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SOMMAIRE 

En 1999, trois blocs de tuf non soude, l'un d'un volume nominal de un pied cube (bloc d'essai) et 
les deux autres d'un volume nominal de un metre cube (1 m3), ont €t€ d^gagds de 1'installation 
d'essai de Busted Butte du polygone d'essais du Nevada et transported aux Laboratoires de 
Whiteshell dTEnergie atomique du Canada limited, a Pinawa, au Manitoba. 

Le bloc d'essai et l'un des blocs de 1 m3 ont servi a des experiences de migration de 
radionucleides en milieu non sature\ L'autre bloc de 1 m3 a servi a des experiences de migration 
semblables en milieu sature\ Apres avoir etabli un ecoulement vertical de la solution de 
migration synthdtique en milieu non saturd, on a injectd une seiie d'indicateurs de radionuclides 
chimiquement reactifs et conservateurs a des debits volumetriques de 20 mL/h dans le bloc 
d'essai et de 10 mL/h dans deux endroits sur la surface superieure du bloc de 1 m3. Ces debits 
volum&riques correspondent a des taux d'infiltration d'environ 120 cm/an et 17 cm/an, 
respectivement. L'experience sur la migration dans le bloc d'essai a dure* 87 jours, alors que 
l'expeiience sur la migration dans le bloc de 1 m3 s'est poursuivie pendant 588 jours. Les 
resultats obtenus de l'expeiience sur la migration dans le bloc d'essai ont reVele que la migration 
de 95m+99Tc, injecte- comme (an)ion pertechn&ate, etait legerement plus rapide que celle de la 
solution de migration, en utilisant de 1'eau tritiee (3H20) comme indicateur de de"bit. Le 
ralentissement du Np correspondait a celui predit a partir des resultats obtenus lors d'etudes de 
soutien sur la sorption des lots statiques. L'analyse post-migratoire du champ de l'&oulement 
dans le bloc d'essai indique que le devant du 22Na avait migre" environ la moiti6 de la distance 
dans le bloc et que le 60Co et le l37Cs avaient et6 conserves pres de 1'entree. Cette observation 
correspond, du point de vue qualitatif, aux provisions dtablies a partir des r^sultats obtenus lors 
d'6tudes de soutien sur la sorption des lots statiques. Dans l'experience a plus grande 6chelle, le 
comportement de la migration du Tc est tres similaire a celui de la solution de migration. Aucun 
indicateur de radionuclides n'a ete d&ectO dans l'eau tiree de ce bloc au cours de la periode de 
l'expeiience. Cette observation correspond aux observations du plus petit bloc. Les r£sultats 
obtenus lors de l'analyse post-migratoire du champ d'ecoulement dans le bloc d'essais de 1 m 
6taient semblables a ceux obtenus dans le bloc d'essai, mais on a observe1 certaines anormalites 
dans 1'injection du 237Np. On a determine que ce radionuclide se concentre a une profondeur 
d'environ 30 cm. L'endroit ou le 237Np se concentrait correspond a celui d'une couche 
mineralogique diffierente. 
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On a effectue l'experience sur la migration en milieu sature* a un debit de 10 mL/h pendant une 
p&iode de 600 jours. Les conditions redox dans le bloc, evalu^es dans le retour du bloc, ont 6i€ 
r&luite chimiquement. On a determine* que l'activite microbienne est une cause possible de ces 
conditions de reduction chimique. Par consequent, on a observe* une forte attenuation du 95mTc 
injecte" en fonction du temps. Ce comportement de la migration differe grandement de celui 
observe en milieu sature\ Si on peut demontrer la presence de conditions de reduction chimique 
dans la zone satur^e, alors on peut dire que la zone saturde agit comme barriere g£ochimique a la 
migration de radionuclides multivalents a partir du ddpot. 

Service Barrieres ouvrag^es et Analyse 
Laboratoires de Whiteshell 

Pinawa (Manitoba) ROE 1L0 

Date de dlpot: 
Janvier 2004 

AECL-12180REV.01 
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EXECUTIVE SUMMARY 

Three blocks of non-welded tuff, one nominally one cubic foot (trial block) in volume and the 
other two, nominally one cubic meter (1 m3) in volume, were excavated from the Busted Butte 
Test Facility on the Nevada Test Site in 1999 and transported to the Atomic Energy of Canada 
Limited Whiteshell Laboratories in Pinawa, Manitoba. 

The trial block and one of the 1-m3 blocks were used for radionuclide migration experiments 
under unsaturated conditions; the remaining 1-m3 block was used for similar migration 
experiments under saturated conditions. After a vertical flow of synthetic transport solution was 
set up under unsaturated conditions, a suite of conservative and chemically reactive radionuclide 
tracers was injected at volumetric flow rates of 20 mL/hr in the trial block, and 10 mL/hr in two 
locations on the upper surface of the 1-m3 block. These flow rates correspond to infiltration rates 
of about 120 cm/year and about 17 cm/year, respectively. The duration of the migration 
experiment in the trial block was 87 days, while the migration experiment in the 1-m3 block was 
performed for a period of 588 days. Results obtained from the migration experiment in the trial 
block showed that transport of 95m+99Tc, injected as the pertechnetate (an)ion, was slightly faster 
than that of the transport solution, using tritiated water (3H20) as a flow indicator. Retardation of 
237Np was consistent with that predicted from results obtained in supporting static batch sorption 
studies. Post-migration analysis of the flow field in the trial block showed that the front of the 

Na plume had migrated about half the distance through the block, and that Co and Cs had 
been retained near the inlet. This observation agrees qualitatively with that predicted from the 
results obtained in static batch sorption studies. In the larger-scale experiment, the transport 
behavior of Tc was also very similar to that of the transport solution. None of the other 
radionuclide tracers were detected in water collected from this block over the duration of the 
experiment. This observation is consistent with the observations for the smaller block. Results 
obtained from the post-migration analysis of the flow field in the 1-m3 block were similar to 
those obtained in the trial block, although some anomalous behavior of the injected 237Np was 
observed—this radionuclide was found to concentrate at a depth of about 30 cm. The location 
where the 237Np was concentrated coincides with that of a mineralogically different layer. 

continued... 
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The migration experiment under saturated conditions was performed with a flow rate of 
10 mL/hr for a duration of 600 days. The redox conditions in the block, as measured in the 
outflow from the block, became chemically reducing. Microbial activity has been identified as a 
possible cause of these chemically reducing conditions. As a consequence, strong, time-
dependent attenuation of the injected 95mTc was observed. This transport behavior was in strong 
contrast to that observed under unsaturated conditions. If it can be shown that chemically 
reducing conditions exist in the saturated zone, then a considerable amount of credit can be 
assigned to the saturated zone to act as a geochemical barrier to the transport of multivalent 
radionuclides from the repository. 

Engineered Barriers and Analysis Branch 
Whiteshell Laboratories 
Pinawa, MB ROE 1L0 

Submission Date: 
January 2004 

AECL-12180REV.01 
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An understanding of the transport of radionuclides through tuff under unsaturated and saturated 
conditions is essential to assessing the environmental impact of the disposal of high-level nuclear 
wastes in Yucca Mountain. Although field migration experiments have been performed under 
unsaturated conditions in non-welded tuff at the Busted Butte Test Facility (BBTF) at the 
Nevada Test Site, only chemical analogs of radionuclides could be used in these experiments 
(Bussod et al. 1998). The transport behavior of radionuclides under these conditions must 
therefore be inferred from results obtained in these field experiments and from a comparison 
between the sorptive behavior of chemical analogs and radionuclides. 

This report describes the fieldwork performed at the BBTF to excavate blocks of non-welded tuff 
from the Calico Hills formation, and the laboratory work at the Whiteshell Laboratories (WL) on 
behalf of the United States Department of Energy, Office of Repository Development 
(USDOE/ORD)1, during the period 1999 November through 2003 September. Two radionuclide 
migration experiments under unsaturated conditions are discussed: one in a small, trial block, 
with overall dimensions of about 30 cm x 30 cm x 30 cm to test the methodology; and a larger 
scale experiment in a block with overall dimensions of about l m x l m x l m . In addition, 
results from a large, 1 m scale, migration experiment under saturated conditions are presented. 
Static batch sorption results for a suite of representative tracers and radionuclides are presented. 
The chemical composition of the in situ pore water in the tuff was inferred from the chemical 
analysis of water eluted from the trial block during the flow stabilization period. Migration 
results for two key radioelements, Tc and Np, and for 22Na, ̂ Co, and 137Cs are presented. 
Results from supporting, non QA, microbial scoping studies are reported. 

1.1 Test Objectives 

The overall objective of this experimental program is to study the migration behavior of selected 
radionuclides through representative samples of tuff under unsaturated and saturated conditions, 
at a scale of up to 1 m. These experiments are intended to provide experimental evidence on the 
transport of these radionuclides, to compare their behavior with that observed for non-radioactive 
tracers studied in situ at the BBTF, and with that predicted on the basis of laboratory sorption 
data obtained at the Los Alamos National Laboratory (LANL) and in supporting static batch 
sorption experiments at WL. 

The information provided by these migration experiments is intended to contribute to the 
environmental assessment of Yucca Mountain as a high-level nuclear waste repository. 

1.2 Scope of Experimental Program 

This project consisted of the following related tasks: 

1 Formerly Yucca Mountain Site Characterization Office 
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Task 1: Develop a technique to excavate blocks of non-welded Calico Hills tuff from the 
BBTF. This development will be done at WL. Because of the friable nature of 
excavated non-welded tuff, procedures need to be developed to prevent any excavated 
Calico Hills tuff from structurally disintegrating. 

Task 2: Supervise the excavation of one trial block and two ~l-m3 blocks of non-welded Calico 
Hills tuff from the BBTF and ship the excavated blocks to WL. Because of the fragility 
of the excavated non-welded tuff, it is not advisable to ship the excavated blocks by 
commercial transport; consequently, the blocks may have to be transported by WL 
staff. 

Task 3: Establish ground water flow through the trial block under unsaturated conditions and 
perform a migration experiment through this block using 3H, 22Na, 60Co, 95m+99Tc, 

7Cs, and 7Np, as well as a non-reactive, chemical tracer, Na-fluorescein. 

Task 4: Using the trial block, develop a technique to obtain information on the spatial 
distribution of the sorbed radioisotopes, either by "fixing" sorbed tracers to the tuff so 
that the block can be sectioned without loss of information, or by physically removing 
samples of the tuff. 

Task 5: Establish ground water flow and tracer migration through one of the large blocks under 
unsaturated conditions by applying the synthetic ground water containing 3H, ^Na, 
60Co, ,37Cs, and 237Np, as well as suitable stable tracers, to one location at the top of the 
block and withdrawing the ground water from multiple points at the bottom. 
Additional or alternative tracers, e.g. 95mTc and/or I, will be considered in 
consultation with scientific staff at LANL. For the saturated flow experiment, the same 
tracers will be used, but the flow direction may be horizontal rather than vertical, 
pending discussions with US DOE and LANL. 

Task 6: Section the large blocks to obtain information on the spatial distribution of the sorbed 
radioisotopes using the technique developed with the smaller block. 

Task 7: Determine sorption coefficients for the tracers used in the migration experiments. 

Task 8: Perform chemical and radiochemical analyses (by staff in the Analytical Science 
Branch (ASB) at WL) using established and documented procedures. 

Subsequent to the acceptance of the Statement of Work, two additional, non-Q, tasks, were 
added. Scoping calculations were performed on the possible chemical speciation of the 
multivalent radionuclides used in this study, and an investigation was made into the causes of the 
chemically reducing conditions observed under saturated conditions. 
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2. GEOLOGICAL SETTING 

The host rock selected for the U.S. waste repository at Yucca Mountain is the Topopah Spring 
tuff formation. This formation is underlain by the Calico Hills formation, which consists 
primarily of non-welded tuff. The location of the proposed repository is well above the water 
table, and any ground water flow is expected to be downward through the unsaturated zone until 
it meets the water table, at which point the flow is expected to be lateral through the saturated 
zone. 



- 4 - QA:QA 

3. EXCAVATION OF NON-WELDED TUFF BLOCKS 

The tuff blocks were obtained from the BBTF. This facility is located within a small horst on the 
southeast side of Busted Butte. The Busted Butte formation itself is a small (2.5 km x 1 km), 
north-trending mountain block primarily made up of thick ignimbrite deposits of the Paintbrush 
Group, and is located to the southeast of Yucca Mountain, on the western part of the Nevada 
Test Site (see Figure 3.1). The tuff blocks were excavated from Vitric Zone 1 of the Topopah 
Spring Tuff formation (Tptpvl) and from the Calico Hills formation (Tac) in the BBTF (see 
Figure 3.2). The tuff blocks were excavated from the rear wall of the main adit of the BBTF, 
shown in Figure 3.2. 

The excavation technique included encasing the partially excavated tuff in epoxy to stabilize the 
geological material. To prevent the epoxy from soaking into the porous tuff, the tuff was 
wrapped in a thin layer of commercially available plastic shrink-wrap, similar to Saran® wrap. 
The following procedure was used to excavate the trial block. 

The location for the excavation of the trial block was selected to straddle a thin, horizontal, white 
ash layer, "white ash bed 2", located about 60 cm below the interface between Vitric Zone 1 of 
the Topopah Spring Tuff and Calico Hills formations; it was also selected to straddle an apparent 
subvertical discontinuity. The approximate dimensions of this trial block are 30 cm x 30 cm x 30 
cm. The location of the trial block relative to two reference pins, Ash 1-M28 and Ash 1-M27, is 
shown in Figure 3.3. The trial block was given an initial identification number of BBRB-
990302-1 to reflect the start date of the excavation. This was later changed to BBRB-9903030-1, 
the date the block was removed from the BBTF. First, a vertical pillar with about a 35 cm x 35 
cm square cross-section was excavated—a series of 1 "-diameter perimeter boreholes was drilled 
into the back wall of the BBTF adit in two vertical arrays, about 40 cm apart and about 40 cm 
deep. Using an electric drill, these boreholes were then enlarged to form two vertical slots, about 
40 cm long and about 40 cm deep (see Figure 3.3). Sufficient tuff material was then removed 
from the back wall of the adit on the outer sides of the two vertical slots to gain access to the 
back of the pillar, and sufficient material was removed to create the pillar. Since the back wall of 
the adit was not perfectly vertical and since the walls had been sprayed with a silicone material 
to reduce evaporative losses from the tuff formations, some of the tuff was removed from the 
front of the pillar. The pillar was trimmed to about 35 cm x 40 cm. 

The excavated pillar was wrapped with three layers of plastic shrink-wrap (see Figure 3.4), 
which was then gently heated with a hot air gun. A four-sided plywood enclosure was built 
around the pillar to serve as a form for the epoxy, leaving about a 3/4" gap between the plywood 
and the tuff. The bottom of the plywood enclosure was sealed to the shrink-wrap using a silicone 
sealant, RTV-108 (see Figure 3.5); the sealant was allowed to cure overnight. One-liter batches 
of Hysol epoxy resin were prepared and added to the gap between the plywood and the tuff and 
allowed to cure. This epoxy was chosen for its low heat generation during polymerizing. The 
addition of the epoxy is shown in Figure 3.6. This stage of the excavation took four consecutive 
days, and the work was suspended at that stage to allow Atomic Energy of Canada Limited 
(AECL) staff to return to WL. The partially excavated area was protected from ongoing 
activities in the BBTF with a heavy-duty polyethylene sheet. 
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The excavation process was completed on 1999 March 30, when AECL staff returned to the 
BBTF. A horizontal cut was made through the tuff pillar, below the plywood frame, and a 1/16" 
steel plate, wrapped in polyethylene sheathing, was inserted into the saw cut. This plate was 
bolted to flanges on the plywood frame. A second horizontal cut was made directly above the 
plywood to sever the connection between the tuff block and the remainder of the pillar, and the 
block was removed to a temporary stand. A l/8"-thick sheet of Lexan™ was sealed and screwed 
to the top flange of the plywood frame to prevent loss of moisture during storage and transit. 
The trial block was given the designation BBRB-990330-1, and was first shipped to Las Vegas 
and then transported by car to WL. 

The excavation procedure for the two, about l m x l m x l m blocks was started in 1999 October 
and followed basically the procedure used to excavate the trial block. The blocks were also 
excavated from the back of the adit in the BBTF. The upper block, used in the migration 
experiment under unsaturated conditions, was excavated from the lower part of Vitric Zone 1 of 
the Topopah Spring formation and the upper part of the Calico Hills formation. A sketch of the 
location of the blocks, showing the various geological units, is presented in Figure 3.7. 

Extraneous tuff was removed from the Calico Hills formation using a variety of techniques, 
including an electric drill, a drill mounted on a Bobcat™ (a small powered vehicle), and a chain 
saw (see Figure 3.8), until a square pillar with a cross-section of about 1.5 x 1.5 m was left (see 
Figure 3.9). The block used in the radionuclide migration experiment under unsaturated 
conditions was taken from the upper, lighter colored part of the pillar. At this stage, a fracture 
developed in one of the corners of the pillar near the bottom. This fracture is visible in the lower 
left-hand side of the pillar in Figure 3.9. A decision was made to encase the pillar in plywood 
and epoxy rather than trim the pillar to the required dimensions of about lm x lm. The 
encapsulated blocks are shown in Figure 3.10. Figure 3.11 shows the horizontal cut at the base 
of the upper block in progress, while the winching of the upper block onto a front-end loader is 
shown in Figure 3.12. Removal of the block used in the migration experiment under saturated 
conditions is shown in Figure 3.13. The blocks were shipped to the Sample Management 
Facility and processed. 

The two blocks were then loaded onto two 24' U-Haul® trucks (see Figure 3.14), and were 
transported to Las Vegas on 1999 December 15; from there, they were transported to WL, where 
they arrived on 1999 December 19. Pieces of 2" x 4" lumber were wedged between the pallets 
holding the blocks and the interior walls of the van, and the blocks were tied down to the inside 
of the van to prevent them from shifting (see Figure 3.15). Because the blocks were shipped 
during December, precautions had to be taken to prevent the pore water in the blocks from 
freezing. The five exposed sides of the blocks were wrapped with aluminized insulating 
blankets, and automotive-battery-powered quartz halogen lights were positioned underneath the 
pallets. In addition, a number of five-gallon polyethylene containers were filled with hot water 
each evening and morning to supply additional heat. The total dissolved solids concentration of 
the water in the polyethylene containers was lower than that of the pore water in the blocks. 
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Consequently, if the temperature in the van dropped below freezing, the water in the 
polyethylene containers would freeze first, and the released heat of fusion would help prevent the 
pore water from freezing. This combination proved to be adequate to keep the temperature in the 
vans from dropping below 0 °C during transit. Figure 3.15 shows the insulated block, 
automotive battery, and polyethylene containers inside the van. 
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Figure 3.1. Location of Yucca Mountain 

Figure 3.2. Busted Butte Experimental Facility 
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Figure 33. Location of the Block Relative to Pins Ash 1-M28 and Ash 1-M27 

Figure 3.4. Trial Block Pillar Wrapped with Shrink-wrap 
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Figure 3,5. Sealing the Plywood to the Shrink-wrap Using a Silicone Sealant, RTV-108 

Figure 3.6. Adding Epoxy to the Space Between the Plywood and the Shrink-wrap 
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Figure 3.7. Geology of the Pillar from which Two, ~l-m3 Tuff Blocks were Excavated 

Figure 3.8. Excavation of the Pillar Using a Chain Saw 
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Figure 3.9. Excavated Pillar for the Large Blocks 

Figure 3.10. Excavated Pillar Encased in Epoxy and Plywood Prior to Removal from the 
Geological Formation 
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Figure 3.11. Lower Saw Cut Being Made to Separate the Upper Tuff Block from the 
Calico Hills Formation 

Figure 3.12. Block Used in the Unsaturated Flow Study Being Winched out of its Location 
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Figure 3.13. Lower Block Being Used in the Saturated Flow Study Transported out of 
BBTF Using Mucker 

Figure 3.14. Upper Block Being Loaded in a U-Haul Van in Preparation for Transport to 
WL 
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Figure 3.15. Insulated Block Used in the Unsaturated Flow Study Loaded in the U-Haul ~ 
Van 
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4. EXPERIMENTAL DESIGN 

4.1 Unsaturated Conditions 

Unsaturated flow experiments present a challenge, in that both a liquid and a gaseous phase must 
be maintained along the flow path in the geological material. Unless provision is made to 
withdraw water from the geological material, the injected water will simply collect near the 
bottom of the block and be held there under a state of tension by capillary forces, resulting in the 
formation of a saturated layer. When the weight of the water column in the saturated layer 
exceeds the surface tension, some of the water will be released. 

