolve system problems.

MNeuiron moisiure probes proved to he the
simplest and most relfable method for obtaining
molstura data,

.22 Tempgrature Monitoring, The Type J ther-
mocauples used in GCDT provided the tast reliable
termperaturs data, The temperature probes on the
TCPs did provide soma data but the themmosouples
proved to be the most satisfactory. Over 80% of the
Type J thermocouples sontinue to provide usable
data. The thesmocouples dasast o the heat source
ware designed 10 ba "sacrificlal™ and nat expacied to
parform over the lifa of the project. Calculational es-
timates of heating offects in the disposal 2ana showed
temparature reaching 600 °C and would have required
the development and fabrication of tharmocouples
with carpmic coatings 4 15 100 matars inkength. Whila
this may hava bean achlevabla, boththe axpanse and
lohg-termirgliability of the monitars wera quastionabla.
Therefore it was decided that montiorng of heating In
the disposal zone could be achieved by bath tha
sacrificial thermocauples and through extrapolation
from other temperatura monitaring stations.

Winla it woukd have baen prefersble to have actual,
rather than extrapniated, peak ternperature data for
the GCDT waste zone, the monitoring systam did per-
form as intended and usable data continue 1o be col-
lected.

£.2.3 Sqil Gas Ssmpling System. Asdiscussad ear-
lier in Section 4, the soll gas sampling sysiem was
ariginally designed to collect tritisted moisture vapar.
Teflon twbing, rather than copper ar stainiess steel,
was used 1o reduce the weight on the suspended
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monitoring lines and reduce potential for crionping f
lines during handing. This design was suitable for its
original purpose but teflon tubing & ot the desired
materia for conducting tracer tests. Teflon will sorb
the fluorccarton tracers and Introduce a sampling
arror which rasuits In the need to constantly
recallbrate the system.

The GCOT investigators recognized the difficulties that
wolld be sncountered with modifying the sall gas
sampling systems far tracer testing and steps were
taken to mitlgate those problems. Whils the sampling
system did perform adequatsly, an all siainless steel
aystemnwould have been prefersed. it should be noted
that the system Is still being used lor tritium manktar-
g expariments.

6.2.4 Tracer Testing. The tracer tests provided im-
portant data on the diffusion patterns in the sois
around STP and GCDT. The tracer data show that the
principal transport mechanism and pathway is
through the backill materials. Cownward migeation
ard harizontal madremnant through undisturbed sols is
limited and not considered 1o be an important path-
way of congem in the long-term performanse of GCO
at NTS.

While not all aspects of the tracer tasts wera complete-
Iy successiul the trial, emor, and rasolution procass ih
devaloping a system have proven to be important
The informeation gained from the GCDT tracer experi-
ments has been shared with govermmment agenclss,
universities, and sommerclal companies investigating
the applications of tracers in leak detection and
characterizatlon of spil sikes. In addition, tha lessons
leamad have adraady besn applied in development of
monitoring systems for 2 mived waste facility at NTS,
irvestigation of a fuel lsak, and invalidation ot diffusion
models.

6.3 Evaluation of Modeling Studies

Avarigty of modaling studias wera conducted overthe
courss of GCOT. While tha rasults of some of thase
studies are notable accomplishments, the develop-
metit of an appropriate paformancs madel proved 1o
be frustrating. Thiz was largsly dus to tha fact that
early in the project, il was decided thatwhen aver pos-
sible axisiing modals would be modified and new
models wanld be anly bo developed to address those
unique aspects of GCDT {eg. radiation scatter from
wasteloading). While this Is aloglcal approach, italso



assurmes that models exist that can be reasonably
modifiad ta meet the naeds of GCDT, This proved to
be incomect and a substantial effxt was made 1o
modify an existing model bafore an atemative course
of action was taken.

#.3.1 Perlormance Modaling. Eary inthe project, a
survey of models which would be appropriate for use
In modeling GCDT was conducted. There weare two
basic criteria: {1} the model must include both mass
and heat transport, and {2} the model must address
unsaturated Alow and gasaous diffusion. Of the
madels surveyed, anly the WAFE eade develaped by
Los Alamos National Labaratory (LANL) mst these re-
quirementsm'. Some Initial studies of GCDT using
WAFE wera parformed by LANL and kt appeared that
the modsl would meet the praject needs.

Tha principal problem with use of tha WAFE code in
GCDT was in the lack of suificient documantation in
both tha operatian of the moda and interpretation of
results. A significant effort was made 1o modify the
WAFE code bat the complexdty of bath the modeal and
tha necessary modifications wera difficult to verify.
Therafors efforts wara re-Oiected towards simpier
modeis which could address components of the sys-
tem performance. The models used were analylical
diffuszion and kriging models which ut¥ized data coi-
lected from GCOT monitoring sysiems and tracer
1esis.

