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EXECUTIVE SUMMARY

The expanded use of caps and cover systems is an important aspect of the U.S. Department of Energy
Environmenta Management’s (DOE EM) drategy for restoration and long-term stewardship of sites
throughout the complex. However, very little isavailable in terms of long-term monitoring of covers other
than downstream groundwater or surface water monitoring. By itsvery nature, this can only indicate that
falure of the cover system has dready occurred and contaminants have been transported away from the
dte. Thisis unacceptable. Methods that indicate early cover failure (prior to contaminant release) or
predict approaching cover failure are needed.

The Environmental Research and Technology Divison a Brookhaven National Laboratory developed a
novel methodol ogy for verifying and monitoring subsurface barriers. The technology uses perfluorocarbon
tracers (PFTs) to determine flaws(e.g., holesor cracks) and high permegbility areasinthe barrier. Gaseous
tracersareinjected onone sdeof the barrier and searched for on the opposite side of the barrier. PFTs
alowlocating and 9zing of leaks, have aresolutionof fractions of an inch, and have been used in avariety
of soils.

The capability for leak detection in subsurface barriers usng PFTs has been proven a multiple
demondtrations. Adaptation of thisconcept to coversisanecessary step prior to full-scale demonstration.
This paper detals the proof-of-concept testing on the use of PFTs to measure cover performance. The
tests were conducted at the Savannah River Site Bentonite Mat Test Facility. The main objective of this
program was to demondtrate that PFTs can be used to accurately and quickly locate flaws in a cover
system. To thisend, PFTs were used to verify the integrity of the geosynthetic/geomembrame composite
layer of the Bentomat Test Pad. A secondary objective was to demonstrate a field-deployable PFT
detection sysem. The system consisted of a dud trgp gas chromatograph and a compositing sampling
approach.

In Augugt 2001 ingdlation of the injection and monitoring system was completed and verification of the
cover began. After thefirst two days of sampling and andlysis, the datashowed that the hydraulic barrier
wasintact. At thispoint, threeinduced flaws (1 %4’ diameter) were engineered into the cover. Two flaws
were seen within three hours of ther creation, while dl three flaws were detectable within one day of
introduction of the flaws. The results were repeatable day to day and were confirmed by two separate
tracers.

The proof-of-concept testing at SRS was successful.  The Bentomat test pad represented a worst case
scenario for tracer verification of covers as the desgn maximized barometric pumping, wind, and
atmospheric dilution effects. In addition, the use of the field deployable gas chromatograph PFT detector
was successfully demonstrated. Thisunit wasableto andyze samplesonafour minutecycledowntolevels
of a few parts per trillion. This provided dmost sx orders of magnitude span between concentrations
below the cover (afew ppm) and the minimum detection limit, which is more than sufficient to accurately
determine the presence of a leak. The multiple tracers available witt PFTs (and not with competing
systems) dlow greater flexibility in experimentd/ingdlatior design, yied redundant (re: confirmatory) data
and give informatior on interral trangport pathways not avalable from sngle tracer systems. This
advantage is magnified when the PFT technology is applied to multi-layer cover systems.
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USING PERFLUOROCARBON TRACERSFOR VERIFICATION OF
CAP AND COVER SYSTEM S PERFORMANCE

John Heiser and Terrence Sullivan
Environmental and Waste Management Group
Environmental Research and Technology Division
Environmenta Sciences Department
Brookhaven National Laboratory

INTRODUCTION

The Department of Energy (DOE) Environmenta Management (EM) office has committed itsdlf to an
accelerated deanup of its nationd facilities. The god is to have much of the DOE legecy waste Sites
remediated by 2006. This includes closure of severd stes (e.g., Rocky Hats and Ferndd). With the
increased focus on accel erated cleanup, there hasbeen congderable concernabout long-term stewardship
issuesingenerd, and verification and long-term monitoring (LTM) of caps and covers, inparticular. Cap
and cover systems (covers) are vitd remedid options that will be extensvely used in meeting these 2006
cleanup gods. Every buried waste site within the DOE complex will require some form of cover system.
These covers are expected to last from 100 to 1000 years or more. The stakeholders can be expected
to focus on system durability and sustained performance.