Saturation of the tuff can be prevented by installing material underneath the block that has a 
higher affinity for the water than the block. This material then acts as a wick to draw the water 
away from the block. Alternatively, a porous membrane can be installed underneath the block 
and a hydraulic gradient can be established across this membrane by applying a partial vacuum 
across it. This will facilitate the transport of water through the membrane. The pressure 
differential must be high enough to maintain a flow through the membrane, but not too high to 
exceed the surface tension between the water and the geological material, which would then lead 
to one or more breaks in the water film and the creation of a flow of air through the membrane. 

Since sorbing radionuclides are used in the migration experiments, materials that could provide 
additional sorption sites must be avoided in the design of the experiment. Therefore, rather than 
using a material that has a higher affinity for water—and that could have a higher affinity for 
sorbing radionuclides as well—an alternative approach was chosen. An inert membrane, a W-
thick polyethylene sheet with 35-u,m pores, was selected and a pressure differential applied 
across the membrane using a standard vacuum pump. A schematic of the experimental 
arrangement is shown in Figure 4.1. Acrylic reservoirs were designed and fitted to the top and 
bottom of the block, and were connected to the vacuum pump. 

The trial block contains a subvertical fracture or joint that could influence the direction of the 
unsaturated flow through the block. To avoid unduly influencing the flow through the block, 
provision was made to collect water exiting the entire bottom of the block. A 3 x 3 sampling 
grid was designed in an attempt to obtain some information on the spatial distribution of the flow 
through the block. This collection system for the sampling grid was constructed from a W-thick 
aluminum plate, in which nine square openings had been machined. These openings were fitted 
with collection systems consisting of polyethylene funnels epoxied to square polyethylene 
weighing boats (see Figures 4.2,4.3). The ends of the polyethylene funnels protruded through 
the bottom of the lower acrylic plenum and were connected to lids of 250-mL polyethylene 
sampling bottles with lengths of Vz" outer diameter (OD) Tygon™ tubing, as shown in Figure 
4.4. The entire collection system was kept under reduced pressure by connecting the lower 
acrylic plenum to the vacuum pump. To remove water samples while maintaining the hydraulic 
gradient across the membrane, a length of V2" OD Tygon tubing was used as a return line 
connecting the lid of the bottle to the lower plenum. Clamps were used to seal the Tygon lines 
during sampling. 
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In spite of numerous attempts, no airtight seals could be obtained around the acrylic plenums and 
the sampling ports. Therefore, instead of establishing a static pressure differential using a 
column of water, a dynamic reduced pressure was used to maintain a pressure differential of 
about 3 cm of mercury, sufficient to allow an unsaturated flow through the block. The pressure 
was controlled manually using a needle valve. Synthetic Busted Butte pore water (see Section 5) 
was added to the center of the upper surface of the block using a pair of high performance liquid 
chromatography (HPLC) piston pumps (ISCO, Inc. Lincoln, NE) in tandem, at a flow rate of 
20 mL/hr. This rate corresponds to an infiltration rate of about 120 cm/year, which is much 
higher than an estimated natural infiltration rate of about 0.7-1.0 cm/year (TRW 2000); this rate 
was selected to ensure that the experiment could be completed within a reasonable time frame. 
The pumps were controlled so that, if the piston in one of the pumps reached the end of its travel, 
the second pump would be automatically valved in. This provided a continuous flow of ground 
water to the block for a 50-hour period without refilling the pump. The radionuclides and Na-
fluorescein dye tracer were added in an 800-mL volume as a "top hat" or square-wave injection. 
This technique consists of replacing the flow of ground water with a flow of ground water 
containing the tracers, for a given period of time. Plotting tracer concentration vs. injected 
volume or time produces a square wave or "top hat". To avoid contaminating the HPLC pump, 
an accumulator was designed and built. This accumulator consists of a Teflon bag inside a 
rectangular housing (see Figure 4.5). The outlet from the pump was connected to the housing, 
and the outlet of the Teflon bag was connected to the line leading to the top of the block. 
Pumping water into the rectangular housing forced the tracer solution through the outlet in the 
Teflon bag. The Teflon thus acted as a flexible diaphragm. The completed assembly was 
located in a Class B radioisotope laboratory at WL, and is shown in Figure 4.6. 

The experimental design for the about 1-m3 block was very similar to that of the trial block. 
Again, a porous V4"-thick polyethylene sheet with 35-fim pores was used as a membrane, and a 
machined aluminum plate with a 6 x 6 array of sampling ports was fastened to the bottom of the 
block. Because of the weight of the tuff block, the lower plenum was fabricated out of 
aluminum (see Figure 4.7). The arrangement for the 36 sampling bottles was similar to that used 
for the trial block, and is shown in Figure 4.8. The block was inverted using an overhead crane 
to access the bottom of the block (see Figures 4.9,4.10). Again, a manually controlled dynamic 
reduced pressure of about 5 cm of mercury was imposed across the membrane. The completely 
assembled experiment and ancillary equipment are shown in Figure 4.11. The synthetic Busted 
Butte water was added to the top of the block at two locations, each at a flow rate of 10 mL/hr, 
using an accumulator and two HPLC pumps in tandem. This flow rate is equivalent to an 
infiltration rate of about 17 cm/year. In this larger-scale experiment, except for 60Co and 137Cs, 
the tracers were added continuously for the duration of the migration experiment. The addition 
of ^Co and 137Cs to the Busted Butte ground water was terminated in the summer of 2002, to 
avoid excessively high radiation levels at the top of the block that might cause an unacceptable 
exposure to personnel during the post-migration experiment analysis of the flow field. 

4.2 Saturated Conditions 

The block used in the migration experiments under saturated conditions was taken from the 
lower part of the excavated pillar in the BBTF (see Figure 3.9). The intent was to excavate this 
block with the same dimensions, nominally 1 m on edge, as the upper block. However, during 
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the excavation of the pillar, a subvertical fracture was observed to have formed in the lower 
southwest corner of the block. This fracture is visible in Figure 3.9. Consequently, the 
dimensions of the block used in the migration experiments were somewhat larger, about 1.1 m x 
1.3 m x 1 m. Transport of the block from the entrance of the BBTF is shown in Figure 3.13. 

In preparation for the migration experiment, the block was inverted and the lower two-section 
steel plate, which had been installed underneath the block at the BBTF, was detached from the 
plywood enclosure and removed. The lower surface of the block was trued as much as possible. 
However, some irregularities in the bottom surface of the block could not be completely 
removed. Rather than fill any low spots of the surface with extraneous material, a polyethylene 
sheet was secured to the perimeter of the block using acoustic and silicone sealants to form a 
waterproof barrier between the tuff and any filling material. All low spots on the lower surface 
of the block were then filled with masonry sand. An additional polyethylene sheet was secured 
on top of the masonry sand. This additional sheet was also sealed to the perimeter of the block 
using acoustic and silicone sealants. The two sections of the lower steel plate were welded 
together along their entire length. In addition, the lower plate was reinforced by welding three 
3-foot lengths of 4" channel iron perpendicular to the welded joint. The entire plate was then 
painted with anti-rust paint to prevent oxidation of the steel plate. Beads of acoustic and silicon 
sealants were placed on the lower edges of the plywood enclosure surrounding the block, and the 
steel plate was placed over the lower block surface. The lower plate was then reconnected to the 
upper steel plate using threaded rods and nuts prior to flipping the block "right side up". The 
upper steel plate and the threaded rods were then removed to provide access to the top of the 
block. The outer surfaces of the plywood enclosure surrounding the block were coated with 
silicon rubber, and any gaps between the epoxy and the plywood on the top surface of the block 
were sealed with silicone sealant. The upper surface of the block was also trued. The surface of 
the block at this stage is shown in Figure 4.12. 

In contrast to unsaturated conditions, where flow is expected to be primarily downward, the flow 
direction in the saturated zone can generally be considered to be primarily lateral or horizontal. 
To mimic flow in the saturated zone, %"- (nominally 19-mm) diameter injection and withdrawal 
boreholes were drilled vertically into the block to a depth of 50 cm, using a drill bit that had been 
sterilized with alcohol. The tuff material that was removed from the block was poured into 
alcohol-sterilized polyethylene containers for potential microbial analysis. Lengths of 1/8" 
(nominally 3.2 mm) OD Teflon tubing were epoxied into sections of ^"-diameter Teflon tubing 
to reduce their inner diameter (ID). Because of the high porosity of the non-welded tuff, of the 
order of 60% (Bussod et al. 1998), there was sufficient water in the block to allow small samples 
to be occasionally taken along the flow field to obtain information on the radionuclide plumes in 
the block. To access the flow field, five %" boreholes were drilled vertically in the block, 15 cm 
apart and to a depth of 75 cm. These boreholes were denoted A through E, with borehole A 
located closest to the injection borehole. Holes were drilled in the walls of lengths of 3A" OD 
Teflon tubing at 
10-cm intervals; lengths of 1/8" OD Teflon tubing were then inserted in each of these holes and 
routed through the large diameter Teflon tubing. The void space between the tubing was filled 
with epoxy. The tubing leading through the holes on the sides of the %" OD Teflon tubing was 
cut flush with the outside of the tubing, and the other ends of the small-diameter tubing were 
connected to a sampling manifold. The elevations of the inlets to the five sampling ports were 
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30,40,50, 60, and 70 cm above the bottom of the block. The injection, withdrawal, and 
sampling inserts were placed in the boreholes, and any gaps between the 3A" Teflon tubes and the 
rock matrix were filled with loose tuff material that was collected during the drilling of these two 
boreholes. 

A schematic of the experimental arrangement for the saturated block is shown in Figure 4.13. A 
schematic of the sampling inserts is shown in Figure 4.14. 

Four vertical l"-diameter holes were drilled to a depth of about 90 cm in each corner of the block, 
to generate saturated conditions by slowly flooding the block with synthetic Busted Butte pore 
water. 

Stainless steel panels were fabricated and mounted around the plywood enclosure and sealed to 
the steel bottom plate. Synthetic Busted Butte pore water was pumped slowly into the four 
vertical, 1 "-diameter holes in each corner of the block. By the end of 2000 November, about 
300 L of water had been pumped into the block. Early in 2000 December, evidence of a leak in 
the enclosure was found. This leak was traced to an interface between the base of the enclosure 
and the bottom steel plate. Attempts to seal the leak with silicone sealant proved to be 
unsuccessful, as the silicone sealant did not bond well with the smooth stainless steel sheets. The 
stainless steel enclosure that had been fabricated for the lower block was dismantled, and all 
traces of the silicone sealant were removed from the stainless steel components. These 
components were then welded together and were in turn welded to the steel base. Saturation of 
the tuff by pumping synthetic Busted Butte pore water slowly into the four vertical, 1 "-diameter 
holes in each corner of the block was resumed towards the end of 2001 January; this process 
appeared to have been completed by 2001 mid-February, when the water level in the four 
boreholes reached the top of the block. A photograph of the surface of the water-saturated block 
is shown in Figure 4.15. 

The white, circular spots in Figure 4.15 are Teflon disks that were located on top of the block to 
support the acrylic cover plate. The injection borehole is shown in the top right-hand corner, and 
the withdrawal borehole is shown in the lower left-hand comer. The five sample boreholes were 
located between the injection and withdrawal boreholes, and their location was offset from the 
direct path between the injection and withdrawal boreholes. Bach sampling borehole was 
equipped with five sampling lines that lead to sampling points along the borehole. 

In the initial experimental design, water was to be injected into the injection borehole at a rate of 
10 mL/hr, and water was to be forced out of the withdrawal borehole by simple displacement. 
This required the block to be sealed hermetically, which was accomplished by installing an 
acrylic plate on the top of the plywood enclosure. The installation of the acrylic plate is shown in 
Figure 4.16. The joint between the stainless steel outer shell and the acrylic sheet was sealed with 
a silicone sealant. This seal was also intended to exclude any atmospheric oxygen from the block, 
to closely reflect the conditions in the saturated zone below the repository horizon. A flow cell, 
containing a Cole-Parmer Pt electrode, was inserted in the line leading from the withdrawal 
borehole to monitor the redox potential of the water as it was being eluted. The final 
arrangement, including the injection pump, the polyethylene collection vessel, the sampling 
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manifolds, and the in-line Pt electrode, is shown in Figure 4.17. A more detailed view of the 
sampling manifold is shown in Figure 4.18. 

However, during the course of the migration experiment, irregular flow from the withdrawal 
borehole required some modifications to the experimental design. The main change consisted of 
installing a peristaltic pump in the line leading from the withdrawal borehole to the sampling 
bottle, downstream from the flow cell containing the Pt electrode. 
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Figure 4.1. Schematic of Experimental Arrangement 

Figure 4.2. Collection System as Viewed from the Top 
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Figure 4.3. Collection System as Viewed from the Bottom, Showing the Fitting for the 
Return Line from the Sampling Bottles 

Figure 4.4. Collection Bottles Underneath the Trial Block 



22 QA:QA 

Figure 4.5. The Accumulator 

Figure 4.6. Trial Block Migration Experiment 
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Figure 4.7. Aluminum Sampling Grid Used in the -l-mJ Block 

Figure 4.8. Collection System for the -1-m'1 Block 
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Figure 4.9. Upper Block Ready to be Returned to its Upright Position 
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Figure 4.10. Upper Block Being Tilted to its Upright Position 

Figure 4.11. Migration Experiment in the -l-m3 Tuff Block 
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Figure 4.12. Lower Tuff Block Ready for Drilling of Vertical Boreholes 

(low syringe 
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HPLC HPLC 
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Figure 4.13. Schematic of Flow Under Saturated Conditions 
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three-way valves 

Figure 4.14. Schematic of Sampling Borehole Inserts (View 90° from Final Orientation) 

Figure 4.15. Upper Surface of Water-saturated Lower Block 
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Figure 4.16. Installation of Acrylic Plate to the Top of the Lower Block 

Figure 4.17. Arrangement of Equipment Associated with Lower Block 
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Figure 4.18. Sampling Manifold Used to Obtain Samples Along the Flow Field in the 
Saturated Block 
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5. PORE WATER COMPOSITION 

Synthetic pore water was used as the transport fluid in the field migration experiments in the 
BBTF (Bussod et al. 1998). The composition of this pore water was based on the measured in 
situ composition. The recipe for this ground water, as presented by Bussod et al. (1998), 
required a slight modification to obtain the target dissolved solids concentrations. The two 
recipes are shown in Table 5.1. The amount of Na2SC>4 was increased, and CaCC>3 was 
substituted for Ca(OH)2. 

Table 5.1. Initial and Modified Synthetic Busted Butte Pore Water Recipes 

Bussod et al. (1998) 
Reagent 
Si02.nH20 
CaCl2.2H20 
Ca(N03)2.4 H20 
NaF 
Na2S04 

NaHCOj 
KHC03 

MgS04.7H20 
Ca(OH)2 

mg/kg 
76.8 
36.8 
44.8 
3.8 
10.7 
51.2 
9.0 
36.9 
7.8 

Reagent 
Si02.nH20 
CaCl2.2H20 
Ca(N03)2.4 H20 
NaF 
Na2S04 

NaHC03 

KHCO3 
MgS04.7H20 
CaC03 

Revised Recipe 
g/50L 
3.463 
1.854 
2.224 
0.187 
1.276 
2.135 
0.439 
1.857 
0.516 

mg/kg 
69.2 
37.0 
44.4 
3.7 

25.5 
42.7 
8.78 
37.1 
10.3 

The synthetic ground water was prepared from reagent-grade chemicals in 50-L batches, as 
follows. The required amount of silicic acid was added slowly to about a 45-L volume of 
distilled water in a 50-L high-density polyethylene carboy and stirred overnight. In succession, 
required amounts of NaF, Na2S04, MgS04.7H20, NaHC03, KHCO3, CaCl2.2H20, and 
Ca(NC>3)2.4 H20, dissolved in individual ~20-mL volumes of distilled deionized water or mixed 
as a slurry with distilled deionized water, were added sequentially to the carboy, with an 
extended stirring period after the addition of each chemical. The solution was stirred overnight, 
and finally, CaCOs was added to complete the addition of the chemical reagents. The solution 
was then filtered through 0.45-nm Millipore filters, and acidified and non-acidified aliquots were 
analyzed for cations and anions, respectively. Occasionally, the Si concentration fell below the 
target concentration and additional silicic acid had to be added. The chemical composition of the 
various batches is presented in Figure 5.1 and Table 5.2, and shows little variation from batch to 
batch. 

To establish a stable unsaturated flow through the trial block, synthetic pore water was added to 
a central location at the top of the block and collected from the nine collection points at the 
bottom of the block. The water was weighed and selected samples were submitted for chemical 
analysis of major dissolved species. 

Analytical results for the stable dissolved species are shown in Table 5.3 and are represented 
graphically in Figures 5.2 to 5.10. Results for bicarbonate or alkalinity are not presented, 
because the analysis for this anion was performed on samples that had exceeded their shelf life 



- 3 1 - QA:QA 

according to the QA (Quality Assurance) protocol of the ASB at WL, which performed the 
analyses. The spurious data at about 13000 mL are most likely due to a leak in the collection 
system that developed during 2000 June. 