The results of these modaling studles were satisfac-
tory n analyzing the Individual heat, molsture, and
tracer material transpon propertiss of GCOT. Whike a
total systems model for GCOT was not devaloped, the
stuclies that wara cond ucted successfully met the per-
formance modeling goals for the project and tha les-
sons leamed are veluable for consideration n uture

prOjects.

a. The GCDT was a wnique faclity and required
developmant of a unigque performance model.
The modification of an existing model Is usually
assumad to be the most bme efficiont and cost ef-
fective. More delailed analysas of the model and
the modification eiforts required should be per-
formed prior to making this assumption.

Simple models and anatytical solutions for the
transport phanomena assessed by the parfor-
mange: model are necessary to interpret both fleld
data and modeling results. While the simple solu-
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tions are not expected to duplicate the data or
rasults, they should correlate. This provides the
imvestigator with a means of verifying tha model
resutts.

8.3.2 Riak Assessment Modeling. Two different risk
assessmant modaling studies were conducted and |t
i interasting to note that the conclusions reached in
each study reflect changes in the manner in which
risks are currgntly assessed. The first study con-
ducted in 1983 ytilized thae RADTRAN model
developed for the NRC for use in evaluating SLD sites.
1t & a compasite of several transpont and pathways
analysis models. Tha basle transport model |s a one-
dimensional unsaturated Aow madal and assumes a
multilayered 3ol column, The modsl is very conserva-
tive since & azsumas no horizontal disparsion,

Tha initlal GCOT RADTRAN modeling showed very lit-
tla migration occumring within the soi eslumns for
gither tha GCD or SLD Referance cases. Given the
highly arid conditions at NTS these resulis seemed
reasonabla. When the Climatic Change scenarlo was
fun, an equally small amaum of migration occurad.
Since this scenario involved 10 timas the amount of
preciphaton, & was assumad that thera would ba an
appreciable difference in radionuclide transpordt,
Therefore paramatars in the model were changed 1o
utlize mora consanvative solubiity and somption coef-
ficiants. Evan with these changes the results showed
littha migeation. With aach itaration, themodel bacame
more conservalive and the worst case scenarios be-
CAMaS more extrems.

It must be recognized that In 1883, the "accepled”
method of pedorming rizk modeling was o seek the
upper baund of risk through worst case analyses. The
NRG, through thew modaling studies in the 10 GFR &1
Ervironmental Iiwgact Statement, had chaosen to
defina disposal risks through warst case scenarko
analyses for intrusion and groundwater transpor, The
investigators for the AADTRAN study were hard
pressed to develap scenarios wharg wastes buried In
GCOT woukl be transported in ground water. The end
result was thal only by Inundating the GCD waste dis-
posal zona with massive fluxes of water could |t be
shown that any substantiad migration would acour,

Tha second risk assessment modaling gtudy con-
ducted i 1588 used a modified and improved version
of RADTRAN but treated zcenaros in a probablistic
mannar. Worst case seenarkos were alsc analyzed but



therrisks were weighted inaccordance with both prob-
abiity and uncertalnty. The diferencas between the
1983 and 19448 studies are notable in thelr approach
to practices currant at the fime. The 1283 stixdy at-
tarnptad to define an upper bound for risk through
worel case sconarios. The 1888 study bounds risk
through uncestainty analysks and worst case may nat
result in tha highest risk. Another nolable differance
betwaan thase studles was in the availability of infor-
matisn about transport mechanismg in GCDT. In
1983, irvostigatars had litthe nformation about infkira-
tion of procipitation avarts or diffusion proporties of
disturbod and undisturbed sois. Tharaefors thers was
the tecddancy to ba overly consarvative in assessing
nundation scenanios.

The conclusions reached from Ihase modaling studies
cleardy shaw that GCD substantially reduces the risks
assoclated with the short- and long-term dsposal of
HSA wastas.

6.3, Radintion Scatter Modeling. Tha most sue-
cessful of the modaiing studias conducted was in the
varification and validation of the SKYSHIN computer
code for assagsing doses from direct and scattered
radiation choaing waste handling oparations.

It was reslized that scatter radiation during source
ioading, and lates from the borehole, would conslitute
amajor hazard. While there wera a number of models
for performing shiglding calcidstions, there wase nohe
spachically designed to meet the GCDT shielding
geametry. In ordes 1o assure that GCDT operations
would not result in any uvnnecesiary exposure, 8
mode needed {o be developed.

The nltial dose assessment studies were conducted
using analytical solutlons for direct. skyshine, and
scatter radiation. These studies were sufficientty con-
servative i allow preparation of radiatlon work plans
for waste handling operations. Data from these
shadies wera later compared with actual results and
proved i be faidy accurate. Thase data were used in
development of SICYSHIN and the model ks ane of the
few validated radiaton scatter models. SKYSHIN was
later used in development of the probabillstic rsk as-
sessment kor GCOT and is avallable for use assessing
borehole operations at other faciices.