DOE EM has set up a nationd committee of experts to develop a long-term capping (LTC) guidance
document. Covers are subject to subsidence, erosion, desiccation, animd intruson, plant root infiltretion,
etc., dl of which will affect the overal performance of the cover. Very littleis available in terms of long-
termmonitoring other than downstream groundwater or surface water monitoring. By its very nature, this
can only indicate that failure of the cover system has dready occurred and contaminants have been
trangported away from the site. Thisis unacceptable. Methods that indicate early cover failure (prior to
contaminant release) or predict approaching cover fallureare needed. The LTC committee has identified
predictive monitoring technologies asahigh priority need for DOE, bothfor new coversaswell as exiding
covers. The same committee identified a Brookhaven National Laboratory (BNL) technology as one
gpproach that may be capable of meeting the requirements for LTM.

The Environmenta Research and Technology Divison (ERTD) a BNL developed a novel methodology
for verifyingand monitoring subsurface barriers (1,2). Thetechnology usesperfluorocarbontracers(PFTS)
to determine flaws (e.g., holes or cracks) and high permesabiility areas in subsurface barriers. Gaseous
tracers are injected on one side of the barrier and searched for on the opposite sde of the barrier. The
sampling grid, concentration, and time of arriva of the tracer(s) onthe opposite Sdeare used to determine
the 9ze and location of flawsand relative permesbility of the barrier. Inaddition, there are multiple tracers
avallable, which dlows different tracers to be injected in different quadrants of the barrier. Thisyidds
additiona information on trangport phenomena of the barrier.



The technology grew from earlier work at BNL usng PFTs in amaospheric and oceanographic studies
which in turn lead to avariety of applications including detecting lesks in buried naturd gas pipeines and
locating radoningresspathways in residentid basements (3,4). PFTs have regulatory acceptance and are
used commercidly (eg. detecting leaks in underground power cable systems). PFTsdlow locating and
gzing of leaks at depth, have a resolution of fractions of an inch, and have been used in avariety of soils.

The barrier verification technology has been of interest to DOE EM and was developed with funding
through the Office of Science and Technology (OST) Subsurface Contaminants Focus Area (SCFA). As
abarrier verificationtechnology, PFTs have provento be more capable than competing systems. The use
of PFTs for cover verification isanaturd extension of the successful use of PFTs to verify and monitor
subsurface barriers. The cover can belooked upon asahorizonta barrier. The gaseoustracer isreleased
below the cover and detected above it (see conceptual modd in Figure 1). The difficulty (compared to
subsurface barriers) lies in the close proximity to the surface atmosphere.  For example, barometric
pumping and dilution effects are negligible for subsurface barriers but can be sgnificant phenomena for
covers.

The capability for leak detection in subsurface barriers usng PFTs has been proven a multiple
demondtrations. Adaptation of thisconcept to coversisanecessary step prior to full-scale demonstration.
This paper details the proof-of-concept testing on the use of PFTs to measure cover performance. The
testswere conducted at the Savannah River Site (SRS) where severa fidd test Steswithengineered covers
exis. Some of these covers have been in place for dmost thirty years and are well characterized and as
such provided an idedl test bed for the PFT technology.

Gas Chromatograph for
Detection of PFTs

Fault in Cover

RCRA cap

Lkl
L=

¥ | Distribution manifold/tubing

Perfluorocarbon Tracer
(1.0to 0.1 ppm levels)

Figure 1 Perfluorocarbon tracer technology used to verify and monitor cover system performance.



BACKGROUND
The Tracer Technology

PFTs can be detected a extremely low levels with parts per quadrillion routindly measured. This dlows
detection of breachesin the barrier onthe order of fractions of aninch. Typicdly, the sourceinjection zone
concentration is on the order of 0.1to 1.0 ppm and leak/fault zone concentrations range from 0.1 to 100
ppb. The tracers (see Table 1) used have aready been approved for use in atmospheric, oceanographic,
and leak detection (for buried gas lines and fluidHfilled dilectric cables). They were also approved for
subsurface barrier testing by local regulators at the Waldo New Mexico Subsurface Barrier Test site. The
materids are environmentaly benign and no PFT-gpecific ES&H concerns have been encountered. A
rudimentary environmenta i mpact statement for PFT's astracers wasestablished whichaddressesconcerns
about greenhouse gas and ozone layer depletion. In summary, the tracers pose no red threet in the low
amounts used in each test. FHowratesgenerdly runaround 15 to 50 cc/min at 100 to 400 ppm and flow
is continued for 3to 7 days. Thetota massof PFT injected over the duration of an experiment istypically
afew grams. Andysis of the PFTsis by Gas Chromatograph (Figure 2), either alaboratory unit or afidd
unit, which is dightly less accurate but very rugged.