Table 5.2. Chemical Composition of Individual Batches of Synthetic Busted Butte Pore 
Water (all data in mg/L) 

Batch Number 
AECL-BB-PW-1 
AECL-BB-PW-2 
AECL-BB-PW-3 
AECL-BB-PW-4 
AECL-BB-PW-5 
AECL-BB-PW-6 
AECL-BB-PW-7 
AECL-BB-PW-8 
AECL-BB-PW-9 
AECL-BB-PW-10 
AECL-BB-PW-11 
AECL-BB-PW-12 
AECL-BB-PW-13 
AECL-BB-PW-14 
AECL-BB-PW-15 
AECL-BB-PW-16 
AECL-BB-PW-17 
AECL-BB-PW-18 
AECL-BB-PW-19 
AECL-BB-PW-20 
AECL-BB-PW-21 

Ca 
26.1 
22.1 
20.6 
19.5 
22.0 
20.3 
20.0 
21.0 
23.0 
22.0 
20.0 
20.0 
20.0 
19.8 
21.0 
21.0 
19.7 
18.6 
20.0 
20.0 
19.2 

Mg 
3.8 
3.9 
3.7 
3.7 
3.8 
3.7 
3.7 
2.6 
3.9 
3.7 
3.8 
3.8 
3.8 
3.7 
3.8 
3.8 
3.6 
3.4 
3.4 
3.4 
3.5 

Na 
21.0 
20.0 
20.6 
19.7 
19.8 
20.1 
21.0 
24.0 
21.0 
23.0 
24.0 
21.0 
20.0 
23.0 
23.0 
23.0 
21.0 
22.0 
21.0 
21.0 
20.0 

K 
3.2 
3.4 
3.4 
3.1 
3.0 
3.1 
3.5 
3.7 
3.4 
3.8 
3.7 
3.4 
3.6 
3.7 
3.7 
3.6 
3.4 
3.1 
3.1 
3.1 
3.1 

Si 
32.8 
29.6 
31.3 
30.9 
29.7 
28.8 
30.0 
28.0 
29.0 
30.0 
39.0 
28.0 
33.0 
31.0 
27.0 
29.0 
30.0 
30.0 
37.0 
36.0 
42.0 

CI 
18.0 
18.0 
18.4 
18.2 
18.1 
18.1 
17.8 
18.5 
18.3 
17.3 
17.5 
17.4 
17.3 
17.2 
17.9 
17.7 
18.3 
18.0 
17.9 
18.1 
21.0 

N0 3 

23.3 
23.8 
23.2 
23.2 
23.0 
23.0 
21.0 
22.0 
22.0 
22.0 
22.0 
22.0 
21.0 
21.0 
22.0 
22.0 
22.0 
23.0 
23.0 
23.0 
24.0 

S0 4 

21.8 
32.3 
32.7 
32.2 
32.5 
32.0 
33.0 
38.0 
38.0 
38.0 
38.0 
38.0 
39.0 
37.0 
39.0 
39.0 
37.0 
35.0 
33.0 
35.0 
36.0 

F 
1.70 
1.50 
1.57 
1.54 
1.61 
1.59 
1.61 
1.71 
1.60 
1.61 
1.64 
1.61 
1.67 
1.64 
1.64 
1.55 
1.60 
1.65 
1.60 
1.58 
1.57 

HCO 
50.8 
45.2 
41.2 
38.6 
45.2 
40.7 
42.1 
43.1 
43.2 
46.8 
41.5 
34.0 
40.2 
44.5 
41.0 
42.1 
51.4 
44.8 
50.9 
50.9 
46.2 
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Table 5.3. Concentrations of Major Dissolved Species in Pore Water Removed from the 
Trial Block 

Sampling Elapsed vol. Na K Ca Mg Si CI N03 S04 F 
Date Time 

(hr) (mL) mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

16-May-00 
17-May-00 
17-May-00 
18-May-00 
19-May-OO 
21-May-00 
23-May-00 
24-May-00 
25-May-OO 
26-May-00 
28-May-OO 
30-May-00 
2-Jun-00 
3-Jun-00 
5-Jun-00 
7-Jun-OO 
9-Jun-00 
ll-Jun-00 
13-Jun-00 
15-Jun-00 
18-Jun-00 
23-Jun-OO 
26-Jun-00 
28-Jun-OO 
30-Jun-00 
2-Jul-00 
4-Jul-00 
6-Jul-OO 
8-Jul-00 
10-Jul-00 
ll-Jul-00 

* 

530 
550 
555 
576 
602 
649 
697 
722 
746 
770 
812 
866 
931 
966 
1010 
1058 
1102 
1149 
1204 
1251 
1316 
1443 
1514 
1559 
1609 
1653 
1703 
1753 
1804 
1850 
1874 

72 
348 
450 
753 
1186 
1957 
2776 
3166 
3553 
3962 
4692 
5598 
6641 
7237 
7995 
8854 
9572 
10320 
11301 
12126 
12701 
13249 
14176 
14929 
15758 
16555 
17511 
18362 
19236 
20181 
20614 

21* 
239 
260 
241 
210 
180 
142 
106 
89 
81 
76 
69 
66 
61 
60 
58 
59 
56 
57 
59 
56 
58 
87 
63 
57 
56 
57 
55 
57 
59 
57 
57 

3.2* 
10.7 
11.1 
11.0 
9.6 
8.1 
6.7 
5.1 
4.6 
4.1 
3.6 
3.3 
3.3 
3.1 
3.0 
3.1 
2.8 
3.0 
2.7 
2.6 
2.8 
2.8 
4.7 
3.5 
3.4 
3.2 
3.1 
3.2 
3.2 
3.6 
3.5 
3.7 

26.1* 

186 
200 
182 
138 
97 
58 
33 
23 
19.1 
16.4 
13.6 
12 
11 
10.3 
10 
9.5 
9.2 
9.2 
9.8 
9 
10.3 
35 
20 
23 
16.2 
17.2 
11.9 
12.6 
12.2 
10.6 
10.2 

3.83* 
27 
29 
28 
20 
14.2 
8.8 
4.9 
3.4 
2.8 
2.4 
2 
1.75 
1.56 
1.46 
1.43 
1.36 
1.31 
1.3 
1.38 
1.29 
1.47 
4.6 
1.9 
1.75 
1.56 
1.54 
1.4 
1.48 
1.42 
1.43 
1.4 

32.8* 

34.3 
17.4 
32 
20 
22 
24 
29 
28 
28 
27 
29 
30 
30 
30 
32 
31 
33 
33 
32 
33 
30 
40 
35 
32 
29 
31 
31 
31 
33 
32 
33 

18* 
171 
149 
154 
124 
96 
93 
66 
53 
45 
40 
35 
31 
28 
27 
26 
25 
25 
24 
24 
24 
26 
21 
26 
26 
25 
25 
25 
27 
26 
25 
25 

23.8* 

<0.3 
<0.3 
2 

<0.3 
3.6 
9 

15.2 
16.9 
17.9 
18.8 
20 
20 
20 
20 
20 
20 
20 
20 
17.5 
18.7 
18.5 
9.3 
<0.3 
6 
8.3 
11.6 
14.2 
10.1 
12.7 
13.9 
12.6 

21.8* 
393 
390 
377 
255 
177 
175 
109 
77 
65 
56 
49 
42 
37 
34 
32 
32 
30 
30 
29 
28 
32 
23 
28 
29 
28 
27 
27 
28 
27 
27 
27 

1.6* 

0.71 
0.39 
0.49 
0.35 
0.4 
0.49 
0.68 
0.73 
0.78 
0.81 
0.89 
1 

1.12 
1.2 
1.31 
1.43 
1.58 
1.61 
1.69 
1.73 
1.73 
0.57 
1.47 
1.71 
1.76 
1.82 
1.89 
1.83 
1.91 
1.89 
1.92 

* Target concentration of the synthetic pore water added to the trial block. 

The results clearly indicate that the composition of the pore water eluted from the excavated 
block did not quite match that of the synthetic pore water. Over about a 50-day period, or after 
about 10 L of synthetic pore water had been transported through the trial block, the 
concentrations approached a steady state. It is noteworthy that the steady-state concentration for 
Na leveled off at a higher value than that of the synthetic pore water (see Figure 5.2), while 
concentration levels for Ca and Mg decreased to values lower than those in the synthetic pore 
water (see Figures 5.4 and 5.5, respectively). This behavior suggests that, at least during the first 
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50 days, Na was removed from the tuff by Ca and Mg, most likely by an ion exchange process. 
The increase in Na concentration was about 1.6 meq/L, and the combined decrease in Ca and Mg 
was about 1.4 meq/L. These values are quite close. There was no detectable NO3 in the pore 
water initially eluted from the block. The F" concentration in the initial samples of pore water 
was also much lower than the target concentration suggested by Bussod et al. (1998). The reason 
for the break in the F" concentrations shown in Figure 5.10 is also most likely due to a leak in the 
collection system that occurred in 2000 June.. 

A comparison between the recommended concentrations for the major ions, the reported 
chemical composition for Busted Butte pore water, and the composition of the first volume of 
water, obtained from the trial block 530 hours after the flow of synthetic pore water was 
initiated, is presented in Table 5.4. 

Table 5.4. Chemical Composition of Major Ions Reported for Busted Butte Pore Water, 
J-13 Ground Water, Target Synthetic Busted Butte Pore Water, and Pore Water Obtained 
from the Trial Block Used in Radionuclide Migration Experiments at WL 

Constituent 

Na 
K 
Ca 
Mg 
Si 
CI 

N0 3 

S04 

F 
HC03(est.) 

BB 
Sample 

3B* 
mg/L 
17.67 
4.14 
17.73 
3.20 

29.69 
16.13 
22.76 
31.29 
2.36 
33.0 

BB 
Sample 

3N* 
mg/L 
21.36 
3.35 
24.35 
4.13 
31.85 
19.06 
26.48 
33.63 
1.82 
52.7 

BB 
Sample 

3Q* 
mg/L 
19.63 
3.37 

21.16 
3.64 

34.10 
17.71 
22.62 
31.36 
1.85 
45.6 

BB 
Sample 

3U* 
mg/L 
17.89 
3.44 
19.81 
3.19 

31.00 
16.74 
20.99 
30.08 
1.41 
40.6 

BB 
Average 
3N-3U* 

mg/L 
19.63 
3.39 

21.77 
3.66 

32.32 
17.84 
23.36 
31.69 
1.69 
46.3 

J-13 
Water 

mg/L 
44.6 
4.5 
12.5 
2.1 

29.6 
6.5 
1.3 
18.6 
0.53 
137.2 

BB 
Trial 
Block 
mg/L 
239 
10.7 
186 
27 
30 
171 

<0.3 
393 
0.71 

-

* Data taken from Table 9 in Bussod et al. (1998). 

The data in Table 5.4 are shown graphically in Figure 5.11 

The absence of NO3 in the initial water samples obtained from the trial block is in sharp contrast 
to the reported values for the water associated with samples 3B, 3N, 3Q, and 3U obtained from 
the BBTF. It is quite possible that the elevated NO3 concentrations in the latter samples are an 
artifact of the blasting method used to excavate the BBTF. Note that the NO3 concentration in 
the J-13 water is also much lower than that obtained from the BBTF. 

The ratios between some of the major ions in the different ground waters are presented in 
Table 5.5. Note that there is a much higher Na/K ratio in the initial water samples collected from 
the trial block. By contrast, the Na/Cl ratio is only slightly higher than that of other Busted Butte 
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pore water samples, but markedly lower than that from J-13 water. The Na/SC>4 ratio is virtually 
identical to that from the other Busted Butte pore water samples. 

Table 5.5. Calculated Ratios of Major Ions in Various Ground Waters 

Ratio 
Na/K 
Na/Ca 
Ca/Mg 
SO4/CI 
Na/Cl 

Na/S04 

BB 
Sample 

3B* 
4.3 
1.0 
5.5 
1.9 
1.1 
0.6 

BB 
Sample 

3N* 
6.4 
0.9 
5.9 
1.8 
1.1 
0.6 

BB 
Sample 

3Q* 
5.8 
0.9 
5.8 
1.8 
1.1 
0.6 

BB 
Sample 

3U* 
5.2 
0.9 
6.2 
1.8 
1.1 
0.6 

BB 
Average 
3N-3U* 

5.8 
0.9 
5.9 
1.8 
1.1 
0.6 

J-13 
Water 

9.9 
3.6 
6.0 
2.9 
6.9 
2.4 

BB 
Trial 
Block 
21.8 
1.3 
7.0 
2.3 
1.4 
0.6 

It is beyond the scope of this project to delve any further into the differences in ground water 
compositions associated with the unsaturated zone and with the J-13 ground water. The impact 
of the difference in ground water on the sorption and migration of the radionuclides used in this 
program is not considered to be significant. Supporting static batch sorption studies were 
performed using the same synthetic pore water as that used in the migration experiments. The 
results of a parallel set of static batch sorption experiments using synthetic J-13 ground water 
(see Section 6) showed that the range of ground water compositions had no major impact on the 
sorption results. The apparent elevated Na concentration in the pore water associated with the 
trial block is expected to decrease sorption and retardation of the 22Na marginally, but this 
radionuclide is not present in nuclear fuel wastes and was only included in the sorption studies 
because of its limited sorption and "ideal" sorption behavior. 
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Figure 5.1. Composition of Synthetic Busted Butte Pore Water Used in the Trial Block and 
in the 1-m3 Block Unsaturated and Saturated Migration Experiments 
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Figure 5.2. Na Concentration in Water Eluted from the Trial Block as a Function of 
Eluted Volume. The solid horizontal line represents the Na concentration in the injection 
solution. 
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Figure 5.3. K Concentration in Water Eluted from the Trial Block as a Function of Eluted 
Volume. The solid horizontal line represents the K concentration in the injection solution. 

O 

\ 
no , w 

i 

10 -i 

1 

!•• • 

- • - C a 

| Ca(inj)] 

R L I r r 

3000 6000 9000 12000 15000 18000 21000 

eluted volume (mL) 

Figure 5.4. Ca Concentration in Water Eluted from the Trial Block as a Function of 
Eluted Volume. The solid horizontal line represents the Ca concentration in the injection 
solution. 
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Figure 5.5. Mg Concentration in Water Eluted from the Trial Block as a Function of 
Eluted Volume. The solid horizontal line represents the Mg concentration in the injection 
solution. 
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Figure 5.6. Si Concentration in Water Eluted from the Trial Block as a Function of Eluted 
Volume. The solid horizontal line represents the Si concentration in the injection solution. 
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Figure 5.7. CI Concentration in Water Eluted from the Trial Block as a Function of Eluted 
Volume. The solid horizontal line represents the CI concentration in the injection solution. 
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Figure 5.8. NO3 Concentration in Water Eluted from the Trial Block as a Function of 
Eluted Volume. The solid horizontal line represents the NO3 concentration in the injection 
solution. 
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Figure 5.9. SO4 Concentration in Water Eluted from the Trial Block as a Function of 
Eluted Volume. The solid horizontal line represents the SO4 concentration in the injection 
solution. 
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Figure 5.10. F Concentration in Water Eluted from the Trial Block as a Function of Eluted 
Volume. The solid horizontal line represents the F concentration in the injection solution. 
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Figure 5.11. Major Ion Concentrations in Various Busted Butte Pore Waters and in 
J-13 Groundwater 
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6. SUPPORTING STATIC BATCH SORPTION STUDIES 

Static batch sorption experiments were performed in support of the radionuclide migration 
experiments, using the method of Weaver (1996). These experiments were carried out in 
triplicate for each of two types of geological material (Topopah Spring tuff, crystal-poor, vitric 
Zone 1, identified as sample BBRS-990330-1, and Calico Hills formation tuff, identified as 
sample BBRS-990330-2) and for two synthetic ground waters (synthetic Busted Butte pore water 
and synthetic J-13 ground water). The experiments were performed at two liquid-volume-to-
solid-mass (V/m) ratios (nominally 4:1 and 20:1) for five individual radioactive tracers (22Na, 

Co, Tc, Tc, Cs, and Np) and for Na-fluorescein, as well as for solutions containing a 
mixture of all radionuclide and dye tracers. The reason for the inclusion of two Tc isotopes is 
that "Tc is a pure (3-emitting isotope and cannot be detected in the presence of y-emitting 
isotopes. However, the half life y-emitting 95mTc is too short to be used in long-term migration 
experiments. In all cases, a nominal 20-mL volume of the appropriate tracer solution was added 
to the conditioned solid material. The amount of conditioning solution retained with the solid 
resulted in slightly higher V/m ratios than the nominal values cited above. In all cases, triplicate 
blanks (centrifuge tubes containing the tracer solution but no geological material) were used to 
determine the extent of tracer interaction with the reaction vessel. 

Samples of material from the two geological formations were disaggregated by hand. About 1-g 
portions of the material were weighed into tared 30-mL polycarbonate centrifuge tubes, which 
were used as the reaction vessels. The geological materials were conditioned for a period of 
seven days with synthetic pore water or ground water prior to initiating the sorption step. The 
conditioning solution was removed following centrifugation at 14000 rpm for two hours using a 
Beckman Model J2-HC centrifuge with a Beckman JA-17 fixed angle rotor. The amount of 
conditioning solution retained with the geological material was determined by weight. The 
appropriate tracer solution was added and the sorption reaction was allowed to proceed for 
21 days. Following the sorption period, separation of the solid and liquid phases was ensured by 
three successive centrifugation steps, as described above, prior to removing aliquots of the 
aqueous phase for analysis. Radiotracer concentrations were determined by gamma 
spectroscopy, and the fluorescein anion concentrations were determined using an HP 8542A 
diode array spectrophotometer. 

In general, tracer concentrations in the blanks and the initial solutions were within the analytical 
uncertainty of the measurement. However, in the mixed tracer sorption experiments, the 
concentration of Co in the blanks for the J-13 solution was found to be somewhat lower than in 
the initial solution. 

The sorption values, Rj, were calculated using the following equation: 

V m Cf 

where V is the volume of contacting solution, 
m is the mass of geological material, 
C0 is the initial tracer concentration, and 
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Cf is the final tracer concentration following the reaction period. 

The mean sorption values obtained in each set of experiments are shown in Tables 6.1 to 6.6. A 
summary of the sorption values obtained is given in Table 6.7. It should be noted that the 
spectrophotometric analyses for Na-fluorescein were not performed under full QA because no 
quality assurance method was available to be used for the analysis. However, since all 
calculations for Na-fluorescein are based on normalized calculations, any bias in the chemical 
analysis is cancelled. Still, the results reported for Na-fluorescein should be considered as 
scoping studies. 