6.4 Evaluation of Project Goals.

The orignal prolect paals for GCOT were fully ac-

&-4

complished. Inthe area of operations, waste handling
and disposat ware demonstrated to be cost effective
and safe. The procedurss necessary to cpemits a
GCD faciity were fully developed s operations were
conduciad without exposure to personnal.

In feld axpermants, tha data obtained from tha tracer,
tritiurm and manitoring studies verified that the prin-
2ipal transport macharism is diffusion. The expari-
mants provided critical infermation on the
effectivanass of backflling procedures and materials.
Lossons Jeamed from GCOT experiments have al-
rexdy been applied towards improving GCD opera-
tiong and developmeam of vadosa zone monitoring
systoms st NTS.

As disctssad aafiar, validation of a total systenms per-
ferrmance model for GCDT was not comgletely suc-
cessful. However, the data collectad and tha
modeling studies perfcmied wera succassiul in mesat-
ing project goals lor assessing long-denm performance
of GCDT. While development of a validated perfor
mance modal is gil desirable, the simpler analytical
models used in evaluating GUOT data have proven to
he adequate in meeting tha needs of current GCD
oparations.

6.5 Considerations for tha Closure af
GCODT.

Monitoring of GCOT will continue as part of routine en-
vironmantal monltoring of the RWMS. Both tempera-
ture and trillum diffusion are approaching equlibrium.
When these equilibrium points are klentified and docu-
mented, nstrumentation will be withdrawn and the
matjority of monitoding shafts will be sealed. Since
some tritum is difusing 1o the surface, a closure cap
is recommended.

6.6 Considerations for Future GCD
Operations and Sites.

1t is apparent that the principal transpost mechanism
for volatile matefials disposed at NTS is gaseous dif-
fusion. The principal pathway of concern is upward
migration Cisposal at depths greater that thaose used
in routing SLD are nacessary for tridum and other
volatile or gas-genarating wastes. While great care
was taken backfiling the GCDT 50 as to minimize the
introcluction of water and it iz appsarent that sdme ad-
ditional water would have aided in obtaining compac-



ticw of they backiil matarials.

Much of the success in the safe and elfactive remota
handling of wastes is attributable to the skil of AWHS
equipment opsators ard the developmant and prac-
tica of procedures. Whike the technology used in the
RWHS is raadily transferable o other sitas, operations
managaes musl reaiize that adaquata training of par-
sonned is critical.

Obviously the combination of volatile tritium wastes
with therma wastes in the same borabols is not
recommended. For GCDT these wastes were com-
binad only for purpose of the experimants to be con-
ductad. Shtes disposging of thermal wastes must have
an approprate understanding of the heating effects on
sails and surrounding wastes. Whanever poasible,
thermal wastes should be Isolated from areas where
other wastes are disposed. Simple calculations for
long-term thermmal distributions will allow deternmmna-
tion of the spacing required.

There are no specific criteda for the thermal or tritium
Ioadings of GCO borehales but some guidelines can
be derived fromn GCDT data. The wastes in GCDT at
tima of emplacemeant generated approximately 3,500
watts thermal. Temperature data indl¢ate that thermal

aquiiibrium has been reachsd for sols within 10-
motors of the amplacemant zone. Temparaiures
range between 30 and 40°C {approxmately twice the
ambient 17°C) within 10-metars horizontally and 22-
msters vartically.

To clearly segregate the affacts of thermal plumes
from adjacent borsholes, tha separation batwesen
barehatas should ba such that the rtegeated thermal
contrihutions should not excead twice ambient
tormparatures. A “nja of thumb® that can be derived
from the GCDT data is that borehole spacing should
be a minimum of 1-meter per 103-watts thermal.
Therefore, two borsholes, sach containing 3,500-
watts of thermal wastes, should be separated by a min-
imuam of A5-meters.

Tritium data from GCOT are nat truly represantative of
a roitine GCD operatlon bacause of the presence of
thermal sources. Thedaia from GCDT does show that
after four years, some iritium has diffused aver B-
meters honizontally fromthe disposal zone, However,
the diffusion/dilution eftect is approsdmeately one order
of magnitude per meter. Preliminary analyses of this
data mlicates that a saparationof 10-ta 15-meters be-
tween trillum borgholas showld be sufficient 1o distin-
guish ditfusion plumes.



7.0 FINAL SUMMARY

Ag with all projects sponscred by the DOE's DLLWMP,
tachnology transfer Is an Important goal. There were
saveral contributlons made by the GCDT project nthe
managemant of WSA wastes. These include the
divelopmant of & functional and practical remole
waste handling system; the development and velica-
fich of the SKYSHIMN scatter radiation model; e
development of racer tests in characterizing diffusicn
thraugh backfill matetials: the davelopment of isother-
mal diffusion models; and the principles, Macices,
and precedures for handling of HSA and GTCC was-
tes.