Table 1. Tracersavailablefor the BNL Cover Verification/Monitoring Technology
Chemical Acronym | Chemical Name Chemical Formula
PDCB Perfluorodimethylcyclobutane CsF o,
PMCP Perfluoromethylcyclopentane CsF s
PMCH Perfluoromethylcyclohexane CF.,
pt-PDCH Perfluorotrans 1,4 dimethylcyclohexane CeFis
oc-PDCH ortho-cis-perfluorodimethyl cyclohexane CoF 6
PTCH Perfluorotrimethyl cyclohexane CoFis

The injection and monitoring of the tracers can be accomplished in severa manners. The ultimate goa for
coversisto use long sampling lineswithmuitiple sample/injections portsoneachline (i.e., every one or two
feet) and triangulation methods to determine breach/flaw location. It is envisoned that the sample and
injectionlineswill be attached to geomembranes/geotextilesprior toingdlation. The lineswould be attached
inacriss-crossfashionto give complete coverage of the steand alow accurate triangulation. Thisdetailed
subsurface method may be used in conjunction with a cheaper, faster, but less accurate “broadband”
monitoring technique. In this case, air samples are taken on a widdy spaced grid pattern (e.g., 50 feet
gpat). The sampleswill be takenover longer periodsto alow detection of small and/or distant lesks to be
seen. If no tracers (or indgnificant amounts) are seen, the cover is functioning as expected. If asample
comes up pogtive for tracers, the aforementioned close-gpacing, high-accuracy sampling method is
deployed.



Figure 2 Laboratory gas chromatograph used for PFT andyss.

For pre-existing covers a more ampligic approach can be used. Gas sampling ports are placed in the
vadosezone just above the cover and injection portslinesare indaled below thecover. Ingdlaiontypicaly
usesapenetrometer (e.g., geoprobewith¥4to 1” rods) and smple, low-cost monitoring methods, such as
vadose zone ar sample monitoring. Thisrequires more samplesto be taken but can be just as accurate and
isveryinexpensvetoinddl. A comparison of ingtalation costs and sample andysis cost would need to be
performed to optimize the system.

In addition, for multilayer covers aunique tracer canbeinjected into each layer. Monitoring of the various
layers could be used to track the potentia flow pathways through each layer. Thiswould provide a more
complete and accurate understanding of barrier performance.

The amount and type of tracer and detection location on the monitoring Side of the cover will determine the
gze and location of abreach. It iseasy to seethat the larger the opening in acover, the greater the amount
of tracer transported across the barrier. Locating the breach requires more sophigtication in the tracer
testing and data andysi's methodology. Time of arrival and comparative concentration contouring can be
used and multiple tracer types can be injected a different points along the barrier. Investigation of the
gpectra of tracers coming through a breach combined withnumerical modeling of PFT transport then gives
alocation relative to the various tracer injection points.

Obvioudy, tracers can be used to verify placement continuity of a cover and to recheck corrective actions
that may beused to seal or repair abreach. PFTs may aso be useful to monitor a cover performance and
to determineits long-term integrity. A “sngpshot” of theinitia transport performance of agiven cover can
be taken during the early performance period and thencompared to future® sngpshots’. If for ingance, the
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tracer fluxincreases asthe cover agesit would be asignd that some property of the cover may be degrading
and further investigetion is warranted.