Table 6.1. Sorption Data for KNa and 95raTc in Individual Tracer Solutions 
(mean ± std. dev. of three replicates) 

Tracer 

"Na 
22Na 
22Na 
22Na 
22Na 
22Na 
22Na 
22Na 

95mTc 
95mT c 

95mTc 
95nTc 
9 5 m Tc 
9 5 m Tc 
95mT c 

95mTc 

Aqueous Phase 

AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-J-13-S-2 
AECL-J-13-S-2 
AECL-J-13-S-2 
AECL-M3-S-2 

AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-J-13-S-2 
AECL-J-13-S-2 
AECL-J-13-S-2 
AECL-J-13-S-2 

Geological 
Material* 

U 
U 
L 
L 
U 
U 
L 
L 

U 
U 
L 
L 
U 
U 
L 
L 

Mean V/m 
Ratio 

20.6050 
4.6650 
20.3751 
4.3653 
20.5622 
4.7110 
20.4051 
4.4164 

20.5606 
4.6480 
20.2778 
4.3463 
20.5429 
4.7102 
20.3357 
4.3863 

Mean R<j 
mL/g 
6.21 
5.40 
6.59 
6.12 
3.42 
3.38 
3.58 
3.80 

-0.32 
-0.01 
-0.09 
-0.03 
-0.48 
-0.01 
-0.21 
-0.10 

Std. 
Dev. 
0.13 
0.12 
0.27 
0.26 
0.09 
0.41 
0.28 
0.08 

0.27 
0.05 
0.27 
0.13 
0.29 
0.06 
0.35 
0.09 

*U-BBRS-990330-l 
*L-BBRS-990330-2 
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Table 6.2. Sorption Data for "Co and 137Cs in Individual Tracer Solutions 
(mean ± std. dev. of three replicates) 

Tracer 

^Co 
^Co 
^Co 
^Co 
^Co 
60Co 
^Co 
^Co 

,37Cs 
,37Cs 
,37Cs 
,37Cs 
137Cs 
137Cs 
,37Cs 
137Cs 

Aqueous Phase 

AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-J-13-S-2 
AECL-J-13-S-2 
AECL-J-13-S-2 
AECL-J-13-S-2 

AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-J-13-S-2 
AECL-J-13-S-2 
AECL-J-13-S-2 
AECL-J-13-S-2 

Geological 
Material* 

U 
U 
L 
L 
U 
U 
L 
L 

U 
U 
L 
L 
U 

u 
L 
L 

Mean V/m 
Ratio 

20.5426 
4.6411 
20.2414 
4.3390 

20.5613 
4.6859 
20.2248 
4.3953 

20.6160 
4.6892 
20.2705 
4.3790 
20.7158 
4.7216 
20.2995 
4.3834 

Mean Rd 
mL/g 
1602 
1541 
1834 
2251 
4001 
1577 
3618 
1142 

458 
450 
1444 
1276 
420 
392 
1171 
868 

Std. D« 

135 
71 
92 
855 
343 
142 
396 
34 

23 
22 
113 
287 
12 
39 
26 
26 

•U-BBRS-990330-1 
*L-BBRS-990330-2 
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Table 63. Sorption Data for Np and Na-fluorescein in Individual Tracer Solutions 
(mean ± std. dev. of three replicates) 

Tracer 

M,Np 

r> "'Np 
"'Np 
"Np 
"'Np 

, 2 > "'Np 
Na-Fluoroscein 
Na-Fluoroscein 
Na-Fluoroscein 
Na-Fluoroscein 
Na-Fluoroscein 
Na-Fluoroscein 
Na-Fluoroscein 
Na-Fluoroscein 

Aqueous Phase 

AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-J-13-S-2 
AECL-J-13-S-2 
AECL-J-13-S-2 
AECL-J-13-S-2 
AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-J-13-S-2 
AECL-J-13-S-2 
AECL-J-13-S-2 
AECL-J-13-S-2 

Geological 
Material* 

U 
U 
L 
L 
U 
U 
L 
L 
U 
U 
L 
L 
U 
U 
L 
L 

Mean V/m 
Ratio 

20.5938 
4.6749 
20.2903 
4.3689 

20.6181 
4.7088 
20.2989 
4.3683 
20.4720 
4.6388 
20.0969 
4.3290 

20.5023 
4.6244 
20.2821 
4.3493 

Mean Rd 

mL/g 
1.09 
1.06 
1.02 
0.43 
2.21 
1.22 
3.35 
1.34 
-0.44 
-0.11 
-0.24 
-0.03 
-0.07 
-0.06 
-0.49 
-0.08 

Std. Dev. 

1.04 
0.10 
0.26 
0.14 
0.12 
0.63 
0.40 
0.27 
0.43 
0.04 
0.37 
0.05 
0.14 
0.01 
0.14 
0.03 

*U-BBRS-990330-l 
*L-BBRS-990330-2 
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Table 6.4. Sorption Data for ^Na and 95mTc in Mixed Tracer Solutions 
(mean ± std. dev. of three replicates) 

Tracer 

»Na 
22Na 
22Na 
22Na 
^Na 
^Na 
MNa 
^Na 

95roTc 
95«»rc 

9 5 nTC 
95mT c 

95mT c 

95roTc 
93n>rc 

9 5 m Tc 

Aqueous Phase 

AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-J-13-S-2 
AECL-J-13-S-2 
AECL-J-13-S-2 
AECL-J-13-S-2 

AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-J-13-S-2 
AECL-J-13-S-2 
AECL-J-13-S-2 
AECL-J-13-S-2 

Geological 
Material* 

U 
U 
L 
L 
U 
U 
L 
L 

U 
U 
L 
L 
U 
U 
L 
L 

Mean V/m 
Ratio 

20.4610 
4.6589 
20.1726 
4.3687 
20.1560 
4.6987 
20.2445 
4.3403 

20.4610 
4.6589 
20.1726 
4.3687 
20.1560 
4.6987 
20.2445 
4.3403 

MeanRd 

mL/g 
2.05 
2.22 
2.49 
2.39 
2.09 
1.83 
2.24 
2.24 

-0.26 
-0.06 
-0.05 
-0.06 
0.30 
-0.08 
-0.18 
0.11 

Std. Dev. 

0.30 
0.06 
0.20 
0.04 
0.34 
0.08 
0.19 
0.06 

0.02 
0.05 
0.27 
0.03 
0.26 
0.06 
0.05 
0.07 

•U-BBRS-990330-1 
*L-BBRS-990330-2 
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Table 6.5. Sorption Data for 60Co and 137Cs in Mixed Tracer Solutions 
(mean ± std. dev. of three replicates) 

Tracer 

"Go 
"Co 
"Co 
"Co 
"Co 
"Co 
"Co 
"Co 

, 3 7Cs 
137Cs 
, 3 7Cs 
, 3 7Cs 
137Cs 
, 3 7Cs 
, 3 7Cs 
, 3 7Cs 

Aqueous Phase 

AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-J-13-S-2 
AECL-J-13-S-2 
AECL-J-13-S-2 
AECL-J-13-S-2 

AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-J-13-S-2 
AECL-J-13-S-2 
AECL-J-13-S-2 
AECL-J-13-S-2 

*U-BBRS-990330-l 
*L-BBRS-990330-2 

Geological 
Material* 

U 

u 
L 
L 
U 
U 
L 
L 

U 
U 
L 
L 
U 
U 
L 
L 

Mean V/m 
Ratio 

20.4610 
4.6589 
20.1726 
4.3687 
20.1560 
4.6987 
20.2445 
4.3403 

20.4610 
4.6589 
20.1726 
4.3687 
20.1560 
4.6987 
20.2445 
4.3403 

MeanRa 
mL/g 
231 
372 
380 
508 
970 
358 
850 
318 

94 
124 
205 
294 
138 
163 
326 
411 

Std. Dev. 

9 
48 
3 

36 
76 
16 
69 
17 

7 
14 
21 
71 
5 
10 
24 
102 
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Table 6.6. Sorption Data for ^Np and Na-fluorescein in Mixed Tracer Solutions 
(mean ± std. dev. of three replicates) 

Tracer 

> > 237Np 
237Np 

! > *7Np 
237Np 

! > 237Np 

Na-Fluorescein 
Na-Fluorescein 
Na-Fluorescein 
Na-Fluorescein 
Na-Fluorescein 
Na-Fluorescein 
Na-Fluorescein 
Na-Fluorescein 

Aqueous Phase 

AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-J-13-S-2 
AECL-J-13-S-2 
AECL-J-13-S-2 
AECL-J-13-S-2 

AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-BB-PW-2 
AECL-J-13-S-2 
AECL-J-13-S-2 
AECL-J-13-S-2 
AECL-J-13-S-2 

*U-BBRS-990330-l 
*L-BBRS-990330-2 

Geological 
Material* 

U 
U 
L 
L 
U 
U 
L 
L 

U 
U 
L 
L 
U 
U 
L 
L 

Mean V/m 
Ratio 

20.4610 
4.6589 
20.1726 
4.3687 
20.1560 
4.6987 
20.2445 
4.3403 

20.4610 
4.6589 

20.1726 
4.3687 
20.1560 
4.6987 
20.2445 
4.3403 

Mean Ra 
mL/g 
2.15 
0.71 
7.11 
0.21 
7.98 
1.04 
6.99 
4.06 

0.89 
0.13 
0.72 
0.17 
0.41 
-0.01 
-0.05 
0.04 

Std. Dev. 

7.11 
0.89 
8.04 
0.65 
9.11 
0.49 
7.78 
2.06 

0.26 
0.05 
0.14 
0.01 
0.35 
0.00 
0.14 
0.05 

Table 6.7. Summary of Static Batch Sorption Results 

Tracer 

Na-fluorescein 
95mTc 

l> 22Na 
60Cs 
, 37Co 

Rd(mUg) 
(Single Tracer) 

-0.13 ±0.26 
-0.06 ±0.20 
0.73 ±0.34 
6.35 ± 0.33 
1360 ±600 
2050 ± 600 

Rd (mL/g) 
(Mixture of Tracers) 

0.45 ± 0.27 
-0.06 ±0.18 
3.66 ±6.17 
2.44 ±0.17 
250 ±0.14 
440 ± 6 0 

The mean sorption values (k<j) and their standard deviations obtained for individual tracers are 
also shown graphically in Figures 6.1 to 6.6. The sample number on the x-axis simply indicates 
the various combinations of geological material (upper, taken from BBRS-990330-1, lower, 
taken from BBRS-990330-2, and nominal V/m ratios of 20:1 and 4:1) and solutions (synthetic 
Busted Butte pore water and synthetic J-13 water). There is a marked difference in the k<j values 
obtained for Na from the two synthetic waters but, for the other tracers, the standard deviation 
is too high to differentiate between the two solutions. This suggests that the choice of solution in 
the migration studies is not important, and that the experimental results obtained with synthetic 
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Busted Butte pore water are applicable to locations where the water chemistry more closely 
resembles that of J-13 water. 

In Figures 6.7 and 6.8, the logarithm of the kd values obtained from the synthetic Busted Butte 
pore water containing a mixture of tracers is plotted against the logarithm of the kd values 
obtained from solutions with a single tracer. The conversion from the kj value to its logarithm 
required the kd value to be increased by unity to make all values positive. For tracers that show 
limited sorption (Na-fluorescein, 22Na, 95mTc, and 237Np), the effect of additional tracers is not 
appreciable, although the presence of the additional tracers tends to decrease sorption for 
radionuclides with high kd values (60Co and 137Cs). 

The impact of the additional tracers on the measured sorption coefficients is not necessarily 
important from an environmental assessment perspective, but is useful to know when modeling 
these migration experiments and when retardation factors and sorption coefficients are 
compared. 
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Figure 6.7. Sorption Coefficients Obtained from Mixed and Individual Tracer Solutions 
for Geological Samples Taken from BBRS-990330-2 

Figure 6.8. Sorption Coefficients Obtained from Mixed and Individual Tracer Solutions 
for Geological Samples Taken from BBRS-990330-1 
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7. MIGRATION EXPERIMENTS 

7.1 Unsaturated Conditions 

7.1.1 Trial Block 

To establish a stable, unsaturated flow through the trial block, synthetic pore water was added to 
a central location at the top of the block and collected from the nine collection points at the 
bottom of the block. Figure 7.1 shows the top of the block after the first few drops of pore water 
had been added. The water collected from the nine collection points was weighed, and selected 
samples were submitted for chemical analysis of major dissolved species. The volumes of water 
retrieved from the individual sampling ports for the trial block are plotted in Figure 7.2. The 
mass balance of the water injected in, and collected from, the trial block as a function of time is 
shown in Figure 7.3. 

After a vertical unsaturated flow had been established through the block, an 800-mL volume of 
synthetic Busted Butte pore water, containing the conservative (i.e., non-reactive) tracers Na-
fluorescein and 3H20, and the chemically reactive radionuclides 22Na, 60Co, 95mTc,99Tc, 137Cs, 
and 237Np, was added dropwise to the top of the block at a rate of 20 mL/hr. As was pointed out 
in Section 4, this flow rate corresponds to an infiltration rate of about 120 cm/year based on the 
cross-sectional area of the trial block. This addition of radionuclides and tracers was followed by 
the addition of synthetic Busted Butte pore water in the same way and at the same flow rate. The 
duration of the migration experiment was 87 days. At that point, the Np elution peak had been 
observed and, based on the results from static batch sorption studies (see Section 6, above), it 
was concluded that elution of the other radionuclides would take months to years, and that it 
would be more economical to determine the transport of these radionuclides by determining their 
spatial distribution in the block. 

By the end of the migration experiment, 77 L of synthetic pore water had been added to the 
block, while 55 L was retrieved, leaving a difference of about 22 L in the block. Some loss of 
water can be attributed to evaporation as a result of the dynamic partial vacuum applied to the 
plenum at the bottom of the block. The porosity of the Calico Hills tuff is about 60% (Bussod et 
al. 1998). With approximate dimensions of the trial block of 40 cm x 35 cm x 30 cm, the pore 
volume is about 26 L. However, results obtained during the post-experiment analysis of the tuff 
block showed no evidence of saturation of the tuff. This observation is discussed in more detail 
in Section 8. 

Water exiting the trial block at the bottom was collected in a 3 x 3 array of collection bottles. 
The fluorescein anion concentration in these samples was determined spectrophotometrically, 
and the radionuclide concentrations were determined by liquid scintillation counting and gamma 
spectrometry. As mentioned earlier (see Section 6), it should be noted that the spectro
photometry analyses for Na-fluorescein were not performed under full QA because no quality 
assurance method was available to be used for the analysis. However, since all calculations for 
Na-fluorescein are based on normalized calculations, any bias in the chemical analysis is 
cancelled. Still, the results reported for Na-fluorescein should be considered as scoping studies. 
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The concentrations of the tracers eluted from the trial block are shown in Figure 7.4 and the 
recovery of the eluted tracers is presented in Figure 7.5. Recovery of 95mTc was about 70%. 
Presumably, the fraction that was not recovered has diffused away from the flow paths. 
Recovery of the injected 3H20 and Na-fluorescein approached 80%. Recovery of Np was about 
0.1% but, as indicated in Figure 7.5, was still increasing when the experiment was terminated. 

The arrival times of the peak of the various tracers and their calculated retardation, relative to 
3H20, are shown in Table 7.1 

Table 7.1. Transit Times and Retardation Factors 

Tracer 

Na-fluorescein 
95m T c 

3H20 
237Np 

Transit Time 
(h) 
447 
447 
522 
1680 

Retardation 
(3H20=1) 

0.86 
0.86 
1.0 
3.2 

The standard retardation equation, 

/? - V* - i i >° ( 1 ~ £ ) f f 
*Np ~ v - l ^ "tt(Np) 

VNp b 

3 T where Vw = velocity of conservative tracer, in this case, H2O 
VNP = velocity of Np 
p = density of tuff, in this case, 2.6 
e = porosity, in this case 0.6 
Rd = sorption coefficient 

was rewritten to become 

_£(RNp-D 
°rfW p(X-e) 

Using this equation, a sorption coefficient of 1.3 mL/g was obtained for 237Np, assuming 
saturated flow. For unsaturated flow, the calculated Rd value is expected to be somewhat lower. 
The calculated sorption coefficient falls just outside the range of the experimentally determined 
static sorption coefficients for 237Np of 0.73 ± 0.34 mL/g but within the range of 3.66 ± 6.17 
mL/g from solutions containing a single tracer and a mixture of tracers, respectively. However, 
it should be noted that this calculated sorption coefficient is extremely sensitive to the porosity 
value. 
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7.1.2 Large Block 

The nominal 1-m3 block, selected for the large-scale migration experiment, was excavated from 
the BBTF during 1999 October-December and was transported to WL in 1999 December (see 
Section 3). This block was prepared for migration experiments under unsaturated conditions 
using the same methodology as that used for the trial block. The arrangement shown in Figure 
4.1 also applies to this large block. Instead of a 3 x 3 array of collection bottles, a 6 x 6 array 
was used. The actual experiment is shown in Figure 7.6. 

In consultation with US DOE staff, two parallel migration experiments were initiated in this 
block by adding the synthetic Busted Butte pore water and the radionuclides to two locations on 
the top surface of the block. However, in contrast to the method used in the trial block, where an 
800-mL "top hat" injection had been used, this experiment design called for the continuous 
addition of the radionuclides. The solutions were to be added at a rate of 10 mL/hr to each of the 
two locations, corresponding to an infiltration rate of about 17 cm/year. The intent was to 
suspend the addition of the tracer solution at one of the locations for an as yet unspecified time, 
to look for diffusion effects. However, following e-mail correspondence and discussions with 
U.S. DOE staff, this idea was not pursued further. 

Addition of the pore water at the two locations on the upper surface of the block was started on 
2000 October 16, and the first indication of water exiting the block at the bottom was observed 
on 2001 March 29. By 2001 April 16, the flow through the block had stabilized sufficiently to 
initiate the addition of the tracer solutions. Flow from the block was somewhat erratic over the 
duration of the migration experiment, in that not all the 36 ports yielded water at all times. 
Instead, a limited number of ports typically generated most of the eluted ground water and, with 
time, flow was redirected to other ports. The volumetric flow rate collected from the bottom of 
the block is shown in Figure 7.7 for the duration of the experiment, and in Figure 7.8 for the 
most recent four-month period. The difference between the inflow and outflow rates is due to a 
slow saturation of the block, but also to evaporative losses caused by the dynamic vacuum that 
was applied to the lower plenum. By 2002 mid-September, about 212 L of water had been 
collected from the block. At that time, 700 days had elapsed and about 335 L of water had been 
injected into the block. Loss due to evaporation and saturation amounted to about 123 L. The 
volume of the block is about 1 m3 or 1000 L. Assuming a porosity of 60%, the 123 L would 
have increased the degree of saturation by about 25%. This level is well below saturation. 

Elution profiles for Na-fluorescein, 3HaO, and 99Tc from all 36 collection ports are shown in 
Figures 7.9 to 7.11. As mentioned earlier (see Section 6), it should be noted that the 
spectrophotometric analyses for Na-fluorescein were not performed under full QA because no 
quality assurance method was available to be used for the analysis. However, since all 
calculations for Na-fluorescein are based on normalized calculations, any bias in the chemical 
analysis is cancelled. Still, the results reported for Na-fluorescein should be considered as 
scoping studies. Some of the scatter in the data is due to changes in flow patterns over the 
duration of the experiment. The apparently anomalous data for 3H are thought to be due to an 
evaporation/condensation process, aided by the dynamic partial vacuum in the plenum below the 
block. When the elution profiles for representative individual collection ports are plotted, these 
anomalies generally disappear, as shown in Figures 7.12 to 7.15 for ports 10,19, 20, and 32. 
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However, the early appearance of H in the water eluted from sampling ports 20 and 32 is 
evident. 

To avoid a further build-up of an inventory of 60Co and 137Cs (the two most highly sorbing 
tracers) in the tuff block, these two radionuclides were deleted from the injection solution as of 
2002 August 13. In accordance with recommendations made by US DOE staff in an e-mail 
exchange, the migration experiment was terminated in 2002 November. At its termination, the 
migration experiment had been running for 588 days, and about 282 L of synthetic Busted Butte 
pore water had been injected into the block at the two locations, each at a flow rate of 10 mL/hr. 
The amounts of Na-fluorescein and radionuclides injected into the unsaturated block are shown 
in Table 7.2. 