Perhaps the greatest successas in the GCOT project
were achigved in developmert of opernations for a
borehola disposal facility. In many respects this is at-
irbutable to the fact that from the culset, GCOT was
tonsiderad an oparational research project to provide
technalogy sumable for transfer 1 (ther sites. The
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GCDT Reld axpariments ware alya succassful. Cata
collected from these experimants ware usad in verify-
Ing and valldating tha modals necessary to assaess the
safaty and raliability of GCD operations.

The GCDT project lasted for over sevan years and
during that time an extensive amount of information
and experience were gained. To date, ten GCD
boraholes have been developad and over 100 remote
waste handling operations have been conducted at
NTS. The wastesdisposed of in thase boreholes were
unsuitable for SLO or presented a significant risk 1o
operations persannel. Without the GCDT project, it i5
likedy that most of thase wastes would have remained
In staraga. The true maasure of success for GCDT is
demonstratad by the sontinuing use of technology
developed by the project In the management of HSA
and GTCC wasles.



10

1"

12

8.0 REFERENCES

Dickman, P.T., and J R Boland, "Nevada Tesl Sike Experiance with Greater Confinement Disposal * in
Pracaading of tha 8th Annual Pasticipant’s Indormation Magting, DOE Low-Level Wasta Management Frogram,
August 1947,

Boland, J.K., and F.T. Dickman, "Navada Test Sha Greater Confinement Disposal Facility,” pp. 751-766. In
Procaedings of the Fourth Annual Farticipants’ information Masating, DOE Low-Level Waste Management
Frogram, August 31-Septembaer 2, 1982, Danver, Colorado, ORNL/NFW-82/18. Oak Ridge Malional
Laboraiory, Oak Ridge, TN, Oclober, 1362,

Hunter, P.H., “Documentation of Greater Confinement Dispasal Technodogy: 1381-1932. A Progress Repart
on Miestone E of the DOE Low-Level Wasts Management Program,” DOE/NV/10253-6; FBDU 427-004.
Frapared for U.S. Department of Enargy. Nevada Operations Office, by Fard, Bacon & Davis Uiah, Inc.. Salt
Lake City, UT. Seplember, 1982,

Hurder, P.H., and R.B. Whita, "Technical Concept for a Greater Sonfinerment Disposal Test Facility at the
Nevada Test Ske,” NV0-238, Pregared for U.5. Departmant of Energy, Mevada Operations Office, by Ford,
Bacon & Davis Utah, Inc., Salt Lake City, UT. Juna 30, 1332.

£S5, Nuclear Regulatory Commission, Draft Environmental Impact Statement on 10 CFA Part €1, "Licensing
Requiremants for Land Disposal of Radioactive Waste,” NUREG-0782. Office of Muclear Materlal Safety and
Safeguards, Washington, OC. September, 1581, 4 vol.

U.8. Nuclear Regulatory Commission, Final Ervironmental Impact Statement on 10 CFR Part 61, “Uicensing
Raquiremanis for Land Disposal of Radioactive Waste.* NUREG-0945. Office of Nudlear Matarsal Salety and
Safeguards. November, 1982, 3 vol,

Dickman, P.T,, and J. . Boland, “Greater Confinement Dispasal Test at the MNevada Test Site”, Proc. Sym-
posium on Waste Management Tucson, Arizona, University of Arflzona, February 27 - March 3, 1983, Vol 1,
R 519-581,,

Dickrran, P.T., ef al., "Operational Technology for Greater Confinement Disposal”, U.S. Department of Ener-
gy, Nevada Qperations, DOE/NY/10327-14, 10234,

Dickman, P.T,, and R.E. Willlams, "Operational Conhsidatation for Greater Confibesnent Disposal®, American
Muclaar Socisty, 1983 Fall Maating, Invited Paper.

Whiams, R.E. 'Dav&k:-pmant and Usa of a Remota I-lardlmg Systam for Disposal of Greater Confinement
Wastes " Waste Mangoe AHZOMn: 185 Val. I, pp. 6972

Chson, M.C., "In Sity Gaseous Tracer Difiusion Experiment and Pradictive Modaling of tha Greater Confine-
ment Disposal Test,” DOE/MV/10327-13, Reynokls Electrical ard Engineering Co., July, 1985

Holmes and MNarver, Inc., "Soll Charactsrization for the GCDT Demonstration Project al the NTS," Matarial
Testing Laboratory, Mercury, Nevada, 1983

81



14

15

16

17

19

21

22

24

Instltuta. HEI'ID, N'u" 45034 Séptambar 1934.

Whiams, R.E., and D.A. MceGrath, "Monitoring of Haeat and Moisturg Migration from Radioactive Waste Dig.
posal In an Augered Shatt,” in Proceading of Waste Management '87, Tucson, Arizona, 1987,

U.S. Dapartment of Enargy, Nevada Operations Offica, "RCRA Part B Permit Application Mixed Waste Manage-
mant Faciity - Nevada Test Site”, U.S. DOE/Nevada Oparations Offica, 1948.

