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Figure 44. Busted Butte Geologic Map

6.8.3.1.1 Calico Hills Formation

Up to several meters of nonwelded Calico Hills Formation are exposed in the test area of the
facility in the lower walls of both the Main Adit and the Test Alcove. The exposed Calico Hills
Tuff consists of alternating beds of poorly cemented salmon-pink massive tuff and variably
cemented, white ash beds.

The salmon-pink tuffs contain round to slightly elongated white vitric pumices that are generally

less than a centimeter in diameter. The matrix is a mixture of fine ash, phenocrysts, and locally
abundant fragments of black glass. The salmon-pink tuffs gradually become more deeply colored
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upsection, suggesting that the upper parts of these units are more oxidized and may represent
weakly developed paleosols. The clay content of these tuffs is low (see Table 22).

There are two variably cemented ash beds intercalated with the salmon-pink tuffs in the Main
Adit and Test Alcove. These ash beds are about 130 cm apart on the right rib of the Main Adit.
The ash beds are 15 to 20 cm thick and typically form resistant ledges in outcrops outside of the
test facility and resistant layers inside the facility.

6.8.3.1.2 Topopah Spring Tuff

Tptpvi—The lowermost 1 to 1.5 m of the Topopah Spring Tuff is nonwelded ash-flow unit
Tptpvl. The base of Tptpvl is locally marked by a 3- to 4-cm coarsely bedded ashfall deposit.
This deposit consists of 0.5- to 3-cm pumice fragments and 0.25-cm black perlitic lava clasts.
This thin deposit pinches out laterally and is similar to thin discontinuous beds of ashfall
deposits at the base of the Topopah Spring Tuff in outcrops outside of the test facility. A 4.5-
cm-thick, crudely laminated shardy tuff overlies the ashfall deposit. The shardy tuff is also
discontinous laterally.

Above the thin bedded deposits, Tptpvl consists of light-gray nonwelded ignimbrites. The
ignimbrite flow units contain medium-gray pumice clasts in a pink-gray matrix. Near the top of
Tptpv1, the pumice clasts are tan. Glassy lava fragments and red-brown lithics are common.
Pumice clasts increase in size and abundance upsection in individual ignimbrite flow units. The
two lowermost ignimbrite flow units are separated by one or more bedded tuffs 0.2 to 8 cm thick.
The lithology of the bedded tuffs is variable, consisting of laminated shardy tuff in some places
and clast-supported pumiceous deposits in others. Because of relief differences on the surface on
which these bedded tuffs were deposited, they fall within Tptpvl in the Test Alcove and within
Tptpv2 toward the back of the Main Adit.

In the Test Alcove, the upper part of Tptpvl contains a distinctive zone of clay alteration
typically about 70 cm thick. The clay occurs both as rinds around pumice clasts and as complete
replacement of the pumice clasts. The clays are typically reddish brown but also include small
round bodies of white clay within the reddish-brown clays (giving it a mottled appearance). In
some replaced pumice clasts, white clay overlies layers of reddish-brown clay. Clay alteration
also occurs in the tuff matrix and along subhorizontal fractures. One such fracture contains four
different layers of clay up to 1.5 cm thick. The lower boundary of clay alteration is undulatory
and has up to 0.5 m of relief.

Tptpv2—Tptpv2 is the highest stratigraphic unit exposed in the back of the Main Adit and in the
Test Alcove area. It is characterized by tan, partly welded ignimbrite that has well-developed
columnar joints. The matrix of the ignimbrite has a distinctive salt and pepper appearance due to
the presence of black glass shards in a tan ashy matrix. Pumice clasts are typically 1 to 6 cm in
their long dimension and exhibit flattening ratios from 6:1 to 8:1. Welding increases upsection
through Tptpv2.
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6.8.3.2 Mineralogy of the Busted Butte Locality

Samples from outcrops were collected at the Busted Butte site for mineralogic and petrologic
analysis. Some of these samples were also used for determinations for hydrologic properties.
Other samples were collected from the test block walls throughout the year for the study, and
descriptions of the lithologies present in the test area were gathered.