Table 7.2. Amounts of Na-fluorescein and Radionuclides Injected into the Unsaturated 
Block 

Tracer 
Na-fluorescein 

3H 
22Na 
60Co 
"Tc 
137Cs 
237Np 

Cone. (Bq/mL) 
50.4 ±1.1* 
86.4 ± 2.3 
43.7 ± 1.2 
15.7 ±0.8 
101 ± 1 

43.6 ±1.5 
51.2 ±2.0 

Quantity 
14.0 g 

2.3 x 107 Bq 
1.2xl07Bq 
3.7 x 106 Bq 
2.7 x 107 Bq 
1.0 x 107Bq 
1.4 x 107 Bq 

No tracers other than the conservative Na-fluorescein and 3H20, and the anionic TcOi species 
had been observed in any of the water samples retrieved from the bottom of the block. This 
observation is consistent with the observations from the trial block: 237Np was the least strongly 
sorbed tracer of the suite of tracers under investigation, and was expected to have been the first 
sorbing tracer to be eluted from the large block. 

7.2 Saturated Conditions 

Following the sealing of the acrylic cover plate to the stainless steel enclosure, synthetic Busted 
Butte pore water was injected into the block via the injection borehole using a HPLC pump, at a 
rate of 20 mL/h during the week and 10 mL/h on weekends. These injection rates were 
maintained until water exited the block from the withdrawal borehole. 

On 2001 March 9, the first few drops of water were eluted from the block. At this point, the flow 
from the pump was reduced to 10 mL/hr. The eluted water was collected either daily or once 
every two days, depending on conditions. As was mentioned in Section 4.2, the experimental 
design of the migration experiment under saturated conditions involved eluting the water by 
displacement. The entire block was sealed in stainless steel and acrylic, and any water pumped 
into the block displaced water in the block, which was then forced out through the outlet port and 
into a collection vessel. The driving force for the water flow out of the block was determined by 
the rate at which the water was pumped into the block. However, since there was an air space 
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above the block, it was possible that not all the pore space in the block had been saturated. 
Consequently, there were some fluctuations in the flow of the water from the withdrawal port. A 
few weeks after flow had been initiated through the block, the water level above the block 
dropped slightly; another indication that the block may not have been completely saturated. A 
valve that had been installed in the acrylic cover plate was opened and two liters of synthetic 
Busted Butte pore water were added to the space above the block. This raised the water level 
above the block back to its original level. Opening the valve also resulted in the release of 
pressure that had built up in the confined space above the block. After the water had been added, 
the air space above the block was repressurized by adding additional synthetic Busted Butte pore 
water to the air space above the block until flow resumed from the outlet port in the block. On 
2001 April 17, an additional three liters of water were added when the water level above the block 
had dropped again and the flow from the withdrawal port had, once again, decreased. 

When the valve in the acrylic cover was opened, a smell faintly reminiscent of H2S was noted 
briefly. This suggested that sulfate-reducing microbes in the block were present and that the 
redox environment in the block could become less oxidizing. The Pt electrode in the flow cell 
inserted in the line leading from the withdrawal borehole was used to monitor the redox 
conditions in the block. It was recognized that, because of the low concentration of multivalent 
elements such as Fe and S, the water in the block was poorly poised and that Eh measurements 
would only indicate qualitative trends and cannot be interpreted as equilibrium values. However, 
the output voltage of the Pt electrode started to drop and, by and large, remained in the -300 to -
500 mV range for most of the duration of the migration experiment. Even after correcting for the 
half-cell potential (—240 mV), the values were still negative relative to the standard hydrogen 
electrode. 

To obtain some additional information on the redox condition in the saturated block, a limited 
amount of microbial scoping investigations was performed on samples of tuff and on the synthetic 
pore water added to the block and on samples of water eluted from the block. This work is 
described in more detail in Section 9. 

On March 22,2001, one of the accumulators was valved into the system between the HPLC 
pump and the injection port of the large block. From March 22 through March 27, the 
accumulators were used with tracer-free pore water to test the system for leaks. Since none were 
found, one of the accumulators was filled with water from the first 20-L batch of tracer solution, 
IS-1, and valved into the system on March 27,2001. This event marked the start of the tracer 
migration experiment in the large block under saturated conditions. 

Sampling of the fluid along the flow field commenced on April 3, 2001 when the first set of 
samples was obtained from sampling ports A and B. The sampling process is shown in Figure 
7.16. The sampling procedure was as follows: a -0.75 mL of the pore water in the block was 
withdrawn with a syringe to clear the Teflon line and was expelled as waste. About a 1.0 mL 
sample was then withdrawn with the syringe and expelled into a tared polyethylene vial. A 100-
uJL sub-sample was taken for spectrophotometric analysis, and the remainder was submitted to 
the ASB for liquid scintillation counting and gamma ray spectrometry. These ports were initially 
sampled weekly, but later on in the experiment, samples were taken every other week. 
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A few of the first samples retrieved from these sampling ports showed a distinct tinge of color, 
indicating that the conservative Na-fluorescein tracer had migrated over a distance of at least 
10 cm. However, the lack of color in the samples obtained from sampling port B suggested that 
the conservative tracer had not yet migrated over a distance greater than 20 cm, over the two 
weeks since the injection of the tracers had been started. 

During 2001 May, the flow of water from the block slowed and eventually ceased completely. As 
some air bubbles had been observed in the samples withdrawn manually from the sampling ports 
along the flow path, it became apparent that the block had not totally been saturated during the 
flooding stage. 

During 2001 May and June, samples removed from the sampling borehole located 10 cm 
downstream from the injection boreholes showed, in addition to the Na-fluorescein tracer, low 
concentrations of 3H, 99Tc, 237Np and its daughter, 233Pa. Since the two actinides interfere with 
the liquid scintillation counting of 3H and 99Tc, the values obtained for 3H and 99Tc were not 
reliable and no further liquid scintillation analyses were performed on samples from that sampling 
borehole. Samples removed from boreholes B, C, D and E, located closer to the withdrawal 
borehole showed no 237Np or 233Pa, indicating that 237Np had migrated <20 cm from the injection 
borehole. In general, the normalized concentration of Tc was lower than that of 3H, suggesting 
that some of the injected 99Tc was already being removed from solution within a few months after 
the initiation of the tracer injection. The decrease in the normalized "Tc/3H ratio as a function of 
time in samples taken at a location 70 cm above the bottom of the block and 30 cm downstream 
from the injection borehole is shown in Figure 7.17. This decrease suggests that a fraction of the 
injected 99Tc was removed from solution, possibly by a combination of chemical reduction from 
Tc(VII) to Tc(IV), followed by sorption/precipitation of the chemically reduced form. Similar 
observations were obtained for samples taken from the other sampling ports. 

To obtain some insight into the form of the multivalent Tc and Np in the saturated block, scoping 
calculations were performed using the chemical speciation code PHREEQEC, Version 2.0.38 
(beta) (Parkhurst and Apello. 1999) and the database phreeqc_noorg-ymp_25.dat (TDR-EBS-
MD-000012 REV00). The results from these calculations are presented in Tables 7.3 and 7.4 
and show that, under the conditions observed in the saturated block (i.e., pH = 8.4 and 
Eh = -160 mV), the predominant Tc and Np oxidation states would be Tc(IV) and Np(IV). Most 
of the Tc(IV) would expected to be present as TcO(OH)2 and most of the Np(IV) as Np(OH)4. 
The total Tc solubility under the chemical conditions in the saturated block was calculated to be 
4.08 x 10"13, based on the solubility of Tc02, while the solubility for the Np species was 
calculated to be 3.19 x 10"9 mol/kg based on the solubility of amorphous Np(OH)4. These 
concentrations correspond to 2.53 x 10"5 Bq/mL and 2.42 x 10"4 Bq/mL, respectively. 

Initial contour plots for the concentrations of 3H and "Tc, in Bq/g, are shown in Figures 7.18 and 
7.19, respectively, for two dates, about one month apart. Somewhat surprising was the 
observation that the maximum concentrations of these two isotopes occurred closer to the upper 
surface of the block rather than at the level of the injection and withdrawal boreholes, i.e., about 
50 cm above the bottom of the block. This suggested that the transport solution did not follow a 
direct path between the inlet and outlet, but traveled up from the injection borehole towards the 
surface of the block, and traveled down to the withdrawal borehole, probably along gaps between 
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the Teflon inserts in these two boreholes. Further evidence that the transport solution did not 
follow a direct path between the inlet and outlet of this was the appearance of a green coloration 
of the upper surface of the block, indicative of the presence of Na-fluorescein dye. 

Table 73 . Calculated Percent Distribution of Tc and Np Oxidation States in Busted Butte 
Pore Water Under Conditions Observed in the Block used in the Saturated Flow 
Experiment 

Tc 
9.74 x 10' 
1.40x10° 

Np 
Tc(IV) 
Tc(VI) 
Tc(VII) 

Total 

,o 1.24 x 10' 

1.00 x 102 

Np(IV) 
Np(V) 
Np(VI) 

Total 

9.89 x 10 
1.13x10' 

7.72 x 10 -23 

1.00 x l 0 z 

Table 7.4. Calculated Percent Distribution of Tc(IV) and Np(IV) Species in Busted Butte 
Pore Water Under Conditions Observed in the Block used in the Saturated Flow 
Experiment 

TcO(OH)2 

TcO(OH)3-
TcOOH* 

Tc02+ 

Total 

Tc(IV) 
9.98 x 10' 
2.16 x l O 1 

2.23 x lO-4 

6.03 x 1 0 " 

1.00 x 102 

Np(OH)4 

Np(C03)4"
4 

Np(C03)5-
6 

NpOH3+ 

NpF2
2+ 

NpF3+ 

Np4+ 

Total 

Np(IV) 
1.00x10' 
1.70 x l O 4 

1.52 x 10* 
2.34 x 10'13 

6.57 x 1015 

8.80 x 1017 

7.46 x 10~21 

1.00 xlO2 

Over the course of the first few months, it became clear that the acrylic cover was not sufficiently 
rigid to provide a constant volume in the hermetically sealed enclosure around the tuff block—the 
cover plate had actually started to bulge. As a result, the flow rate of the transport solution from 
the withdrawal borehole fluctuated and, at times, was reduced to zero. 

Calculations showed that the experimental design would result in a considerable upward force on 
the acrylic cover sheet—the outlet port was located about 50 cm below the top of the block, and 
sufficient pressure in the block needed to be generated to overcome a vertical height of about 
75 cm (50 cm from the outlet port to the top of the block, and about 25 cm through the outlet 
tube). A 75-cm column of water generates 7.5 kPa. The dimensions of the acrylic cover plate are 
160 cm x 130 cm. A 7.5 kPa pressure over a 2.1 x 104 cm2 surface area generates a force of about 
1600 kg on the acrylic cover. Therefore, it is quite likely that, over time, the acrylic had started to 
"cold flow" and become distorted to accommodate this pressure. 

At this stage, it was decided to install a peristaltic pump in the line leading from the outlet port, 
and to set its rate of delivery to about 15 ml/hr to slowly lower the water level above the block. 
This pump did not require calibration, because the volume of water pumped per unit time was 
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calculated from the weight of the water collected over a measured period of time, typically one or 
two days. Installation of the peristaltic pump eliminated the fluctuations in the flow from the 
withdrawal borehole and also stabilized the redox conditions in the block. 

Soon after the pore water had started to be eluted from the block, the in-line Pt electrode showed 
rapidly decreasing values. Within two days, the readings had dropped to less than -300 mV. 
When flow from the block ceased, the mV readings obtained in the now stagnant water in the 
outlet line increased within a few days to 109 mV, presumably as a result of atmospheric oxygen 
diffusing into the stagnant water in the outlet line. Within a few weeks after flow had resumed, 
the readings dropped again and, by the end of 2001 August, they had decreased to -370 mV. 
These values compared well with those measured for in-situ ground water in water-bearing 
fractures in granite at depth. 

To determine the impact of the installation of the peristaltic pump on the flow regime, the data in 
the contour plots obtained on 2001 August 22 for H and 99Tc were subtracted from those 
obtained on 2001 October 16. By using a kriging process, a regular grid of interpolated data 
points was obtained for each sampling event, and these data sets were manipulated to generate a 
new data set, where each point in the regular grid represented the difference between the data 
point calculated for the most recent sampling event and that calculated from an earlier sampling 
campaign. These calculated data were plotted as contour plots, as shown in Figure 7.20 and 
showed, in particular for 99Tc, that the maximum increase in the concentration of this isotope had 
migrated closer to the 50-cm elevation, at the same height as the inlet and outlet boreholes. This 
observation indicated that the transport solution had flowed generally along a direct line between 
the inlet and outlet and no longer over the top of the block. 

During the first few months of 2002, flow from the withdrawal borehole again became erratic, in 
spite of the installation of the peristaltic pump. The fluctuations were traced to blockage by small 
tuff particles in the line leading from the withdrawal borehole. Removal of these particles was 
successful in restabilizing the flow. 

To avoid a further build-up of an inventory of ^Co and 137Cs, the two most highly sorbing tracers, 
in the tuff block, these two radionuclides were deleted from the injection solution as of 2002 
August 13. In accordance with recommendations made by US DOE staff in an e-mail exchange, 
the migration experiment was terminated in 2002 November. At its termination, the migration 
experiment had been running for 602 days, and about 145 L of synthetic Busted Butte pore water 
had been injected into the block at a flow rate of 10 mL/hr. The amounts of Na-fluorescein and 
radionuclides injected into the saturated block are shown in Table 7.5. 

The flow rates over the duration of the migration experiment are presented in Figure 7.21 and 
shows that, with some exceptions caused by an insufficiently rigid acrylic cover plate and 
plugging of the withdrawal line with tuff particles, the flow was reasonably constant. The 
measured output of the Pt electrode, shown in Figure 7.22, is a clear indication that the chemical 
conditions in the saturated environment were generally reducing. 
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Table 7.5. Amounts of Na-fluorescein and Radionuclides Injected into the Saturated Block 

Tracer 
Na-fluorescein 

3H 
22Na 
60Co 
"Tc 
,37Cs 
237Np 

Cone. (Bq/mL) 
50.4 ±1.1* 
86.4 ± 2.3 
43.7 ±1.2 
15.7 ± 0.8 
101 ± 1 

43.6 ±1.5 
51.2 ±2.0 

Quantity 
7.2 g 

1.2xl07Bq 
6.3 x 106 Bq 
1.9xl06Bq 
1.4xl07Bq 
5.3 x 106 Bq 
7.3 x 106 Bq 

* Na-fluorescein concentration in mg/L 

The elution profiles obtained over the duration of the migration experiment are shown in Figure 
7.23. As mentioned earlier (see Section 6), it should be noted that the spectrophotometry 
analyses for Na-fluorescein were not performed under full QA because no quality assurance 
method was available to be used for the analysis. However, since all calculations for Na-
fluorescein are based on normalized calculations, any bias in the chemical analysis is cancelled. 
Still, the results reported for Na-fluorescein should be considered as scoping studies. The early 
Na-fluorescein, 3H and 99Tc peaks, about 40 and 130 days after the start of the injection of the 
radionuclides, are thought to be the result of the misdirected flow of the transport solution across 
the top of the block. A more realistic breakthrough of the Na-fluorescein and 3H occurred after 
about 300 days. The absence of a 99Tc breakthrough curve is indicative of changes in the redox 
conditions in the block. The normalized "Tc/3H concentration ratios of the pore water 
withdrawn from the block are shown in Figure 7.24 as a function of time. At the beginning of 
the migration experiment, the normalized ^c / 3 H concentration ratios exceeded unity. This 
might indicate that, in the early stages, 99Tc was transported slightly faster than the conservative 
tracer 3H. This may be the result of the anion exclusion effect that was also observed in the 
migration experiment under unsaturated conditions in the trial block (see Section 7.1). About 
300 days after the start of the migration experiment, the "Tc concentration fell below the 
detection limit. 

The normalized concentrations for 22Na and 237Np in samples taken from sampling borehole A 
are shown in Figures 7.25 and 7.26, respectively. The numbers in the legends indicate the 
distance between the sampling borehole and the injection borehole (10 cm for sampling borehole 
A), and the height of the sampling port above the bottom of the block (30 to 70 cm). Because of 
interference from the gamma rays associated with these radionuclides, no liquid scintillation 
counting was attempted to measure the 3H and 99Tc concentrations in the samples taken from this 
sampling borehole. No 22Na was observed until 49 days after the start of the injection of the 
radionuclides. The 22Na concentration increased gradually with time, although the generally 
higher 22Na concentrations near the top of the block (location (10-70)) indicate that the flow of 
the transport solution was more towards the upper half of the block. The first indication of 237Np 
occurred only seven days after the start of the injection of the radionuclides, and the normalized 
237Np concentration reached unity after about 100 days. This behavior suggests that the transport 
of 22Na is slightly slower than that of 237Np, and that it is at least qualitatively consistent with the 
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results obtained under unsaturated conditions in the trial block (see Section 7) and with the 
sorption coefficients obtained in the static batch sorption measurements (see Section 6). In 
contrast with the transport behavior of 99Tc, there was no evidence that 237Np was retarded to a 
greater extent under chemically reducing conditions than under oxidizing conditions. However, 
the observation that 237Np was not observed at a distance of 25 cm from the injection borehole 
until 400 days after the start of the injection of the tracers suggests that, in fact, transport of 237Np 
was retarded under chemically reducing conditions when compared with the results obtained in 
the post-migration experiment analysis of the block used under unsaturated conditions (See 
Section 8). 

The normalized Na-fluorescein, 3H, and 99Tc concentrations for each of the sampling points 
associated with sampling boreholes B, C, D, and E are shown in Figures 7.27 through 7.31. The 
limited number of data points from sampling borehole C are due to blockage of some of the 
lines, most likely by small tuff particles. The graphs are grouped by sampling point elevation. 
Thus, the four graphs in Figure 7.27 refer to samples taken at a level 70 cm above the bottom of 
the block. Although the first arrival of Na-fluorescein, 3H, and "Tc generally occurs around the 
same time, as the distance from the injection point increases, the normalized 99Tc concentrations 
either increase less than those for Na-fluorescein and 3H, or decrease with time (see location (40, 
70) in Figure 7.27). This suggests that, when the 99Tc (as the anionic species TcCv) is injected 
into the tuff, it behaves initially as a nonsorbing tracer. As the residence time of the 99Tc in the 
block increases, some of this radionuclide is lost from solution, most likely by chemical 
reduction, to a sparingly soluble species with a lower oxidation state. Samples taken further 
along the flow field (see Figures 7.28 to 7.31) show increasingly larger differences between the 
normalized, conservative 3H (and Na-fluorescein) concentrations on the one hand, and the 
concentration of "Tc on the other, confirming that 99Tc was removed from solution as the tracers 
moved along the flow field. 

Contour plots of normalized 3H and "Tc concentrations along the flow field in the block, as 
obtained from samples taken from the sampling boreholes at the termination of the migration 
experiment, are shown in Figures 7.32 and 7.33, respectively. Even after the peristaltic pump 
was installed to obtain better control of the flow rate and to direct the transport fluid through the 
block (rather than along the interface between Teflon inserts and the walls of the injection and 
withdrawal boreholes), the general flow still did not follow the shortest path between the ends of 
the Teflon inserts located 50 cm above the bottom of the block. However, the two figures show 
that the normalized 3H concentrations were much higher than those of 99Tc. 