Qlson, M.C., "Application of Organic Tracers in Characterizing the Greater Confinemant Disposal Test at the
MNevada Test Site," Waste Managernant ‘85, Tucson, AZ, March 24-28, 1985, Vol Il, pp. 141146,

Kreamer, D.K., "Proposed Grealer Confinemand Disposal Tracer Test Plan and Recommendations for Data
Analysis Techniques for |n Sy Gasecus Diffusion Experiments of tha Shakow Test Plot and Graatar Confine-
ment Disposal Tast. Mevada Test Site,” Inernaé Aaport, Reynolds Elecirical and Englinearing Co., November,
1983,

Kreamer, O.K., "0 Siu Measurement of Gas Diffusion Character|stics in Unsaturated Porous Media by Means
ol Tracer Expariment. F.D, Dissartatlon, Depanment of Hydrology and Water Resources, University of Arlzona,
Tucson, Arizona, 1982,

Kreamer, O.K, E.P. Weeks, G.M. Thompson, “A Fleld Technique 1o Measure the Torosity and Sorption Af-
fected Porosity for Gaseous Dfusion of Materals in the Unsaturataed Zone wih Expaerimental Resulis from
Naar Barwell, South Carclina,” Water Aescurces Research, Vol. 24, No. 3, March, 1988

Aeynolds Elecwical ard Engineering Co., "Oraft Rediclogical Opmarations Safety Manugl for the Greater Con-
finement Cisposal Test," Reynokds Blectrical and Engineering Co., Intemal Beport, September, 1583

Ateond, C.L., J.P. Boland. P.T. Dickman, “SKYSHIN, A Computer Coda for Calculating Radiation Dose aver
a Barrier,” In Heatth Physlcs of Radiation Generating Machings, 20th Midyear Topical Symposium, ¥W.P. Swan-
son amd O.d. Bresick, eds. COMF-86021086, February, 1987, pp. 178-185.

Dickman, P.T., and J.R. Boland, "Greater Confinement Disposal Test Operating Experienca’, Waste Managea-
ment "8G, University of Arigona, 1986

Pearsonal Communications A.W. Willlams to P_T. Dickman, June 23, 1988 GCOT Temperatura Readings, June,
1588,

McGrath, DA, "Monitering of Haat and Molsture at the Greater Confinement Dispasal Test From January
1983 through Qctober 1986: A Praliminary Analysis,” RWM-7 Intarnal Report, Reynolds Electrical and En-
ginesring Co.. Movembear, 1587,

Kirby, Morgan, “Tracer Diffuslon Analytical Sysiem Calitwation Tests,” Intenal Draft Report, Reynolds Electri-
cal and Engineering Co., 1347,

Clson, M.C. and R.E. Williams, “Shallow Tast Pilot Sevan - Praliminary Analysk" Internal Draft Repon,
Raynolds Electrical and Engineering Co., 1088,

82



KE

a2

a4

25

Kreamer, David K., "Monitoring Techaology for Augerad Shaft Waste Disposal - The Shallow Test Plot Experl-
menis®, Interim Report submitted to Reynokds Electrical and Engineering Company, April, 1584,

Pottororft, E.T., H.A, Phillips, and DAL Kreamer, "Analysis of Gasaous Tracer Migration for the Greater Con-
finernent Disposat Test Five-A Rapart Submitted ta Raynolds Blectrical and Engineering Co..” Department of
CidA Enginaoring, Arizona State Univarsity, August, 1589

Huntgr, P.H. ot. al.. “Limited Risk Assassmeont and Cost/Benafit Considorations for Greater Confinement Dis-
posal Compared to Shallow Land Burial,” DOE/MNV/10327-8, Reynolds Electrical and Engineering Co., Sep-
tamber, 1984,

Atwood, C.L and N.D. Cox, "Frobabiistic Risic Assszsmant for Greatsr Confinement Disposal™, Reynolds
Electrical and Enginearing Co. (Draft Rapaort) to be published 1588,

Church, BW., lefter ta distibution, "Nevada Test Site Greater Confinament Disposal Test (GCDT) Radioac-
1hve Waste Sources," Nevada Operations Office, U.S. Departmant of Energy, May 15, 1984,

Cox, N.C., “Probabllistic Assessment of NTS Site Performanca,” Procgedings of the Ninth Annual COE Low-
Leval Waste Management Forum, Parformance Assessment, Marriott Hotel, Denver, CO, Aug. 25-27, 1987,
pp- 1164128,

Cox, M.C. and C.L Atwood, Probabsis
SE-A-85-022, Aug. 1985,

EGAG idaho,

Cox, N.D. and C.L Atwood, “WASTE-PRA: A Computer Packape for Probabilistic Risk Assessment of Shal-
kow-Land Burial of Low-tevel Radioactive Waste " EGG-EA-T106, December, 19585,

Travis, B.J., "WAFE: A Modal for Two-Fhase, Multl-Component Mass and Heat Transport In Porous/Fracturad
Media’, Los Alamdas National Laboratory, Craft Report, 1924,