TheTest Site

The Bentonite Mat Demondtrationwas established to provide dataon dternative cover systems at the SRS.
The test facility pads consisted of (bottom to top) a 4 foot loose sand layer, 1 foot separation layer (slty
soil), 2 feet of compacted sandy clay layer (locd s0ils), a composite geosynthetic clay liner/geomembrane
layer (except the control pad) and a 1-2 feet cover soil layer. Four test pads (see Figure 3) were
constructed: aControl Test Pad, and three test pads with geosynthetic clay liners(Gundsed ®, Claymax®,
and Bentoma®). The three geosynthetic liner test pads were aso covered by a 40 mil Gundline® HD
smooth High Densty Polyethylene (HDPE) geomembrane. Each pad was covered with afind layer (1-2
feet) of s0il. The demondration facility was dso used to study effects of induced subsidence on the
performance of the cover syslems. The Bentomat Test Pad was chosenfor the PFT verificationstudy and
had large areas of induced subsidence as well as having large voids in the sand layer beneath the
geosynthetic liner. Test pad dimensonswere nomindly 50 feet x 136 feet x 8 feet. A full description of the
test pads and materids properties (e.g., clay content, grain size) can be found in “Bentonite Mat
Demondtration Find Report” (5). The Bentomat Test Pad used a 6.4 mm thick, Bentomat® SS layer
condsting of a layer of sodium bentonite clay encapsulated between a woven polypropylene geotextile
(upper sde) and an unwoven polypropylene geotextile (bottom side). The hydraulic conductivity of this
layer is reported as 5 x 10° cm/sec. Overlying the Bentomat® layer was a 1 mm thick (40 mil) HDPE
flexible membrane liner fromGundle Lining Systems. Thereported hydraulic conductivity of the HDPE liner
2.7 x 108 cm/s (via ASTM E96). The geosynthetic materias also required seaming and these areas
represented “areas of concern” for possible leakage.

Eachtest pad had a series of access pipes embedded into the sand layer to alow excavation of some of the
sand for the induced subsdence teing. The Bentomat® pad had five clusters of five nomindly one foot
diameter pipes embedded on each side (long axis) of the cover. The pipes were stated to be 10 feet long
(conversation with site manager/Pl). The depth into the sand layer was extended during the induced
subsidence activities (sand remova). The penetration length, asmeasured during the field activities for the
PFT trids, was nominaly 26 feet for dl of the Sx clusters measured (the southern most three on the east
dopeand the southernmost three onthe west dope).  These penetrations were used as the injection points
for the tracers (described later).
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Figure3 Aerid view of the Savannah River Plant Bentonite Cap demonsgtration
fadlity.

OBJECTIVES

The main objective of this program was to demonsirate that PFTs can be used to accurately and quickly
locate flaws in a cover system. To this end, PFTs were used to verify the integrity of the part of the
geosynthetic/geomembrame compositelayer of the Bentomat Test Pad. Our approach wasto install tracer
injection lines below the composite layer and monitor for the tracersinthe soils above the layer. Thiswas
avery conservative test (aggressive test of the PFT technology) asthe Bentomat Test Pad hasonly 1 to 2
feet of cover soil. Thismeansthat barometric pumping and dilution effectswould bemaximized. Thetracers
diffuse to the surface after only 2 feet of travel making horizonta travel minima past the two foot boundary.

A secondary objective wasto demonsirate afidd deployable PFT detectionsysem. The system consisted
of a dua trap gas chromatograph and a compositing sampling gpproach (multiple soil-gas samples were
combined and sampled as one composite).



SITE PREPARATION

A amplified schematic of the Bentomat Test Pad is shown in Figure 4. The figure was used in the data
interpretationand is exaggerated five timesin the vertical dimensions for clarity. The proof-of-concept test
of the PFT technology utilized 60% of the top surface of the test pad (see Figure5). Theremaining portion
of the pad was left undisturbed for future evauation of the pad. Figure 5isan aerid plan view of the test
gte with a schematic overlay showing the geotextiles seams (red), the excavation pipe clusters (yelow),
subsidence landmarks (green) and the PFT tet region (light blue with white outling).  The tracer injection
points are labeled A, B, and C. Three tracers were used in the study and each tracer wasinjection into a
given zone from both the east and west Sdes of the cover. The two-sided injection scheme was used to
obtain amore uniform tracer concentration under the cover and to minimize injection times.

/Cla}r Cover Soil

HDPE and
Bentomat Liner

PFT Injection
Ports

Sand /Z__-

Figure4 Schemdtic of the Bentomat Test Cap [Vertical dimensions expanded 5x for clarity].