The tables below summarize the mineralogic data for outcrop samples at the Busted Butted test
locality. Tables 20 and 21 are for the Tpt samples. Table 20 provides stratigraphic descriptions
for the samples in Table 21. The calcite and gypsum reported in the Tpt samples represent
pedogenic calcrete contamination in the surface samples.

Table 20. Descriptions of Outcrop Samples Collected from Busted Butte

Sample Lithology
SPC #517962 densely welded perlitic vitrophyre (upper Tptpv3)
SPC #517963 densely to moderately welded vitric tuff (mid Tptpv2)
SPC #517964 moderately welded to nonwelded vitric tuff (mid Tptpv1)
LANL #2814 densely welded perlitic vitrophyre (lower Tptpv3)
LANL #2815 densely to moderately welded vitric tuff (upper Tptpv2)
LANL #2816 densely to moderately welded vitric tuff (mid Tptpv2)
LANL #2817 densely to moderately welded vitric tuff (lower Tptpv2)
LANL #2818 moderately welded to nonwelded vitric tuff (upper Tptpv1)
LANL #2819 moderately welded to nonwelded vitric tuff (lower Tptpv1)
LANL #2820 vitric pumice swarm at base of the Topopah Spring Tuff (basal Tptpv1)

DTN: LAG909WS831372.005

The samples from the Tptpv2 and Tptpv] intervals show that the poorly welded to nonwelded
vitric portions of the lower Topopah Spring Tuff at this site are largely unaltered, without
zeolites but with modest smectite occurrences. The Tptpv3 interval, although not part of the
transport test section, is also largely unaltered.

Table 22 presents mineralogic data from the Calico Hills Formation and the Wahmonie Formation
surface samples at the Busted Butte site. These samples are arranged in Table 22 by relative
depth and show that the lowermost part of the Calico Hills Formation (Tac) contains appreciable
amounts of clinoptilolite. The upper part of the Calico Hills Formation at this site, however, is
characterized more by smectite than by zeolite alteration. Access to both types of alteration is,
therefore, possible at this site. The three lowest samples from auger hole AUG-1 in the floor of
the Busted Butte Alcove were analyzed (Table 23) for comparison with the vitric Calico Hills
Formation samples from outcrop. Alteration in the alcove samples is generally similar, with
smectite > clinoptilolite. The low biotite and feldspar contents of the AUG-1 samples are
characteristic of the Calico Hills Tuff, indicating that Wahmonie deposits are at least 396 cm
below the present alcove floor and are not expected to have any measurable influence on the test
results.
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Table 21. Quantitative X-ray Diffraction Results for Samples from Lower Tpt Section (weight %)

Smec- | Opal-CT/ Feld- | Glass/ | Hema-| Mica/ | Cal- Gyp- | Kaoli-
Sample tite | Cristob. |Quartz spar | Amorph tite iiite cite sum nite Total

Tptpv3 '

SPC #517962( 1 %1 2+1 tr | 421 | 9312 — tr tr — — (100%2
LANL #2814p1 11 4+1 tr | 3+1 | 92%2 — tr — — — |100%2
Tptpv2
LANL #2815p1| — 41 |1+£1| 65+1 | 902 — — tr — — |100£2
SPC #517963| 1+1 — tr 3+1 | 952 tr tr 1+1 tr — |100%2
LANL #2816p1| 21 41 tr | 4+1 | 80x2 — tr — — — |100+2
LANL #2817p1| 31 3+1 tr 3x1 | 912 — tr — - — |100%2
Tptpvi

SPC #517964 tr — tr | 2+1 | 95+%1 — tr 3+1 — — |100+1
LANL #2818p1| tr 2+1 tr 2+1 | 96+1 — tr tr — — |100+1
LANL #2819p1] 3+ 1 1+1 tr | 3£1 | 912 — tr tr — 2+1 |100+£2
LANL #2820p1| 2+ 1 1+1 1 4+1| 8+1 | 842 | 1¢1 tr tr — — |100%2
DTN: LA9909WS831372.005
NOTE: — = not detected. tr = Trace abundance of < 0.5 wt %. Errors are conservative 2-sigma values.