Swanson, D.E., et al, "Pretiminary Report: Initial Studies of Tritium Migraiion &t the Greatar Confirement Gis-
posal Test (GCDT) Facility; February 1987 - July 1928", DOE/NV/10227-40, October 19858



APPENDIX A

GASEOUS DIFFUSION IN THE VADOSE ZONE:
THEORETICAL BASIS FOR VOLATILE TRACER EXPERIMENTS

By
David K. Kreamer
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A.1 Analytical Solution of Fickian Gas
Transport

Modeling the movement of tracer gas oot of permea-
tinndevicas and through the vadose zone involves ap-
piying Fickian gas transport theory to the specific Fetd
condiions of the STP and GCDT. By doing this,
transport propertles of the medium can be identified
and a methodology for determinmg transport proper-
ties under a variaty of field conditions can be

dervalopad,

Fick's second law gives the mass balance equation
which described ons-dimensional diffusion of one gas
into anather gas {Fick, 1855).

it @

whersa:

D= molacular diffusion cosfflcient tor the gas undar
consideration {cmafsec].

£ = concentration of dilusing gas (molas/cm®

x = dimension in dirgdtion

t = time (sec).

An assumption usually implicd rom squation (1) is
that O Is constant Tor a given medium, temparsture,
and prassure but thiz assumption iz usually only ap-
proxdmataly and not necessarily true.  As written
abewe, the equation dogs not ageount for comsaction
of gas or the chemical reaction of the gas, and as-
sumes D to he constant (Jost, 1960). The above
description of Ficklan difusion also assumes a con-
stant-density, lsotharmal emvironmant.

As Weeks 21 al. {1982) point out, the difusion coefii-
clent O is a constant analogous 1a hydraulic diffusivity
(hydraulic conductivity divided by speclfic storage in
fiow thraugh porows media) and thermal diffusivity
{thermal conductlvity divided by volumetrc heat
capacity). Therefore, the literature abounds with
eguatians that can describe gasecus diffusion under

A-1

avarety of boundary canditions (Carslaw and Jaager,
1059, Crank, 1975).

Flck's second law can ba generalized to describe

gaseaus diffusion Into 2 partially saturated porous
medium in one dimension as {YWeeks et al. 1882):

1
ﬂ@%-ﬂ:,%wpw(qr'ﬂn)%
+P:(l JGT}§+¢‘

whera:

(@)

t = the H¥iuosity factor accounting for the added
resistance to diffusion imposed by the structure
of the porous medium (dimensionlass),

8= drained or gas-flled porosity {dimensianiess),
8. = total poresity {dimensionless),
po= density of water {gfcm3]"

P, = particle density of Franular material making up
solid matrix {gfem®

& = concentration of the diffusing gas under con-
sideration which is dissolved in soll water {molfg
of water, and

C = concentration of the diffusing gas under con-
sideration which is sorbed on tha solid matrkx,

With assumptions of an immabile liquid phase that
complately wets the solid phase and that rapid equi-
lirium occurs between the gas phase and tha dis-
solved sorbed concantratlons in 1he liquid and solid
phaees, the aquation can be rewritten 23 (Weoks et al.,
1582)

z
tﬁnD gTE - [q ] ¥ pw(qT - HD)K'\II

:
* p:(] ) BT)K;_:%‘;* o

(3)

where;

ky mliquid-gas pariitioning coefficient that describes
the ratip of the cancentration of the gas undar
consideration in solutlon 10 s concentration in



averlying gas phase under equiibrium condi-
tions, (moles/gm water + molesfem? gas),

ks =kwka= ¢as-liquid-solid distribution product
describing the ratio of the moles of the gas under
cansklemtlon sorbed on tha solid phase per unit
mass or solid phase to the concentration of the
gas In the soil atmosphars (om® gasigm soid),
and

kd = soliddiquid distribution coefficient describing the
ratio of the moles of solute under consideration sorbed
on tha solid phase par unit mass of solid phase 1o the
concentration of the solute in the water [mdles/gm
solid per molasfgm water}.

The movemant of the diffusing gas of interest through
the liquid film prior to sorption on the solid phase 1S as-
sumedd to be essertklly instantansous with respect to
the overall diffusion process in this treatment,

Aearrangement of equation 3 yields:

FC &
Pk

+a {4}

"IH'ED
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In this form Fick's second law is ganeraiized to
describe gaseous diffusion intg a pastially saturated
porous medium by replacing the diffusion coefficient
D with an effective {apparant) diffusion coslficient O

e
n@.-%

with D' deseribad in the non-reactive media by:
o t0,D
8, + (81 %o} .k, « (1 -8r)o,

{5i

(B}

D' i a "lumped” parameter which bas many subcom-
ponants and |5 different for 2aeh different medium and
diffusing gas. Therofora, In order 12 gain a better un-
derstanding of the physical signiflcance of the sub-
parameters of the affactive ditfusion coefficient,
individual subparameters must ba datermined by
other maans. The denominator of the right-hand side

A2

of equation & can be considered a sorplion term,
referred to as the sorplion comrected porosity,

Aftar D' Is identifiad far a given soil and tracer, the tor-
tuosity factor of the media, ¢, canbs calculated, be-
cauge the other subparameters of equation 6 can be
measurad anfor caleulated.