During 2003 January and February, the block used in the migration experiments under saturated 
conditions was allowed to drain through a hole that was drilled through the stainless 
steel/plywood/epoxy enclosure of the block. Since a considerable amount of information on the 
spatial distribution of the tracers has already been obtained from sampling along the flow field, a 
decision was made to perform no analysis of the tuff in the block. Instead, the block was 
wrapped to prevent the spread of contamination and transferred to the Irradiated Fuel Test 
Facility at WL for storage and possible additional work under a future agreement. 
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Figure 7.1. View of the Upper Surface of the Trial Block, Showing the Wetted Central 
Area 
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Figure 7.2. Accumulated Eluted Volumes from the Nine Sampling Ports as a Function of 
Time 
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Figure 7.3. Water Balance in the Trial Block as a Function of Time 
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Figure 7.4. Elution Profiles for Na-fluorescein, TcO* NpQi , and 3 H 2 0 from all Sample 
Ports, Plotted as a Log-log Plot 
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Figure 7.5. Recovery of Injected Tracers from the Trial Block as a Function of Time 

Figure 7.6. Migration Experiment Under Unsaturated Conditions—Large Block 
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Figure 7.7. Combined Flow Rate from all 36 Sampling Ports in the Large Unsaturated 
Block as a Function of Time 
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Figure 7.8. Combined Flow Rate from all 36 Sampling Ports in the Large Unsaturated 
Block as a Function of Time, Over the Most Recent Four-month Period 
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Figure 7.9. Elution Profiles for Na-fluorescein from all 36 Sampling Ports in the Large 
Unsaturated Block 
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Figure 7.10. Elution Profiles for 3H20 from all 36 Sampling Ports in the Large 
Unsaturated Block 
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Figure 7.11. Eiution Profiles for v T c from all 36 Sampling Ports in the Large Unsaturated 
Block 
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Figure 7.12. Eiution Profiles for Na-fluorescein, ^H.O. and 99Tc from Sampling Port 10 in 
the Large Unsaturated Block 
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Figure 7.13. Elution Profiles for Na-fluorescein, 3H20, and wTc from Sampling Port 19 in 
the Large Unsaturated Block 
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Figure 7.14. Elution Profiles for Na-fluorescein. *H20, and wTc from Sampling Port 20 in 
the Large Unsaturated Block 
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Figure 7.17. Normalized "Tc^H Concentration Ratios in Groundwater Obtained from the 
Upper Sampling Port in Borehole C as a Function of Time. The location of this port was 
70 cm above the bottom of the block in the saturated block and 30 cm downstream from 
the injection borehole. 
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Figure 7.19. Contour Plots for 3H (left) and "Tc (right) Concentrations (Bq/g) in Water 
Removed from Sampling Boreholes in the Saturated Block on 26 June 2001 
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Figure 7.21. Flow Rate from the Saturated Block as a Function of Time 
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Figure 7.22. Pt Electrode Readings in Water Eiuted from the Saturated Block as a 
Function of Time 
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Figure 7.25. Normalized Concentrations of "2Na in Samples Taken from Sampling 
Borehole A in the Saturated Block 
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Figure 7.26. Normalized Concentrations of Np in Samples Taken from Sampling 
Borehole A in the Saturated Block 
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Figure 7.27. Normalized Na-fluorescein, 3H, and wTc Concentrations as a Function of 
Time at Sampling Points at 70 cm from the Bottom of the Saturated Block 

continued... 
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Figure 7.27. Concluded 
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Figure 7.28. Normalized Na-fluorescein, 3H, and wTc Concentrations as a Function of 
Time at Sampling Points at 60 cm from the Bottom of the Saturated Block 
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Figure 7.28. Concluded 
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Figure 7.29. Normalized Na-fluorescein, 3H, and "Tc Concentrations as a Function of 
Time at Sampling Points at 50 cm from the Bottom of the Saturated Block 
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Figure 7.29. Concluded 
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Figure 7.30. Normalized Na-fluorescein, 3H, and "Tc Concentrations as a Function of 
Time at Sampling Points at 40 cm from the Bottom of the Saturated Block 
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Figure 7.31. Normalized Na-fluorescein, *H, and MTc Concentrations as a Function of 
Time at Sampling Points at 30 cm from the Bottom of the Saturated Block 

continued... 



Figure 7.31. Concluded 



Figure 7.32. Normalized 3H Concentration Contour Plots in the Saturated Block at the 
Termination of the Migration Experiment 

Figure 7.33. Normalized 99Tc Concentration Contour Plots in the Saturated Block at the 
Termination of the Migration Experiment 
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8. POST-MIGRATION EXPERIMENT RADIOMETRIC ANALYSES 

8.1 Trial Block 

The post-migration experiment radiometric analysis of the trial block consisted of examining the 
distribution of radioactivity associated with the block by three techniques: autoradiography, 
gamma scanning, and excavation of geological material from the block for subsequent 
radiometric analysis. 

8.1.1 Autoradiography 

A qualitative estimate of the distribution of radioactivity on the upper surface of the trial block 
was obtained by autoradiography. This technique is in particular suitable for P-emitting 
radioisotopes and, since P particles are associated with the decay of most of the radionuclides 
used in this study, the technique can provide a good indication of the extent that the radio
nuclides had moved laterally from the injection point. Several exposures of an 18 cm x 24 cm 
area of the center portion of the upper surface of the trial block were made using Ray Max™ 
Beta film. A representative autoradiograph is presented in Figure 8.1; it shows that most of the 
radioactivity was concentrated near the injection point and that the levels dropped off 
considerably as the distance from the center increased. Information on the location of the sorbed 
radioactivity obtained from the autoradiographs was used to focus the initial excavation of the 
block on the area of highest radionuclide concentration, as discussed below. 

8.1.2 Gamma Scanning 

Gamma scanning of the upper surface of the trial block commenced in early 2001 March. A 
photograph of the gamma scanning system is shown in Figure 8.2. The gamma detector is a 
Princeton GammaTech IGC4020 with an efficiency of 40%; collimation is provided by a 
114-mm-long and 152-mm-diameter 95% tungsten cylinder with a 13-mm-diameter aperture. 

Following an initial scan at a pitch of 50 mm, the upper surface of the trial block was scanned at 
a pitch of 13 mm, which is equal to the diameter of the collimator hole. Gamma spectra were 
obtained over 120-second counting periods in each location and were analyzed using Genie-2000 
software (Canberra Industries), with the results being stored as a text file. The text file was 
converted into a Microsoft® Excel® file and used as import data into a commercially available 
software plotting program, Surfer 7.02 (Golden Software, Golden, CO). This procedure 
generated 1,151 gamma spectra. The results were used to generate activity distributions for 
22Na, ^Co, and 137Cs using Surfer 7.02, and are plotted in Figures 8.3 to 8.5, respectively. No 
237Np or its daughter, 233Pa, was observed above background. This is not surprising, as most of 
the Np would have migrated well into the block. No 95nTc was detected either, but most of 
this tracer was eluted from the block during the migration experiment, and any remainder would 
had decayed by the time the gamma scanning was performed. A few points are worth noting. 
The physical layout of the gamma scanner restricts the diameter of the collimator to 152 mm. In 
spite of using 95% tungsten, which has a density of about 19 g/cm3, the about 70-mm thickness 
is not sufficient to shield all gamma rays from 22Na (1274 keV) and from 60Co (1172 and 1332 



-89- QA:QA 

keV). Thus, the images in Figures 8.3 and 8.4 indicate a broader spreading of Na and Co than 
is actually the case. However, considering that the energies of the gamma rays of 22Na and 60Co 
are similar, a comparison between Figures 8.3 and 8.4 clearly shows that 22Na traveled further 
than 60Co. 

8.1.3 Excavation and Radiometric Analysis 

Following the initial gamma scanning of the upper surface of the trial block, the block was 
covered with an acrylic plate with a square opening in the center, with reference marks at 1-cm 
intervals. Using a length of plastic tube with a square, about 1 cm x 1 cm, cross-section as a 
guide to define the area from which each sample was to be removed, a thin, about 3-4-mm layer 
of material was aspirated from 1 cm x 1 cm areas into tared polyethylene counting vials and 
weighed. Initially, 81 samples were obtained from the center of the upper surface in a 9 x 9 cm 
grid. Each sample was analyzed by gamma spectrometry. The process of removing the material 
is shown in Figure 8.6, while Figure 8.7 shows the upper surface of the trial block after the first 
nine samples had been removed. 

Using Surfer 7.02, contour plots were generated from the radiometric data obtained on the 
samples and were plotted for the three main radioisotopes in Figures 8.8 to 8.10. In each figure, 
the concentration contours for a given radionuclide are plotted for the first three excavated 
layers, to a total depth of about 1 cm. The color bars beside each contour plot indicate the 
amounts of activity per gram dry material. The 60Co is concentrated near the center, suggesting 
that movement of this radioisotope was very limited. The contour plot for 137Cs shows lower 
concentrations near the center, while the contour plot for 22Na shows that the radioisotope is 
virtually depleted from the center. This observation is qualitatively consistent with the observed 
static batch sorption data. After the injection of the 800-mL volume of the tracer solution, tracer-
free synthetic Busted Butte pore water had been injected. Over the duration of the migration 
experiment, this action resulted in the displacement of the less sorbing radionuclides from the 
injection point by tracer-free pore water. Summing the activity detected in the first excavated 
layer of tuff, 0.04%, 6.4%, and 4.3% of the initial amounts of 22Na, 60Co, and ,37Cs, 
respectively, were removed with the first few mm of the tuff. Again, this observation is 
qualitatively consistent with the static batch sorption coefficients for these radioisotopes, which 
predict that the most strongly sorbing tracer, ^Co, should be present in the highest concentration 
near the inlet. 

Seven successive layers of geological material were removed from the central 9 cm x 9 cm area 
to a depth of about 5.2 cm. The excavation area was expanded by taking samples from 
successively larger areas and depths until the extent of the excavated area approached 21 cm in 
width by 21 cm in length, to a depth of about 5.2 cm. All samples were air dried and 
subsequently dried at 60 °C in a convection oven to remove most of the moisture associated with 
the geological material. 

To complete the spatial distribution of the radiotracers in the trial block, thirteen boreholes were 
drilled vertically into the block from the upper surface using a ~3.4-cm-OD core drill bit. The 
first five boreholes were drilled from the exposed surface of the previously excavated area, with 
one drilled in the center of that area, and the remaining four holes were drilled in the four corners 
of the excavated area. The geological material was removed as individual samples at each 
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successive 3-cm depth. Eight additional boreholes were drilled from the surface of the block 
along the outer edges. One borehole had to be abandoned when the epoxy coating around the 
outer edge of the block was encountered. The geological material making up these samples was 
first air-dried and then dried in a convection oven in a manner similar to the earlier samples; the 
samples were then analyzed radiometrically by gamma spectrometry. The radiometric and 
gravimetric data obtained from the initial excavated samples and the material from the boreholes 
were used with the computer program Tecplot V 8.0 (Amtec Engineering, Inc.) to generate 
horizontal and vertical contour plots of the radionuclide and moisture distributions. Some 
representative vertical cross-sections showing the contours for the four radionuclides are shown 
in Figures 8.11 to 8.14. In all cases, the concentration contours are logarithmic to show the wide 
range in concentrations of the more strongly sorbing tracers. A vertical contour plot of the 
moisture content is shown in Figure 8.15. 

The Na activity contour plot in Figure 8.11 clearly shows that the peak concentration had 
migrated roughly halfway through the trial block, or over a distance of about 15 cm. The 237Np 
activity contour plot shown in Figure 8.14, on the other hand, shows that most of the injected 
237Np had migrated towards the bottom of the block, and that the regions of the block closest to 
the injection point contained the lowest 237Np concentration (blue color). The contour plots for 
^Co and 137Cs indicate that, as expected from the high sorption static batch sorption coefficients 
(see Section 6), neither radionuclide had been transported substantially away from the injection 
point (see Figures 8.12, 8.13). 

No evidence was found that the sub vertical fracture or joint noted in the block during excavation 
(see Section 3) had any impact on the direction of flow or on the shape of the plume in the trial 
block. 

The moisture contour plot shown in Figure 8.15 indicates that the degree of saturation of the trial 
block was higher near the injection point than near the bottom of the block. This suggests that 
the block remained unsaturated during the experiment, and that no apparent pooling of water 
occurred near the bottom of the block and near the interface between the block and the porous 
polyethylene sheet. However, it should be pointed out that, other than covering the top of the 
block with a polyethylene film during the post-migration experiment analysis, no special 
precautions were taken to prevent the loss of moisture from the block. 

8.2 Large Block: Unsaturated Flow 

Following the termination of the migration experiment, the upper plenum and the collection 
system underneath the about 1-m3 tuff block were removed to provide access to the geological 
material for post-migration radiometric analysis. The upper plenum was replaced with a sheet of 
polyethylene, and a steel plate was bolted to the plywood for support. Removing the sampling 
system involved lifting the assembly and turning it upside down so that the collection system 
could be removed. Figures 8.16 and 8.17 show the block being inverted. 

After the collection system had been removed, the porous polyethylene membrane was removed 
from the bottom of the block and was replaced with a sheet of polyethylene plastic. A steel plate 
was bolted to the plywood to provide the required support. The block was reinverted to its 
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original orientation. Because the radionuclide tracers had been added to the large, unsaturated 
block continuously during the migration experiment (rather than as a "top hat" or square wave 
pulse in the smaller, trial block), and because 60Co and 137Cs, both high-energy gamma-emitting 
radionuclides, remained sorbed near the top of the block, the radiation fields at the upper surface 
of the block were quite high, of the order of 75 mR/hr on contact. Bags of lead shot were placed 
on top of these two locations to reduce the radiation levels. Because of the relatively high 
radiation fields, and the fact that sufficient information on the distribution of these radionuclides 
had already been obtained by autoradiography and gamma scanning of the upper surface of the 
trial block, autoradiography and gamma scanning were not applied to the large block. 

8.2.1 Excavation and Radiometric Analysis 

To remove the bulk of the 60Co and 137Cs from the two locations on the top of the block where 
the tracer solution had been added, an epoxy impregnation technique was developed to stabilize 
the geological material and to allow these two radionuclides to be removed safely (and with 
minimal exposure to the technical staff). Mixtures of Akabond™ Penetrating Epoxy 631-PT 
(Axson North America, Inc., Eaton Rapids, MI, USA) and xylene were prepared and added to 
containers filled with unconsolidated tuff, to study the effect of xylene on the penetration of the 
epoxy. After the epoxy had cured, 25.4-mm diameter cores were removed using a hand-held, W 
electric drill and a 214" OD diamond-tipped coring bit. The results are presented in Figures 8.18 
through 8.20, and show that a 90/10 epoxy/xylene mixture provided sufficient penetration and a 
core with an acceptable strength. Using less xylene resulted in an epoxy that was too viscous to 
penetrate the tuff sufficiently, while too much xylene produced a cured product that was not 
sufficiently rigid to drill out properly. The drill and drill bit are shown in Figure 8.21. 

A clear polyethylene sheet was stretched across the top of the block and tacked to the plywood 
sides of the enclosure surrounding the block. This sheet was marked off in 5-cm squares to form 
a grid pattern. This grid pattern served as a reference grid for the locations of the vertical 
boreholes that were drilled to remove samples of tuff for radiometric analysis. Figure 8.22 
shows the marked-off polyethylene sheet, the lead blocks, and the bags of lead shot used to 
reduce the radiation field at the two locations at the top of the block where the radionuclide 
tracers had been added during the course of the migration experiment. 

To remove the tuff with the highest radiation level as carefully as possible, a 90/10 epoxy/xylene 
mixture was poured at the location of injection point 2 at the top of the block. After the epoxy 
had cured, an about 2-cm-long core was removed with the 2V4" OD diameter coring bit. 
Removal of this core reduced the radiation level to about 50 mR/h. Additional epoxy/xylene was 
poured into the hole, left to cure overnight, and a second, about 2-cm-long core was removed, 
reducing the radiation level further to about 22 mR/hr on contact. At this stage, the remaining 
epoxied tuff was removed as a single piece and set aside for future sampling. This further 
reduced the radiation level to about 7 mR/h. A borehole was then drilled at location (30, 87.5), 
where the first number, 30, denotes the distance (in cm) along the x-axis, and the second number, 
87.5, denotes the distance (in cm) along the y-axis. The hole was initially drilled to a depth of 30 
cm. The tuff samples were collected and placed in polyethylene bags and weighed. The material 
in these bags was then thoroughly mixed by manually squeezing the bags, and a sub-sample was 
taken. This sub-sample was placed in a tared, 60-mL polyethylene sample bottle, weighed, and 
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submitted for gamma spectrometry. The gamma spectrometer was calibrated for these sample 
bottles. Sub-samples were taken because the capacity of the 60-mL sample bottle was too small 
to hold the entire sample. After radiometric analysis of the samples, the lids were removed from 
the 60-mL polyethylene bottles and air-dried for seven days. The samples were then placed in a 
drying oven where they were dried at 60 °C for 24 hours. The bottles were then recapped, 
allowed to cool to room temperature, and weighed. The drying process was repeated until no 
further weight changes were observed. Usually, three or four 24-hour drying periods were 
sufficient to reach a constant weight. 

For the area around injection point 1, the initial 2.5-cm-deep layer was removed manually over a 
5 cm x 5 cm area, to remove the bulk of the most contaminated material, and hence, reduce the 
radiation level. This material also became available for potential additional mineralogical and 
radiometric analyses. 