The “p1” appended to LANL samples is a designator for the X-ray diffraction split of the sample.
Table 22. Mineral Abundances (weight %) in Calico Hills
Formation (Tac) Surface Samples from Busted Butte
Smec- Clinop- Crist./ Feld- Hema- Bio-
Sample tite tilolite OpalCT AQuartz spar Glass tite tite Total

vitric Tac

DEB 3/90-10 1(1) — —_ 2(1) 11(1) 86(2) — tr 100(2)

DEB 3/90-9 6(2) — — 4(1) 15(2) 74(3) — tr 100(3)

DTVv-97-2 2(1) — 1(1) ‘ 1(1) 2(1) 94(2) — tr 100(2)

DEB 3/90-8a — — 1(1) 1(1) 1(1) 97(2) — tr 100(2)

DEB 3/90-8b 1(1) — 1(1) 4(1) 7(1) 86(2) — tr 100(2)

DEB 3/90-7 3(1) 1(1) 1(1) 7(1) 12(1) 76(2) tr tr 100(2)
zeolitic Tac

DTV-97-3 — 9(1) 1(1) 7(1) 16(2) 64(3) 1(1) 2(1) 100(3)

DEB 3/90-6 1(1) 12(1) 1(1) 7(1) 16(2) 62(3) — 1(1) 100(3)

Wahmonie

DEB 3/90-5 5(2) — — 1(1) 26(3) 54(5) 1(1) 9(3) 100(5)

DEB 3/90-4 4(1) - — 2(1) 24(3) 46(6) 2(1) 17(5) 100(6)
DTN: LAS909WS831372.006
NOTE: — = not detected. tr = trace abundance. Numbers in parentheses are 2-sigma standard errors.
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Table 23. Mineral Abundances (weight %) in Calico Hills Formation (Tac)
Samples from Auger Hole AUG-1 in the Floor of the Busted Butte Test Alcove

Depth  Smec-  Clinop- Crist/ Feld- Hema-  Bio-
Sample (cm) tite tilolite OpalCT Quartz spar Glass tite tite Total
vitric Tac
AUG-1-P 375-383 3(1) 1(1) 1(1) 8(1) 12(2) 74(3) tr 1(1) 100(3)
AUG-1-Q | 383380 | 6(2) 1(1) 1) 8(1) 18(3) 65(4) tr 1(1) | 100(4)
AUG-1-R | 389-396 | 3(1) 1(1) 1(1) 7(1) 1) [ 763) tr 1(1) | 100(3)

DTN: LAS909WS831372.010
NOTE: tr = trace abundance. Numbers in parentheses are 2-sigma standard errors.

6.8.3.2.1 Mineralogic Comparison with Yucca Mountain: Boreholes H-5 and SD-6

The excavated section at Busted Butte is in the lower Topopah Spring Tuff and the upper Calico
Hills Formation (Tac). The vitric nature of this section and the relatively low abundances of
smectite and clinoptilolite alteration are similar to that in drill holes near the crest of Yucca
Mountain, such as USW H-5 (Table 24) and USW SD-6 (Table 25). The increase in zeolitization
at the base of the Calico Hills Formation, particularly in the bedded tuff (Tacbt) unit, is
comparable to the localized zeolitization in the lower part of the Calico Hills Formation at
Busted Butte (Tables 22 and 23). The data indicate a distribution of alteration similar to that at
Busted Butte. In considering the SD-6 and H-5 data, however, it is important to bear in mind
that both drill holes had only partial core or cuttings recovery, potentially skewing the
mineralogic information. A much more accurate picture of these poorly indurated vitric units is
obtained by excavation, as was accomplished at Busted Butte.