Equation (5) can ba rewritten for 3-dimensgional radial
flow with spherical symmetry as {Jost, 1960}

D [ + W) 2ear) - & M
wheara:
- Gan) L o), (arm) "

mp =point of measurement, and
§ =source

The medium is assumed (o be homogensous and
isotropic in this form of the agquation. Fick's second
law for gas diffusion is analogous to equations for heat
conduction in solids (Fourier's Law) and for the flow
af fuids in porous madia (Darcy's Law). Solulions for
these equations are abundant In the ierature, and
there are axamples with many source configurations
ard boundary conditions.

A2 Instantanegus Point Source

Carslaw and Jaeger (1959) describe a zolution for
tempafalura of any point at any timeg for an instan-
taneqgus poim source of heat in inflnite madia. This 3-
dimensional soluion for equation {5) maodified by
substitution of equivalent gaseous diifusion
pararmeters in place of heat flow parameters, 15

C= J—ﬂmm
MI
glpD'e)

where:

()

£ = an instantaneously produced mass {(gm) of the
gas [movement and concentration of which is
under observatlon) at a point source in an infinite
madium.

4.2 Continuous Point Source



If tracer gas is produced at 2 mass production rate of
__ () per unittima fromt = Qo t = 5at the point Xo,
¥a, To, the concentration at any point x, v, zat time ¢,
by integrating (9} is:

[
[afedeemen_d

Cw=
gD} 6 o™’

(10}

where:
P = (k-%0) # (y-vo)® + (2 -20)° and
t' = the variable of integration

The distribution of concentration is said to be due ta
a continuous point source of strength & (1 fromt = ¢
onwards.

[T o {t) is constant and equal 1o {g), the salution for a
constant point source with non-steady slate diffusion

IS
L4

—

4D

C

q
DA {11}

whare:

aegy+(@r-8)p {18 pk,
Azt this reduges 1o © = qf4D" rA which is a steady
distribution of congentrgtionin which a constant supp-

ly of racer gas is Inmroduced at {%o, Yo, and Zo) and
spreads outward into the sfinite madium,

5.4 Continuous Ling Source

A3

Adaption of the continuous line souwrce of heat to
gaseous difusion in a porous medium gives:

whara:

C = concentration In gice,

qQ = refease rate in {g'sec)dength in cm,
r = radius from release ling in crm,

D' = effective diffusion coefficient (Qicch,
A = sorplion coefficient junitless),

t = tmeinsecaonds,

El= Exponential integral.!

2 z
Fuis allowed tosqual r ,thenl' = r
40 4yt
A w -y Eil-ul
q4LC

Zolution of the exponential integral is:
Eif-0) = 0.5772 + Infu) - v + 1/4u®

which ks calculated for values of u and plotted, giving
the type curve. Concentration {c) rather than Cr (in
the point source solution) is plotted agamnst it for
each sample station to obiain the curves used in the
graphical solution. The progedura for curve matching
is the same as deseribad for the point source except
that the values of Cand r2it are obtained where u = 1
and Eif-u) = 1.

A.5 Boundary Conditions and Image
Solutions

Up until now this saction has discussad general, ideal-
ized difuzion without referance o baundary condi-
tiong which can make the governing eduations, which
are modifications of Fick's law, appilcable (o actual
field situations. The solutions to these partial differan-
tlal equations have 5o far in this rapon reprasented dif-
fusion thraugh infinlte, bomageneous, paraus media,

To betier describe the special casa of the isothermal
field test, boundary conditions can be chosen. The
ground surface can be described as a zero concentra-
tion boundary for the tracer. This can be mathemati-
cally simulated by wtllizing a methed of images and
As3igning a tracer gas sink equidistant and opposite
of the tracer source fromithe ground surface, The ap-



plication of 3-dimenszional method of images s
schematically shown in Figura A-1. Accounting for the
ground surface boundary in this way (11) can ba
madified 192

L

fapt

Cw ql o4 erfc _rL
axD'r A DA - Japt 12

and {g) mooified to:
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0 E-{':"}mw
glpD)

C -
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(13

Ry is the vadial distance at any point tothe iracer's con-
tinuous point source, while A2 |Is the radial distance
from that same point Lo the imaginary tracer sink as
shown in Figure A-1.
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FIGURE A.1

This equation coukd be modified further 1o include a
second boundary at the water tabla which woukd be
assigned as a zero flux boundary bacause: 1) low
solubility of tracer gases in water (BCD and SF6
tracers arg only slightly solubla in hot or cokd water),
2) slow vertical low of watse at the water table and
capllary fringe, 3) compounded by the situation of

A-a

selativaly short field test duration.  This added condi-
tion would be treated again by method of images with
racar source, opposite of equidistant from the water
labde.