The PFT injection ports conssted of ¥4" copper tubing inserted into the excavation pipe clusters. One
injection tube wasinserted 26 feet into each of the southernmost Sx clusters. The tubing extended through
aPVC cap that sedled off the open end of the excavation pipe. The remaining four pipes of each cluster
were sedled with polyethylene end caps. Figure 6 depicts one of the injection Sites with a tracer tank
attached to the injection tubing. Monitoring ports were ingtaled on top of the cover. Smple gas sampling
ports were constructed from sintered glass filters attached to c” polypropylene tubing. A %2’ rod was
driven12 to 18" into the ground (topside of the cover withinthe PFT test area, Figure5) and removed. This
left a hole that the glass filter and tubing were lowered into. Once the sample port was lowered to the
desired depth the hole was backfilled with sand to minimize advection. The sampling port was placed just
above the HDPE geomembrane (~ 6"). The end of the polypropylene tubing extended out of the soil and



was attached to a pump to perform soil gas sampling. Ports were placed every five feet north to southand
east towest. Thisresulted in atotd of 84 sampling points. The planar location and |abeing scheme of the
monitoring ports and injection points (with tracer type) are given in Figure 7.

Figure 5 Plan view of the Bentomat Test Pad with schematic |
overlay of detalls.

Figure 6 PFT tracer gasinjection point.
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Prior to fidd work at SRS a generdized Work Plan for the
project was prepared by BNL. TheWork Planthenformedthe
oeeeoer basis of a Job Safety Analysis (JSA). The Work Plan, JSA,
3 and Materiad Safety Data Sheets for the tracers were then sent
to SRS host personnd. SRS then used these documents to
preparetheir ownwork permit. Upon meeting with thehog, the
0—emce- work permit was reviewed and signed by dl participating
parties.

L

evch ONAugust 7™ the injectionport install ation and excavation pipe
sedling was completed and tracer gasflowswereturnedon. As
can be seenin Figure 7, three tracers were used in the study.
Thisdlowed confirmatory dataand also gaveinformationonthe
Width 30 feet interconnectivity of the subsurface below the composite layer
Figure 7 Sample port locations and (cavities did in fact interconnect and a fair degree of tracer
tracer injection points for the Bentomat ~ Mixing occurred). Three distinct regions of tracerswere set up.
cover integrity test. In the southern most region (gpproximately sections 1 to 4)
PMCH tracer wasinjected at arate of 12 mL/min at asource
concentration of 1600 ppm. Sections 5 to 7 had PMCP
injected at 44 mL/minwithasource concentrationof 400 ppm.
The northern mogt sections (8 to 10) of the test region were
injected with ocPDCH at aflow of 53 mL/min and 95 ppm
source concentration. The injection rateswere set suchthat the
interna concentrations beneath the hydraulic barrier would be
between 1 and 10 ppm after 5 to 7 days of injection. The |
injection spacing was approximately 15 feet between tracers.
Tracer injection continued until August 16™.
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The initid tracer injections were dlowed to continue for Sx
days prior to starting il gassampling. Thisdlowed the steto
reach agtaic condition. On August 13" soil gas sampling was
initiated. All 84 sample portswere sampled on August 13" and
14", Sampling was accomplished using battery powered gas
sampling pumps, Figure 8. The inlet sde of the pump was
connected to the sample port tubing. The pump wasturned on
and purged for 15 seconds. The outlet Sde of the pump was
then connected to the inlet of agassamplingbag. Thevaveto
the bag was opened and sampling began. Approximately 500

Figure 8 Sampling the soil gasesfor PFTs

" using a battery powered pump and gas
cc of sample was taken over 30 seconds. When the desired sampling bags:
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sample was collected the sample bag vave was closed and the bag disconnected from the pump and the
pump turned off. The bags were brought to a portable gas chromatograph for andyss.

OnAugus 15", samplesof the internal tracer concentrations were aso taken. Air samplesweretaken from
the pipe adjacent to the injection pipe in agiven pipe cluster. A 50 mL syringe withaneedle attached was
used to capture the sample. The needle was pushed through the polyethylene cover seding the pipe and
anar sample waswithdrawn into the syringe. Thesamplewastransferred to agas sampling bag for storage
and later andlyss.

Samples were analyzed using a field deployable gas chromatograph (GC). The ingrument (Figure 9) had
dud traps for capturing the PFTs. Thisdlowed individud sample andlyss every four minutes. Each day
prior to sample anadysis, atracer stlandard gas was run on each trap of the GC. Blanks and background
checks were adso performed each day prior to sample andyss. The standard was run twice each day,
background checksand duplicateswere performed every twenty analyses and blankswere performed every
ten samples. In addition, samples were also sent back to BNL to be verified on the |aboratory GC.