Additional sampling holes were drilled in a grid surrounding the two locations on the top of the 
block where the radionuclide tracers had been added. These holes were initially drilled to a 
depth of 30 cm. The nine boreholes in the immediate vicinity of the location of injection point 2 
were then drilled to a depth of 60 cm, and the borehole at the location of injection point 2 was 
drilled to the bottom of the block, i.e., to a depth of 100 cm. One borehole was drilled to a depth 
of 30 cm in an area of the block away from the two injection points, at location (20.0,14,0). The 
coordinates on the top of the block of the vertical sampling boreholes and their depth are 
presented in Table 8.1, where the x- and y-coordinates are given in cm and refer to the points on 
the upper surface of the block, relative to the injection points that are located at (x = 70 y = 35) 
and (x = 32, y = 72). The locations of the sampling boreholes and the depth to which they were 
drilled are shown graphically in Figure 8.23 
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Table 8.1. Locations of Boreholes Drilled into the UZ Block to Remove Samples for 
Radiometric Analysis 

Near 
X(cm) 

60.0-65.0' 
60.0-65.0* 
60.0-65.0* 
60.0-65.0* 
65.0-70.0* 
65.0-70.0* 
65.0-70.0* 
65.0-70.0* 

62.5 
62.5 
62.5 
70.0 
70.0 
70.0 
77.5 
77.5 
77.5 

Injection Point 1 (70,35) 
y(cm) 

25.0-30.0* 
30.0-35.0* 
35.0-40.0* 
40.0-45.0* 
25.0-30.0* 
30.0-35.0* 
35.0-40.0* 
40.0-45.0* 

27.5 
35.0 
42.5 
27.5 
35.0 
42.5 
27.5 
35.0 
42.5 

Depth (cm) 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
30 
30 
30 
30 
30 
30 
30 
30 
30 

Near Injection Point 2 (32,72) 
X(cm) y(cm) 

20.0 53.0 
20.0 62.0 
20.0 70.0 
20.0 78.0 
20.0 87.5 
30.00 53.0 
30.00 62.0 
30.00 70.0 
30.00 78.0 
30.00 87.5 
40.00 53.0 
40.00 62.0 
40.00 70.0 
40.00 78.0 
40.00 87.5 

Depth (cm) 
30 
60 
60 
60 
30 
30 
60 
100 
60 
30 
30 
60 
60 
60 
30 

Additional Borehole 
20.00 14.00 30 

NOTE: 5 cm x 5 cm square area excavated to a depth of 2.5 cm 

The initial counting time for the samples was five hours, but this was reduced to one hour 
without a significant compromise in the uncertainty of the data, as shown in Figure 8.24. In this 
figure, the results (and associated error bars) for ^Co, the radionuclide with the lowest activity in 
these samples, obtained after a one-hour period, are plotted against the results obtained after a 
five-hour count. In Figure 8.25, the results for 233Pa are plotted against those obtained for 237Np 
for a representative sample, indicating that secular equilibrium had been achieved for this parent-
daughter pair, and that either radionuclide could be used to obtain the spatial distribution of 
237Np in the block at the termination of the migration experiment. 

The results for all sampling boreholes are shown in Figures 8.26 through 8.31 for the four 
gamma-emitting radionuclides used in the migration experiment. The figures clearly show a 
decrease in the concentrations of 22Na, ̂ Co, and 137Cs with depth and a slight increase in 
233Pa/237Np concentration with depth. In a number of cases, there was an apparent sharp increase 
in the radionuclide concentration at a depth of about 30 cm. This anomaly can be attributed to 
contamination by some tuff material with higher radionuclide concentrations from higher 
elevations in the block that had fallen into the boreholes. Almost invariably, this increase was 
limited to the first sample or two obtained at a depth of 30 to 60 cm. These high values can most 
likely be ignored, but have been included in the report to present all the data. 
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The results for 22Na are shown in Figures 8.26 and 8.27. The symbols in these figures represent 
the individual samples from the various boreholes. No legend has been included in these figures, 
because the main goal of these figures is to show the general trend of radionuclide concentration 
with depth. The2 Na profiles formed a very smooth curve, with concentrations decreasing about 
two orders of magnitude over a 30-cm distance. Virtually no 22Na was transported over a 
distance of more than 40 cm. The location of the midpoint of the 22Na concentration was located 
at a depth of about 15 cm. This is at least qualitatively consistent with the relative low sorption 
coefficient for 22Na (2.4-6.3 mg/L), obtained in supporting static batch sorption experiments. 

The results for 60Co are shown in Figures 8.28 and 8.29. The anomalously high 60Co 
concentrations at a depth of about 30 cm are readily visible in both figures. With the exception 
of the data for the core obtained near the injection point, all ^Co values were low and were 
consistent with the high sorption coefficients for this radioelement, indicating that the tracer was 
not transported very far over the 600-day duration of the experiment. Over the first 30-cm 
distance into the block, the 60Co activity had decreased by about three orders of magnitude. 
Even so, some of the 60Co appeared to migrate a considerable distance into the block. Again, 
some of this is likely due to contamination, since the direction of the drilling was from the 
highest 60Co concentration towards an area with lower 60Co concentration. 

The results for 137Cs are shown in Figures 8.30 and 8.31. Compared with the results for 60Co, 
137Cs appeared to have been transported slightly further into the block, as the 137Cs 
concentrations over the first ~5 cm did not show the marked decrease observed for ^Co in 
Figures 8.28 and 8.29. This is, again, qualitatively consistent with measured static batch sorption 
coefficients. 

The results for Np are shown in Figures 8.32 and 8.33. After an initial decrease in Np 
concentration with depth, minimum2 Np concentrations were observed at a depth of 5—15 cm, 
after which the 237Np concentrations increased with depth and peaked at a depth of about 30 cm. 
This increase and subsequent decrease was much more gradual than the anomalous increases 
observed for the other radionuclides. At greater depths, the activity of 237Np decreased to non-
detectable values. When a depth of about 25 cm was reached, an increased resistance to drilling 
was felt. In addition, the geological material retrieved from that depth appeared to be somewhat 
less friable than the tuff from shallower depths. It is possible that there is a change in the 
mineralogy around a depth of 25 cm, and at first glance, it appears that this change coincides 
with the interface between the Topopah Springs and the Calico Hills layers, as shown in the 
dashed line in Figure 3.7. This change in mineralogy could reflect a higher sorptive capacity and 
explain the increase in 237Np concentration at this depth. Another possibility that cannot be 
discounted at this stage is that, even under unsaturated conditions, the conditions in the block 
become chemically reducing and the increase in 237Np concentration is evidence of a redox front. 
For the four gamma-emitting radionuclides used in the migration experiment, three-dimensional 
(3-D) contour plots were generated. Because the sampling of the block was limited to the 
regions centered around the locations where the radionuclide tracers had been added, it was more 
instructional to show contour plots for the two sampled regions than for the entire block. 
Contour plots for the four radionuclides are shown in Figures 8.34 through 8.41. 



Figure 8.1. Autoradiograph of the Region of the Upper Surface of the Trial Block Near the 
Injection Point 



Figure 8.2. Ge(Li) Detector with 95% Tungsten Collimator Positioned Directly Above the 
Trial Block. The upper surface of the block is covered with a thin plastic film to minimize 
evaporative losses of moisture from the block. 



Figure 8.3. Spatial Distribution of 22Na as Obtained by a 2-D Gamma Scan of the Upper 
Surface of the Trial Block 

Figure 8.4. Spatial Distribution of ^Co as Obtained by a 2-D Gamma Scan of the Upper 
Surface of the Trial Block 



Figure 8.5. Spatial Distribution of 137Cs as Obtained by a 2-D Gamma Scan of the Upper 
Surface of the Trial Block 

Figure 8.6. Removal (by aspiration) of Loose Material from an Isolated Area of the Upper 
Surface of the Trial Block 



Figure 8.7. Upper Surface of the Trial Block After Removal of the First Nine Samples in a 
3 cm x 3 cm Grid 



Figure 8.8. Contour Plots for "Na Concentrations in Bq/g Dry Tuff, for the First Three 
Excavated Layers 



Figure 8.9. Contour Plots for ^Co Concentrations in Bq/g Dry Tuff, for the First Three 
Excavated Layers 



Figure 8.10. Contour Plots for 137Cs Concentrations in Bq/g Dry Tuff, for the First Three 
Excavated Layers 



Figure 8.11. Isometric Vertical Contour Plot of Residual Na Concentration in the Trial 
Block. Concentration increments are exponential. 

Figure 8.12. Isometric Vertical Contour Plot of Residual 60Co Concentration in the Trial 
Block. Concentration increments are exponential. 



Figure 8.13. Isometric Vertical Contour Plot of Residual 137Cs Concentration in the Trial 
Block. Concentration increments are exponential. 

Figure 8.14. Isometric Vertical Contour Plot of Residual M7Np Concentration in the Trial 
Block. Concentration increments are exponential. 



Figure 8.15. Isometric Vertical Contour Plot of Residual Moisture in the Trial Block 



Figure 8.16. Tuff Block Used in UZ Migration Experiment Prior to Removal of the Sample 
Collection System 

Figure 8.17. Tuff Block Used in UZ Migration Experiment Being Inverted to Allow the 
Sain|ile Collation System to be Rt.iiovtd (Note: Date on the photograph is incorrect) 



Figure 8.18. Cores Produced After Impregnating Unconsolidated Tuff with 100/0 
Epoxy/Xylene and 95/5 Epoxy/Xylene Mixtures 

Figure 8.19. Cores Produced After Impregnating Unconsolidated Tuff With 90/10 
Epoxy/Xylene and 85/15 Epoxy/Xylene, Mixtures 



Figure 8.20. Cores Produced After Impregnating Unconsolidated Tuff With 80/20 
Epoxy/Xylene and 75/25 Epoxy/Xylene Mixtures 

Figure 8.21. Drill and Drill Bit Used to Extract Epoxied Cores from Unconsolidated Tuff 



Figure 8.22. Marked-ofF Polyethylene Grid on Top of the Tuff Block Used in the Migration 
Experiments Under Unsaturated Conditions 

Figure 8.23. Locations of the Boreholes Used to Sample Material from the Large 
Unsaturated Block 



Figure 8.24. Comparison Between ^Co Results Obtained from the Large Unsaturated 
Block with 1-hour and 5-hour Counting Times 

Figure 8.25. Relationship Between Measured M3Pa and ̂ Np Activities for Samples Taken 
from the Top 30 cm from Sampling Borehole Located at (30.0, 87.5) in the Large 
Unsaturated Block 



Figure 8.26. "Na Concentrations in Bq/g as a Function of Depth for all Samples from the 
Large Unsaturated Block 

Figure 8.27. Log-log Plot of ^Na Concentrations in Bq/g as a Function of Depth for all 
Samples from the Large Unsaturated Block 



Figure 8.28. 60Co Concentrations in Bq/g as a Function of Depth for all Samples from the 
Large Unsaturated Block 

Figure 8.29. Log-log Plot of '"Co Concentrations in Bq/g as a Function of Depth for all 
Samples from the Large Unsaturated Block 



Figure 8.30. ,37Cs Concentrations in Bq/g as a Function of Depth for ail Samples from the 
Large Unsaturated Block 

Figure 8.31. Log-log Plot of ,,7Cs Concentrations in Bq/g as a Function of Depth for all 
Samples from the Large Unsaturated Block 



Figure 8.32. "37Np Concentrations in Bq/g as a Function of Depth for all Samples from the 
Large Unsaturated Block 

Figure 8.33. Log-log Plot of "7Np Concentrations in Bq/g as a Function of Depth for all 
Samples from the Large Unsaturated Block 



Figure 8.34. 3-D Contour Plot for 22Na Concentration Around Injection Point 1 

Figure 8.35, 3-D Contour Plot for ^Co Concentration Around Injection Point 1 



Figure 8.36. 3-D Contour Plot for 137Cs Concentration Around Injection Point 1 

Figure 8.37. 3-D Contour Plot for 237Np Concentration Around Injection Point 1 



Figure 8.38. 3-D Contour Plot for 22Na Concentration Around Injection Point 2 

Figure 8.39. 3-D Contour Plot for 60Co Concentration Around Injection Point 2 



Figure 8.40. 3-D Contour Plot for 137Cs Concentration Around Injection Point 2 

Figure 8.41. 3-D Contour Plot for M7Np Concentration Around Injection Point 2 
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9. SUPPORTING INVESTIGATIONS 

9.1 Evolution of Chemically Reducing Conditions 

The observation that chemically reducing conditions appeared to be generated in the large tuff 
under saturated conditions led to the design and execution of a simple set of static experiments to 
determine the possible cause for the creation of these chemically reducing conditions. Two 
potential processes were identified: 

• Chemical processes, by means of a redox process involving the Na-fluorescein tracer 
used in the migration experiments, and 

• Microbial processes, by indigenous or inadvertently introduced bacteria in the tuff. 

9.1.1 Chemical Investigations 

Na-fluorescein dye had been included in radionuclide migration experiments under both 
unsaturated and saturated conditions to follow the field migration experiments performed in the 
BBTF as closely as possible. It had been suggested that the Na-fluorescein dye tracer might act 
as what the Danish redox experts at Radiometer call a "mediator", or a redox exchange catalyst 
(R. Metcalf, personal communication, 2002). At Metcalf's recommendation , the effect of Na-
fluorescein on Eh values was measured in samples of synthetic Busted Butte pore water buffered 
to a pH of 4,7, and 9.54. The results are shown in Table 9.1 and indicate that Na-fluorescein 
had no marked effect on the output values of the Pt electrode. This is consistent with the results 
obtained in the batch sorption tests, where it was shown that the presence of Na-fluorescein on 
the sorption of Tc was negligible. 

Table 9.1. Effect of Na-fluorescein on Output of a Pt Electrode as a Function of pH 

PH 

4 
7 

9.54 

mV 
(no Na-f) 

n.a 
+146 
+50 

mV 
(Na-f) 
+262 
+160 
+70 

Difference 

+14 
+20 

The difference in mV readings was 38 mV/pH unit, which is somewhat less than the theoretical 
value of 59 mV/pH unit (Nernst equation) and which may be due to the presence of a microfilm 
on the Pt electrode. However, the difference was far less than the "hundreds of raV" that would 
have been expected if Na-fluorescein had been responsible for major redox changes. 

Since some concern had been expressed that the Na-fluorescein dye tracer could have been the 
cause of the observed low redox conditions in the block and the concomitant retardation of "Tc 
and Np through the block—compared with their transport behavior observed under 
unsaturated conditions (A. Meier, personal communication, 2002; R. Metcalf, personal 
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communication, 2002)—a simple set of experiments was performed to determine the effect of 
Na-fluorescein on redox conditions. One 250-mL glass Erlenmeyer flask was filled with 
synthetic Busted Butte pore water, and another with synthetic Busted Butte pore water 
containing 50 mg/L Na-fluorescein, the same concentration as in our migration experiments. 
Crushed non-welded tuff was added until most of the water had been displaced, and Au 
electrodes were inserted (see Figure 9.1). The flasks were wrapped in aluminum foil, sealed, and 
stored in a dark closet to avoid any degradation of the dye by light. Gold electrodes were used 
because no spare Pt electrodes were available. Two Pt electrodes were ordered and, once they 
arrived, two additional experiments were set up, with 50 and 100 mg/L Na-fluorescein. The 
output of the electrodes was measured periodically with a multimeter. The results of these 
experiments are shown in Table 9.2, and are displayed graphically in Figure 9.2 

The effect of Na-fluorescein was quite evident. In the absence of this dye tracer, there was 
virtually no change in the output of the Au electrode. However, when Na-fluorescein was 
present, the output from both the Au and Pt electrodes became progressively more negative, 
suggesting that the conditions became chemically more reducing. 

These results strongly suggest that the presence of the dye tracer was instrumental in generating 
chemically reducing conditions under saturated conditions. However, because it was not clear if 
the change in chemical redox conditions was caused directly by the Na-fluorescein, or if this dye 
acted as a nutrient for indigenous or inadvertently introduced microbes, additional experiments, 
including microbial investigations, were performed. These additional experiments are detailed 
below. 
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Table 9.2. Response (mV) from Au and Pt Electrodes as a Function of Time 

Day 

0.0 
0.0 
1.0 
3.0 
8.0 
11.0 
11.0 
12.0 
13.0 
15.0 
17.0 
19.0 
19.0 
21.0 
22.0 
24.0 
25.0 
26.0 
28.0 
31.0 
33.0 
34.0 
35.0 
35.0 
39.0 
40.0 
41.0 
43.0 
46.0 
48.0 
50.0 
53.0 
57.0 
62.0 

[Na-fl] 
(mg/L) 

0 
Au 

Electrode 
142 

283 

264 
264 

264 

261 

257 

264 

249 
248 
247 

245 

245 
243 
243 
242 
243 
242 
242 
272 

[Na-fl] 
(mg/L) 

50 
Au 

Electrode 
16 

85 

79 
30 

0.9 

-20.1 

-25.5 

-32.5 

-233 
-260 
-271 

-268 

-273 
-278 
-287 
-292 
-298 
-305 
-311 
-315 

[Na-fl] 
(mg/L) 

100 
Pt 

Electrode 

312 

309 

-86.1 
-185 
-302 

-307 

-293 
-234 

-162 

-140 
-136 
-124 

-112 

77 

[Na-fl] 
(mg/L) 

50 
Pt 

Electrode 

323 

334 

-31.3 
-105 
-199 

-381 

-381 
-374 

-359 

-350 
-335 
-303 

-259 

-204 

9.1.2 Microbial Processes 

To investigate the process that led to the generation the chemically reducing conditions in the 
tuff under saturated conditions, a series of static experiments was performed. 
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Slurries of synthetic Busted Butte pore water, Na-fluorescein, and unconsolidated non-welded 
tuff were prepared in 250-mL Erlenmeyer flasks by adding the tuff to flasks partially filled with 
synthetic Busted Butte pore water, until most of the solution was displaced by the tuff. The 
combinations of pore water, Na-fluorescein, and tuff are listed in Table 9.3. The synthetic 
Busted Butte pore water, with and without Na-fluorescein, was filter-sterilized through a 0.2-fim 
filter, and the unconsolidated tuff was sterilized by autoclaving at 121 °C for one hour, 
incubating for 24 hours and re-autoclaving at 121 °C for another hour. Pt or Au electrodes were 
inserted into the flasks, and the flasks were sealed tightly with silicone rubber (see Figure 9.1). 
The electrodes were checked for calibration using quinhydrone prior to and at the completion of 
these static experiments (Hamon 2003a). The output from the electrodes was measured 
periodically and plotted as a function of time. After about 60 days, the flasks were opened in an 
anaerobic chamber and the contents were analyzed microbiologically. 

Table 9.3. Combinations of Synthetic Busted Butte Pore Water, Non-welded Tuff, and Na-
fluorescein Used in Experiments to Determine the Cause for Low Chemical Redox 
Conditions Under Saturated Conditions 

Experiment Synthetic Busted Butte pore Na-fluorescein Non-welded tuff 
number water 

1 sterilized — sterilized 
2 sterilized sterilized sterilized 
3 non-sterilized ~ sterilized 
4 non-sterilized non-sterilized sterilized 
5 sterilized — non-sterilized 
6 sterilized sterilized non-sterilized 
7 non-sterilized — non-sterilized 
8 non-sterilized non-sterilized non-sterilized 

Changes in the output of the Pt and Au electrodes for the eight combinations in Table 9.3 are 
shown in Figure 9.3. 

The effect of sterilizing both the tuff and the synthetic pore water on the changes in redox 
conditions can be seen by comparing the results for experiments 1, 2,7, and 8 (see Figure 9.4). 
As might be expected, sterilizing both the tuff and the pore water resulted in very little change in 
redox conditions over the 70-day contact period. Sterilizing only the tuff or only the pore water 
resulted in a marked decrease in the output voltage of the electrodes after about 12 days. 
However, sterilizing neither the tuff nor the pore water did not lead to chemically reducing 
conditions. The reason for this behavior is not known at this time. 

The apparent effects of the addition of Na-fluorescein to the tuff/water mixtures are shown in 
Figure 9.5 for sterilized tuff, and in Figure 9.6 for non-sterilized tuff. When sterilized tuff was 
used (see Figure 9.5), the addition of Na-fluorescein had little effect. In fact, the addition of this 
dye tracer appears to have suppressed the decrease in redox conditions when non-sterilized water 
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was used (square data points). However, when non-sterilized tuff was used (see Figure 9.6), Na-
fluorescein appears to have lead to a marked decrease in redox conditions. 