When using a method of images where parallel images
argemployed, a series of images is reflected to infinity.
Figure A-2 illustratas this effect. This seres is mathe-
matically written with sach additipnal sink or source
subtracied or added respectively from or 1o tha right
side of equation {12) in tha same fashion as the
hypothetical sink added 1o equation {11) 10 rapresent
a zero concentration baundary at the ground sudaca.
the only mathematical diferenca batwoen these
reflections of reflections is [hat each has a differem
location.
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The mathematical description of tracer tests use only
the fisst sink mage, and assume that the ground sur-
face is the boundary of most importance to analytical
solutions of transient diffusion progesses. The jus-
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tificatian for excluding other iImages is that forthe shon
time pariod of the fleki experiment, only the closest
image wil have aven a slight effect on the final solu-
tion. Also, by neglecting all but the first image the
mathematical treatment |5 briefer, and more manage-
able.

Any anatytical solution for gaseous diffusion experi-
menis utitize equation 12 for cantinuous, paint source
tracer tesis, and equation 13 for instantaneous paint
source traces tests.

The holes, drilled for the GCDT and STP, were back-
filled with an alluvial mateclal which is different (finer}
than the surrounding alluvium. The sides of the holes
therefore represent a material boundary where
hydraulic, diffusive, or thermal properies of the
porous media have the possikility of varying abruptly.
The tracer experiment data help ascertain if a dil-
ference In diffusivity exisis botween the two media,
and il differences exist within aithar one separately.
Unless otherwise indicated, the porous, vadose zane
material are consldered homogenous and isotropic
for any analytical sclytion of gaseous diffusion tests.

A.6 Least Squares Analysis for
Obtalning Diffusion Parameters

In order to estimate the effective diffusion cosHicient
0, a least squares appraach can be employed. This
method finds a D', wivch will minimize the squares of
the diferenca betwean measurad fMleld concentration
af tracer (Ci™) at any raclal distance and time, and the
computed concentration of traces (Ci) at thase same
dl and ti, where i i3 a counter that indicates the num-
ber of concemntration measurements. The functlon o
ba minimized In this case ¥ FID° where

F(D) .f[c;’-ci[l

[T]]

{14)
whigre;

N = the total number of measurernents

Minkvizing programs can be used to salve eguation
{14) by reducing squars of the sum of diferences be-
tween observed and computed valuss, Use of these
computer programs usually involves an inflial guess
for the variables DY (effective diffusion coefiicient}, and
in tha cage of the continuous paint source, A, lasarp-
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don term}. Through iteralive means the program op-
timizaD’ fand A)toachieve theleast sum af the square
of the diferences batween observed and calculated
concentrations. Care must be exercised not to mis-
takenky fingd tocal minimums 1o the function described
by Equalion {14).

A.7 Graphical Superposition
Techniques for Cbtaining Diffusion
Parameters

Application of curve matching techniques to gaseous
diffusion tracer tests is unsaturated porous media al-
lows data 10 be easily interprated.  The technique,
developad for application to 1 sifu gaseocus diffusion
testing by Kreamer {1982), ik analogous to the Theis
method for analysis of drawdawn data from gouifar
tests and altows the quick datermination of the affac-
tive diffusion coeflicient without the use of a compulter.
In this technique, each data point is given equal
weight, unlike the least squares approachwherglarger
values of concentration are emphasized.

For example, equatian 11 (in the contlnuous paint
source case with na matenal boundaries) can be
modified by multiplying both sides by the radial dis-
lance r and by substituting 1he square roat of the ar-
gument of the complementary error function.
Equation (11) can then be written:

:c.H%,Iafcﬁ (15)
ok (16)

Ta prepare a type curve of equation 11, arbitrary
values of erfc _ uvs u are plotled on lagarithmic {log-
logh paper. Next, the observed values of 1 vs. =L are
plotted on log-log paper of the same scale. Holding
the coordinate axes of the twa curves parallel, the cur-
ves are matched 50 that the observed data best fit the
type curve, A common point {match paint) s arbitrani-
ly ehesen anywhere on the overdapping portion of the
sheats, providing the user with mutual values of rC,
erfc -Ju, 2/t and u, which may be inserted into equa-
tiong (15) and (16). The equations can then be solved
for D' and A. Once vaiues of D' and A are calculated,
they can ba chacked, as analogously suggested by
Davis and DeWiest, (1966), by computing 40" and
of4 « D'A. These values must correspond 1o r2ft and



rC raspectively for y = 1 and erfc +u = 1. This
matching technigue is itustrated in Figure A3, Fur-
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FIGURE A.3
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ther inforration on curve matching techniques can be
found In Fersis et al. (19562