"‘ --'

R !!M\

ﬁim
*

'!?_'\-\_
Figure9 Portable Dua-Trap, Gas Chromatograph used to measure perfluorocarbon
tracer concentrationsin soil gas samples.
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The GC hastwo parallel gas circuits running to the detector. Each of these loops has an absorption trap.
Gas flows through both trgps a al times. One trap leadsto a vent while the other trgp isanalyzed. While
the trapisvented, the ar sample(s) isinjected into the trap. The PFTs (and some other impurities) absorb
onto the trap and are held in place. During the andlysis mode, the trap is heated which causes the PFTsto
desorb and eventudly travel through the detector. Severa air samples can be loaded on the trap while it
isinthe vent mode. Thisdlows compositing of samples and arapid screening of many bags at once. If a
composite came up hot (detectable tracer concentrations) theneach bag would be sampled individualy to
find the hot sample(s).

The procedure was to inject gas samples from six bags. Thiswas one hdf of acolumn (A-F) inthe sample
grid. Asan example, samplesAl, A2, A3, A4, A5, and A6 weredl run together. Five mL subsamples
were taken from each bag and injected into the same trap of the GC. The samples had to be injected on
to one trap while the second trap wasbeing analyzed. Logigticaly Sx wasthe maximum number of samples
that could be comfortably injected during the four minute cycle time.

The sample size of 5 mL alowed usto eadly detect 0.01 ppb of the tracers. Astheinternal concentration
god was 1 ppmthisdlowed for 5 orders of magnitude dilution across the geosynthetic liner/geomembrane
and the 6"to 12" of cover soil below the sample ports. From past experience (1), even smdl lesks on the
order of %2” would be expected to have much less than 3 orders of magnitude dilution over this travel
distance.

After the fird two days of sampling and andlyss, the data showed that the hydraulic barrier was intact
(discussed later inresults). At thispoint threeinduced flaws (see Figure 10) were engineered into the cover.
The flaws were placed in the front haf of the grid to leave as much of the origind cover “intact” as was
reasonable. The flaws were introduced by smply driving a 1.25" diameter pipe into the subsurface a
distance of four feet. The pipe was removed and the resulting hole was backfilled withafinesand. Intwo
of the holes, sampling ports were dso ingtdled both above and below the geosynthetic liner. 1n one hole,
CH-E Fgure 10, a subsidence cavity extending two feet below the Bentomat® layer was found. These
portswould give confirmationof interna tracer concentrationsinareaswel removed fromthe injection point.

On August 15" and 16" samples were taken at the sample ports surrounding the flaw locations. The four
nearest neighborsto the flawswere sampled resulting in 12 samplestakeneachday. Inaddition, theinterna
concentrations were measured at the access pipes on August 15" and at the port locations ingtaled in the
flaws on both days. Tracer injection was discontinued on August 16" at 2 PM. With the low number of
samples taken and the expected higher tracer concentrations, no compositing was performed. All samples
wereanayzed individualy. On August 15", samples were taken at random locations away fromthe flaws
to provide confirmation that leaks were not present in other locations. As expected, leaks were not found
away from the flaws.
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Figure10 Location of induced flaws.

RESULTS

All samples from August 13" and 14" were non-detects. Composite air sampling showed all locationsto
have lessthan0.01 ppb of any of the three tracers. The datawas entered into amodeing software package,
Environmentd Visudization Sysems (EVS). Figure 11 shows the plan view of the cover test grid with a
color-coded mapping of tracer concentrations on August 13", Figure 12 shows the side view schematic
shown earlier (Figure 4, verticd exaggeration 5X) with the tracer concentrations added for both internas
and externds. Blue areas represent low (<0.01ppb) tracer concentrations while pink areas are high
concentrations (~1.0 ppm). Figures13 and 14 are the corresponding visudizations for August 14™. While
the internal valume of the cover dearly has high concentrations of PFTs the tracers are not reeching the
externa ports. The composite hydraulic barrier provided by the geosynthetic clay liner and HDPE
membrane remained intact and lesk free.

Moddling of diffuson of the gas through the Bentomat®/HDPE layer indicated that the PFT diffuson
coefficient through this layer waslessthan 108 cn?/s. Higher diffusion coefficient values would have ledto
detection of PFTs at concentrations greater than 0.01 ppb. Based on previous work (1), the diffuson
coefficient of PFTsin sandy soilsis approximately 10 cné/s, approximately 6 orders of

magnitude greater than through the Bentomat®/HDPE liner. This further supports the contention that the
cover was not leaking.