Microbial analyses were performed on tuff samples taken from an area around the bottom of the 
electrodes. All samples were taken under sterile conditions and leached with a buffer before 
plating for viable bacteria and testing for sulphate-reducing bacteria (SRB) and nitrate reducers. 
Samples were taken from adjacent areas to obtain dry weights for the material. Results are 
shown in Table 9.4 expressed in units per gram dry weight. Colonies were picked from some of 
the aerobic plates to be identified with BIOLOG™, a bacterial identification system 
(BIOLOG™, Hayward, CA). This system includes testing capabilities for gram stain, oxidase, 
and catalase 

It should be noted that these microbial analyses were not performed under the rigorous US DOE 
QA standards, as the methodology and the materials used in these analyses were not obtained 
from qualified suppliers. These analyses were intended as scoping studies to determine if further 
work should be recommended. 

A quantitative determination of aerobes and anaerobes (viable bacteria) was performed with a 
pour plating technique using an R2A medium. Results are shown in Table 9.4 and Figure 9.7. In 
all cases the population of all aerobes and most of the anaerobes was increased. Sample 1 was 
repeated using a greater number of dilutions of the sample and was renamed sample 1(b). 

The only bacteria found on the aerobic plates in experiments 1 and 2 (the sterile combinations) 
were identified as Ralstonia pickettii (see BIOLOG™). This is a very commonly occurring 
aerobic bacterium and is able to reduce nitrates. It is likely that the large numbers of bacteria 
found on the anaerobic plates are also Ralstonia pickettii. This microbe has been found in 
commercially available "sterile" saline solutions and it has been speculated that the bacteria is 
able to be filtered through 0.2-fwn filters. Tests of the pore water at the start of the experiment 
found it to be sterile, but the numbers of bacteria may have been so low that no growth occurred 
until some time had passed. Based on calculations, there were no SRB found. < 3.9 SRB/gram 
dry weight, (see Table 9.4). 

A quantitative determination of nitrate-reducing bacteria was performed using an R2A medium 
augmented with nitrate. Results appear in Figure 9.8 and Table 9.4. The presence of the nitrite 
anion, produced by the nitrate-reducing bacteria, was detected colorimetrically(Hamon 2003b). 

The pore water started with a very low number of nitrate reducers and a larger number of nitrite 
reducers. Samples obtained from experiment 8 produced anomalous results, in that the nitrate 
had disappeared. In addition, gas bubbles were observed in the solution. This is an indication of 
the presence of nitrate-reducing bacteria. 

Samples of bacteria from some of the eight static batch experiments were analyzed using 
BIOLOG™. The results are shown in Table 9.5. BIOLOG™ is based on the ability of each 
bacterium to use particular carbon sources to produce a unique pattern or "fingerprint" for that 
bacterium. In this experiment, two positive identifications and eleven "most probable" 
identifications were made based on these patterns. The "most probable" identifications are 
included to show the wide variety of patterns produced and thus bacteria present in the 
experiment. 
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White colonies were observed on plates containing material from experiment 1. The microbes 
were identified as Ralstonia pickettii. A dark cream mucoid colony was observed on plates 
containing material from experiment 5. This colony was identified as Sinorhizobium meliloti. 

Bacteria on some of the plates were also tested for oxidase. Oxidase-negative bacteria (enteric 
bacteria) are nitrite reducers and will not reduce nitrate to nitrogen gas. A larger proportion of 
oxidase-negative bacteria were found in samples taken from experiments 5. Samples from the 
remaining experiments showed a higher proportion of oxidase-positive bacteria. This would 
explain the higher number of nitrite reducers in experiment 5. 

Most bacteria were gram negative, oxidase positive. This indicates that they were non-enteric 
bacteria (bacteria requiring lower temperatures). The wide range of results for microbial analysis 
probably reflects the fact that the initial starting material did not contain a lot of bacteria. In 
different tests different bacteria will prevail and cause different effects. 

The presence of bacteria appeared to affect the redox process of tuff under saturated conditions. 
Depending on the conditions of individual experiments, different bacteria or combinations of 
bacteria may prevail and produce effects that are quite different from other experiments. For 
example, the chemical conditions in experiment 7, in which neither the tuff nor the pore water 
was sterilized, became chemically reducing, while the conditions in experiment 8, which was the 
same except for the use of non-sterilized Na-fluorescein, did not become chemically reducing. 
This result is puzzling and seems to indicate that the Na-fluorescein may have had some effect 
on the bacteria. This effect was not observed in the experiments where either the pore water or 
the tuff was sterile. Further experiments need to be performed using these combinations. 

In spite of the fact that the conditions in experiments 1 and 2 were not completely sterile, no 
chemical reduction occurred, leading to the conclusion that Ralstonia pickettii was not 
responsible for chemical reduction. This same pore water would have been used in experiment 
5, which had sterilized pore water and nonsterilized tuff. Conditions in that case became 
chemically reducing, indicating that the tuff contained bacteria that are capable of creating 
reducing conditions. All experiments that had non-sterilized tuff or non-sterilized pore water (or 
Na-fluorescein) produced chemically reducing conditions except experiment 7. Samples from 
experiment 7, in which the conditions remained oxidizing, did not have any apparently different 
results for microbial numbers than the rest of the tests. It is puzzling why this experiment with 
both non-sterile water and non-sterile tuff components behaved the same as those with sterile 
components. 

The addition of Na-fluorescein does not appear to have influenced the numbers of bacteria, 
except possibly in experiment 8. The initial numbers of bacteria in the tuff and in the pore water 
were relatively low. The numbers of bacteria greatly increased by combining pore water and the 
tuff material. 
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Table 9.4. Results of Microbiological Tests for Redox Experiments 

Experiment 
number 

1 
2 
3 
4 
5 
6 
7 
8 

Tuff 
Pore water 

Aerobic 
heterotrophs 

CFU*/g dry wt or 
mL water 

(2.91 ± .02) x 10' 
(1.45±.12)xl04 

(8.94 ± .60) x 106 

(3.28 ± .25) x 106 

(4.16±.62)xl0 6 

(5.22 ± .57) x 106 

(5.25 ± .74) x 106 

(3.26 ± .08) x 106 

(6.03 ± 3.41) xlO1 

(3.28 ± .08) x 102 

Anaerobic 
heterotrophs 

CFU g dry wt or 
mL water 

(2.77±.16)xl03 

(4.31 ± 7.57) x 10° 
(8.81 ± 7.63) x 10° 
(2.42 ± 2.42) x 101 

(6.11±.45)xl04 

(7.61 ± 6.58) x 10° 
(3.97 ± 6.97) x 10° 
(3.75 ± 6.59) x 10° 
(3.51 ± 6.17) x 10° 

(0 ± 0) x 10° 

Nitrate 
reducers 

MPN**/g 
dry wt or 
mL water 
1.45 x 10° 
1.44 x 102 

1.45 x 105 

2.79 x 103 

4.73 x 10l 

1.25 xlO5 

5.17 xlO4 

4.09 x 10° 
3.83 x 10° 
7.30 x 10"' 

Nitrite 
reducers 

MPN/g dry 
wt or mL 

water 
1.45 x 106 

1.44 xlO2 

1.45 x 105 

2.79 x 103 

2.25 x 103 

1.25 xlO5 

1.32 xlO6 

4.09 x 10° 
1.60x10' 
9.30 x 103 

Sulphate 
reducers 
MPN/g 

dry wtor 
mL water 

<3.22 
<3.40 
<3.61 
<3.64 
<3.38 
<3.40 
<3.61 
<3.41 
<3.19 
<3.95 

*CFU: Colony-Forming Units 
**MPN: Most Probable Number 
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Table 9.5. Bacterial Identification Results Using BIOLOG™ and Basic Microbiological 
Tests 

Sample 

1W 
I B 
3 Br 

3Y 

3Y1 
3B 
3W 
3C 

5PY 
5 Br 

5B 
8Y 

8W 

8 SB 

9W 

9C 

Gram 

Neg rods 
ND 
Neg rods 

Neg rods 

Neg rods 
Neg rods 
NG 
Neg rods 

Pos rods 
Neg rods 

Pos rods 
Neg rods 

Pos rods 

Neg rods 

Pos or var 

Pos or var 

Neg = negative, Pos = p 

Oxidase 

Pos 
Pos 
Pos 

Pos 

Pos 
Pos 
Neg 
Pos 

Neg 
Neg 

Neg 
Pos 

Neg 

Pos 

Neg 

Neg 

ositive, ND = 

Catylase 

Pos 

Pos 

Pos 
Pos 

Pos 

Pos 

not done, NG = 

ID 

Ralstonia picketti 

NG 

Sinorhizobium 
meliloti 

• no growth, and var: 

Most Probable 

Sphingomonas 
macrogoltabidus 
Sphingomonas 
macrogoltabidus 
Ralstonia Picketti 

Chromobactrium 
violaceum 
Microbacter sp 

Microbacter sp 
Flavobacterium 
mizutaii 
Arthrobacter 
woluwensis 
Pseudomonas 
borcopolis 
Gordonia 
bronchialis 
Corynebacterium 
nitrilophilus 

= variable. 
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Figure 9.1. Apparatus Set up for Experiments 1 to 8 



Figure 9.2. Effect of Na-fluorescein on Au and Pt Electrode Output 



Figure 9.3. Change in Response Of Pt And Au Electrodes as a Function of Time to Various 
Combinations of Sterilized and Non-sterilized Tuff, Synthetic Pore Water and Na-
fluorescein (Na-fl). (S. sterilized; NS. non-sterilized) 

Figure 9.4. Change in Response of Pt and Au Electrodes as a Function of Time to Various 
Combinations of Sterilized and Non-sterilized Tuff and Sterilized and Non-sterilized 
Synthetic Pore Water (S. sterilized; NS. non-sterilized) 



Figure 9.5. Apparent Effects of Na-fluorescein on the Response of Pt And Au Electrodes as 
a Function of Time to Various Combinations of Sterilized Tuff and Sterilized and Non-
sterilized Synthetic Pore Water (S. sterilized; NS. non-sterilized) 

Figure 9.6. Apparent Effects of Na-Fluorescein on the Response of Pt and Au Electrodes as 
a Function of Time to Various Combinations of Non-sterilized Tuff and Sterilized and Non-
sixrlll/cd Sjrnllictk Port Water (5, sltrUtetd; NS. non-slerlllicd) 



Figure 9.7. Aerobe and Anaerobe Populations Determined in Various TuffAVater/Na-
Fluorescein Combinations at the End of the Static Batch Period Compared to Initial (tutT 
and pore water (PW» populations. (CFU. Colony Forming Units). 



Figure 9.8. Nitrite and Nitrate-reducing Microbe Populations Determined in Various 
Tuff/Water/Na-fluorescein Combinations at the End of the Static Batch Period Compared 
with Initial Tuff and Pore Water Populations. Note. MPN for Experiment 2 > 1.0 x 10' 
(MPN. Most Probable Number). 
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10. SUMMARY 

Three blocks of non-welded tuff were successfully excavated from the Calico Hills formation in 
the BBTF and transported to WL. Radionuclide migration experiments using key radionuclides 
have been completed under unsaturated conditions in a trial block with dimensions of about 
30 cm x 30 cm x 30 cm, and in a block with dimensions of about 100 cm x 100 cm x 100 cm. 
The results obtained from the elution profiles for the smaller block showed that the fluorescein 
anion and an anionic formof95mTc were eluted slightly ahead of a truly conservative tracer, 
3H20. Retardation of 237Np was consistent with that predicted from experimentally determined 
static batch sorption coefficients obtained on disaggregated non-welded tuff. 

Post-experiment radiometric analysis of the trial block consisted of removing thin layers of the 
tuff from the central area at the top of the block to a depth of about 5 cm, and drilling thirteen 
vertical boreholes into the block to obtain samples from various parts of the block. The 
radiometric data obtained on these samples were used to obtain 3-D concentration profiles of the 
block. These profiles confirmed our understanding of the transport behavior of 22Na, ̂ Co, 137Cs, 
and Np— Co and Cs showed the least amount of transport, as expected from their high 
sorption coefficients. The 22Na had migrated about halfway through the block, and only the tail 
of the 237Np concentration plume was observed in the block. Again, this observation is 
consistent with the observation of a peak in the 237Np concentration in water collected from the 
trial block. 

Microbial investigations have shown evidence of some microbial activity in the migration 
experiments performed under unsaturated conditions, but there is no indication that this activity 
had any impact on the transport behavior of the tracers used in these experiments. 

Results from the migration experiment in the large block under unsaturated conditions showed 
that low linear velocity flow rates of the order of mm/hr could be achieved. However, these 
experiments are time consuming and should probably be limited to a small number to verify the 
effects of scale. The results obtained from the elution profiles for this block confirmed the 
earlier observations, in that the transport of Tc was not retarded compared with H, which 
served as a conservative tracer. None of the other radionuclides were eluted. Post-experiment 
analysis of the block showed that the transport of 22Na, 60Co, and 137Cs was retarded and that the 
concentration profiles of these tracers along the flow field was consistent with what would be 
expected when tracers are injected continuously. A somewhat anomalous concentration profile 
was observed for 237Np; this radionuclide appeared to concentrate at a depth of about 30 cm. At 
this depth, there appeared to be a slight difference in the mineralogy of the tuff, and this 
difference may be reflected in a higher sorptive capacity for 237Np. 
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The transport behavior of "Tc under saturated conditions was markedly different from that 
observed under unsaturated conditions. The conditions in the saturated block became chemically 
reducing, as measured with a Pt electrode installed in the line leading from the withdrawal 
borehole to the sampling system. Under these chemically reducing conditions, 99Tc, injected as 
the anionic TcO^ species, can be reduced to a sparingly soluble species. Supporting microbial 
scoping studies have shown that there was a considerable amount of microbial activity in the 
block. Additional supporting microbial scooping studies have indicated that Na-fluorescein does 
not have to be present for chemically reducing conditions to form. 



-135 - QA:QA 

11. QUALITY ASSURANCE 

With the exception of the Na-fluorescein analyses and the microbial scoping studies, this work 
was performed under U.S. DOE Quality Assurance Procedures. Prior to initiating this study, a 
pre-audit was performed on 1999 September 22 and 23 by Dan Klimas, lead auditor and by 
Dennis Threatt, auditor. Four annual audits were performed in the course of the experimental 
program. The first audit took place during 2000 September 19-21 and was performed by Lester 
Wagner, lead auditor and Linda Galyon, auditor. The second audit was performed by John R. 
Doyle, audit team leader and Dennis Threatt, auditor, both of Navarro Quality Services, during 
2001 October 2-4. The third audit was performed by Donald J. Harris, audit team leader and 
John R. Doyle, auditor, also both of Navarro Quality Services, and took place during 2002 
October 1-3. The fourth, and final, audit was performed on 2003 October 09 by Donald J. 
Harris. No deficiencies were noted during the first audit. A deficiency report was issued to 
DOE as a result of the 2001 audit, when it was noted that access to electronically controlled 
copies of the Yucca Mountain Project Procedures by AECL staff had not been possible from 
2001 February 12 until 2001 October 3. Access was restored on the same day the deficiency was 
discovered. The lack of access did not impact the quality-affecting work. No deficiencies were 
noted during the third and fourth audits. 
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APPENDIX A: EXPERIMENTAL DATA 

The data and information obtained in the course of this experiment have been recorded in a series 
of Scientific Notebooks and Appendices. The following Scientific Notebooks were used. 

Table A.l. Scientific Notebooks Used in This Study 

Scientific Notebook 
Field Work 
SN-LANL-SCI-205-V1 

Saturated Block 
SN-LANL-SCI-206-V1 
SN-LANL-SCI-206-V2 

SN-LANL-SCI-206-V3 
SN-LANL-SCI-206-V4 
SN-LANL-SCI-206-V5 
SN-LANL-SCI-206-V6 
SN-LANL-SCI-206-V7 
SN-LANL-SCI-206-V8 

Unsaturated Block 
SN-LANL-SCI-207-V1 

SN-LANL-SCI-207-V2 
SN-LANL-SCI-207-V3 
SN-LANL-SCI-207-V4 
SN-LANL-SCI-207-V5 
SN-LANL-SCI-207-V6 
SN-LANL-SCI-207-V7 

SN-LANL-SCI-207-V8 

SN-LANL-SCI-207-V9 
SN-LANL-SCI-207-V10 
SN-LANL-SCI-207-V11 
SN-LANL-SCI-207-V12 
SN-LANL-SCI-207-V13 
SN-LANL-SCI-207-V14 
General Laboratory Work 

SN-LANL-SCI-208-V1 
SN-LANL-SCI-208-V2 

SN-LANL-SCI-208-V3 
SN-LANL-SCI-208-V4 

SN-LANL-SCI-208-V5 

Appendices 

NA 

1 
2 
3 
4 
5 
6 
7 
8 

1 

2 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

A,B,C 
D,E 
F 
G 
H 

Start Date 

1999 Mar. 01 

2000 Jan. 17 
2001 Mar. 29 

2001 Jun. 26 
2001 Sep. 23 
2002 Jan. 05 
2002 Apr. 14 
2002 Jul. 26 
2002 Nov. 14 

1999 Oct. 04 
2000 Jun. 06 
2000 Jul. 29 
2000 Sep. 19 
2001 Jan. 02 
2001 Mar. 21 
2001 May 29 
2001 Aug. 07 

2001 Oct. 21 
2002 Jan. 15 
2002 Apr. 02 
2002 Jun. 26 
2002 Sep. 23 
2003 Apr. 02 

2000 Jan. 20 
2000 Sep. 27 

2001 Sep. 10 
2002 Sep. 04 
2003 Sep. 04 

End Date 

2000 Jan. 10 

2001 Mar. 28 
2001 Jun. 25 
2001 Sep. 22 
2002 Jan. 04 
2002 Apr. 13 
2002 Jul. 25 
2002 Nov. 13 
2003 Oct. 29 

2000 Jun. 05 

2000 Jul. 28 
2000 Sep. 18 
2000 Dec. 31 
2001 Mar. 20 
2001 May 31 
2001 Aug. 10 
2001 Oct. 23 
2002 Jan. 14 

2002 Apr. 01 
2002 Jun. 25 
2002 Sep. 23 
2003 Apr. 01 
2003 Oct. 29 

2000 Sep. 27 
2001 Aug. 29 
2002 Aug. 28 

2003 Sep. 03 
2003 Oct. 29 

Review Date 

NA 

2001 Apr. 20 
2001 Sep. 10 

2001 Dec. 15 
2002 Feb. 04 
2002 Jun. 21 
2002 Aug. 19 
2003 Mar. 27 
2003 Oct. 29 

2001 Feb. 21 

2001 Feb. 07 
2001 Apr. 05 
2001 Jun. 07 
2001 Jun. 07 
2001 Aug. 31 
2001 Oct. 01 
2002 Jan. 14 
2002 Feb. 14 

2002 May 30 
2002 Aug. 09 
2002 Oct. 09 
2003 May 23 
2003 Oct. 29 

2001 Jan. 25 
2001 Sep. 04 

2002 Sep. 03 
2003 Sep. 11 
2003 Oct. 29 

The completed scientific notebooks have been reviewed and submitted to the QA department at 
the Los Alamos National Laboratories for further review and filing. All data obtained from the 
ASB are filed in the appropriate appendices. 
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