On Augugt 15", after introduction of the flaws, dl cavity hole concentrations were around 1 ppm. This
confirmed that tracer is at high concentrations beneath the Bentoma® liner. Mixing between PMCH and
PMCP was evidenced and shows that trangport (diffusion) is occurring benegath the liner. The flaws near
sample locations B3 and G4 were readily seen (see Figures 15 and 16) by the monitoring network at the
nearest port location within a few hours of formation of the flaw. The flaw near location D4 was not
observed on Augugt 15" (Figures 15 and 16). This was attributed to the dightly lower concentration
observed in this flaw as compared to the two other flaws and the short time between cresting the flaw and
taking the measurement.
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August 13th Sampling Results
Top View of Cover Facility

Figure11 Plan view schematic of Bentomat Cover with PFT
concentrations superimposed for August 13"

August 13th Sampling Resulis
Side View of Cover Facility

Injection Concentrations > 100 ppm
Concentrations above liner < 0.00001 ppm

Figure 12 Schematic of Bentomat Cover with PFT concentrations.
Note dark blue points are non-detects and externa to the
geosynthetic clay liner. Fink is high concentration (>1.0 ppm) of
PFTsand is confined to the internals of the cover.
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Augusl 14lh Sampling Resulls
Top Viewe of Cover Facility

Figure 13 Plan view of cover system with measured PFT
concentrations (<0.01 ppb) at al locations on August 14™.
Injection of tracers beneath the cover depicted in purple
(PMCH), red (PMCP), and green (ocPDCH).

Augusl 14lh Sampling Resulls
Side View of Cover Facility

E———

Injection Congentratiors > 100 ppm
Cancantrat ons above liner < 0.00001 ppm

Figure 14 Sideview of cover system with concentrations measured August
14" above the liner in blue (<0.01 ppb) and below the liner in pink (1 ppm).
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August 15th Sampling Results
Top View of Cover Facilily

Cowentral ans below irer > ppn
Coroetadcnz raa- Jaws ear 1 pph

LUt ppry L) EEW AU iy L.LT ppra W rin 1 apir

Figure 15 Plan view on August 15™ after flaws were introduced in the
Bentomat® liner. Orange/red dots indicate location of flaws, green dots
indicate detection in monitoring system.

August 15th Sampling Results
Top Viev: of Cover Facility
Cercentral ons belew irer > pem
Coroetadon r2a Taws e 1pph

o -

CCI0CH aprr EI.UEJ1 pEm LI pamn 001 apr- 15 pEM 1par

Figure 16 Sideview of PFT dataon August 15" after introduction of
flaws. Color coded sphere below the cover mark flaw locations.
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On August 16™ tracer leves beneath the Bentomat® layer remained near 1 ppm. Anaysis of the data
showed dl three flaws, witt the nearest sample locations showing ppb levels of tracers (see Figures 17 and
18). The ratio of PMCH/PMCP in the cavity hole is amilar to that seen in the monitoring network.
Detectionof PM CH and PM CP at the ports near the flaw gave confirmatory datathat alesk existed. The
datafor the two tracers correlated well (see Figure 19).

Overdl the concentration difference from internd (beneath the Bentoma® liner) to external (above the
Bentoma® liner) wasgreater than seenin previous subsurface barrier testing and other deep, below-grade
tracer sudies. Thisis attributed to the low diffusion rate through the Bentoma®/HDPE liner, barometric
pumping, and higher diffusion coefficient inthe sand backfilled flaw as compared to the native clay soil. A
loss of between 3 and 4 orders of magnitude in concentration was seen between the 1 %4’ diameter flaw
and the monitoring ports located approximately 1 - 1 %2 feet from the flaw. Preiminary modding of PFT
transport from the flaw through the clay top soil indicates the diffusion coefficient (0.002 - 0.0002 cn?/s)
of the day s0il isone to two orders of magnitudelower thaninsandy soils. Thus, dthough thedistancefrom
the flaw to the monitoring port (~ 1 ft) islessthanthe distance fromthe flaw to the surface (~2 ft), the higher
diffusion coefficient of the backfilled sand makes transport faster dong this pathway. Coupling this with
barometric pumping in which the backfilled sand region acts as a chimney, it is clear that concentrations
away from aflaw will be low and very sensitive measurement techniques are needed. As this is the most
difficult cover systemexpected, interms of thin surface cover, these data provide confidencethat smdl flaws
can be readily detected.

August 16th - Top View
PMCF Concentrat urs below lingr > 1 pom
Concaniralions regr laws 12ar 1pob  Introcdneed

Flaws
A

0.00001 gpm €001 gem 0001 gsm  0.01gam 0.1 gam

Figure 17 Plan view schematic of Bentomat Cover with PFT concentration
superimposed for August 16™.
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August 16th - Side View
PMCH Concentrations below liner > 1 ppm
Conggntrations near flaws near 1 ppb

S e [ -
0.00001 ppm 00001 ppme 0,007 ppm 0.01 ppm 0.1 ppm 1 ppm

Figure 18 Schematic of Bentomat Cover with PFT
concentrations for August 16™.

PMCH injection
T

0.1 ppm

0.000071 ppm 0.0007 parn 0.007 pprm 0.01 pprm

Figure 19 Comparison of PMCH and PMCP tracer concentrations

on August 16™.
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The proof-of-concept testing at SRS was successful. Initidly, therewere no flawsinthe Bentomat® liner.
Concentrations beneaththe liner were onthe order of 1 ppmwhile concentrations 0.5 to 1 ft above the liner
were less than 10° ppm. Three smal (1%4") flaws were introduced in the cover sysem. Two flawswere
seenwithin three hours of their cregtion, while dl three flawswere detectable within one day of introduction
of the flaw. The results were repeatable day to day and were confirmed by two separate tracers. The
Bentomat Test Pad represented aworst case scenario for tracer verificationof covers. Thecover hasavery
thinsoil layer overlying the hydraulic barrier, lessthantwo feet of soil covered the HDPE membrane inmost
areass. Thisalows barometric pumping, wind effects, and atmospheric dilution effects to be maximized.

I naddition, the use of the fidd deployable gas chromatograph PFT detector was successfully demonstrated.
This unit was able to andyze samples on afour minute cycle downto leves of afew parts per trillion. This
provided dmost 9x orders of magnitude span between the concentrations beneaththe liner (ppm) and non-
detectable levels. Thisis more than suffident to accurately determine the presence of aleak. Up to six
sampling locations were composted to speed andysis time when examining for lesks.

Smdl flawswere detected without havingtoincrease the interna concentrations of PFTs over normaly used
vaues (based on barrier verification). If the dilution effects had been greeter, the flow rate of the tracers
could have been increased or higher tracer concentration source tanks could have beenused. Theinternd
concentrations could be raised from 1-10 ppm to 1000 ppm or greater if needed. This provides severd
orders of magnitude increase in sengtivity to leak detection. It aso increases the cost of the technology
dightly (increased tracer cost), makes andyss a little more complicated as one needs to watch out for
“svamping” the GC detector (lost time waiting for detector to clean out), and increases greenhouse gas
releases.

The exigting low interna concentration requirements dlowfor greater design flexibility. For example, very
finetubing can be used to deliver the small amount of tracer required. The smaller diameter tubing can be
fitted to the geotextiles prior to inddlation at the cover Ste. Low tracer concentration requirements also
dlowdifferent methods of tracer introduction(i.e., S ow rel ease permestion cdlsimplanted under the cover).
There are many advantages to remaining at the lower flood concentrations.

The multiple tracers available with PFTs (and not with competing systems) dlow gregter flexibility in
experimenta/inddlation design, yidds redundant (re: confirmatory) data and gives information on internd
transport pathways not avalable from dngle tracer systems. This advantage is magnified when the PFT
technology is applied to muti-layer cover systems. With multiple layers there may be convoluted leak
pathways. Hawsin two layersmay not be aigned and the transport pathway may have a horizonta aspect.
In this case, Sngle tracer technology would see only the exit hole. Multiple tracers dlow different tracers
to be injected between layers. With monitoring ports placed within eachlayer it iseasy to tdl flaw location
for eachlayer. Even having only monitoring ports abovethefind layer, the spectrum of tracers coming from
anexit hole can be used to determine whichlayersare faulted and the concentrations canbe used to estimate
how convoluted the travel pathway is.
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