6.8.3.3 Hydrologic Properties

Samples of the Calico Hills Formation and Topopah Spring Tuff exposed in Busted Butte
outcrops were used to determine the hydrologic properties of the formations in the test block.
These results are reported in DTNs: GS990308312242.007 and GS990708312242.008.
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Table 24. Quantitative X-ray Diffraction Results (weight %) for USW H-5 Core and Drill Cuttings

Smec- | Clinop- Mor- Tridy- | Cristo- [ Opal- Feld- Hema- Horn-
Sample Depth (m) tite tilolite denite mite balite CcT Quartz ~ spar Glass Mica tite Caicite | blende | Total
Tptpv2 505.7-509.6
Tptpv1 509.6-517.9
Tpbt1 517.9-519.7
Tac 519.7-573.0 .
1710/1720 527 312 — — - 513 — 5+3 2010 | 70£10 - — — - 103115
1750 (DC) 5334 - tr? — — 55 — 213 515 855 — —_ — - 9719
1762 (SW) 537.1 —_ — — — 11 —_ 121 515 95+5 —_ — — — 10217
176011770 5380 — 61 — — — 411 31 6+1 8112 —_ —_ —_ —_ 100+2
1800 (SW) 5486 — — _ — 243 — 213 10+5 | 85%5 121 - — — 10048
1820/1830 556.3 tr 4+1 —_ —_ —_ 211 4+1 101 8012 — — — —_ 100+2
1852 (SW) 5645 —_ _ — — — - 2+3 713 90+5 1+1 — — —_ 10017
1875 (SW) 5715 —_ ? — _— — tr? 2x3 515 9243 —_ — —_ -_— 9+7
Tacht 573.0-592.0
18901900 5776 11 1141 — - — 31 41 611 7512 — —_— — — 100+2
1900/1910 5806 tr 1011 —_ —_ —_ 121 31 8+1 7812 tr - —_ — 100+2
19101920 5837 tr 18+1 — — —_ 5+1 511 71 65+2 tr — — — 100+ 2
1917 (SW) 584.3 —_ 2515 — - — 1015 3015 35110 - tr — — —_ 100£13
192011930 586.7 31 62+3 —_ —_ — 7x2 1411 16+3 615 2¢1 — — — 100t5
1930 (DC) 588.3 213 5010 — — _ - 1515 30156 — 111 — — — 98+13
DTN: LAS909WS831372.007
NOTE: — = not detected. tr = trace abundance. DC = drill-bit cutting sample. SW = sidewall core sample.
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Table 25. Quantitative X-ray Diffraction Results (weight %) for Samples from Drill Hole USW SD-6

Depth LANL Smec- | Clinop-| Tridy- | Cristo- | Opal- Feld- Hema- Horn- Cal-
Sample (m) number?® | tite | tilolite | mite balite CT Quartz | spar Glass tite Mica | blende | cite Total
Tptpv2 455.7-461.5
1496.5/1496.7 4562 2984p1 — —_ — — 1714 121 112 71+4 —_ tr - — 100+5
1500.1/1500.2 4573 2985p1 211 — _ — 1714 141 12£2 | 6814 - tr — —_ 1005
1503.3/15034 4582 2986p1 2+1 — - — 2016 | 211 1612 | 6016 tr tr — — 10016
1506.2/1506.3 459.1 2087p1 3+1 — — - 1815 141 1312 | 6545 tr tr — — 10016
1509.2/1509.3 460.0 2988p1 31 —_ — — 1514 141 1122 | 7014 tr — —_ — 10045
15121115122 460.9 2989p1 411 —_ — — 1414 121 1212 | 694 —_ tr —_ —_ 1005
Tptpv1 461.5471.7
1516.9/1517.0 4624 2990p1 4+1 — - —_— 912 11 101 7612 tr tr —_ —_ 1003
1521.5/1521.6 4638 2991p1 542 — — - 4x1 1¢1 5+1 8542 — tr — — 100+3
1524.911525.0 464.8 2992p1 5+2 —_ KEY| 211 —_ 211 1142 77+3 tr tr — — 1003
1527.8/1527.9 465.7 2993p1 311 —_ 2%1 411 - 5%1 213 | 653 tr tr — — 10014
1546.5/1546.6 4714 2994p1 [ 121 - — 1¢1 — 5%1 101 | 8312 tr tr — - 10012
Tpbt1 471.7473.8
Tac 473.8-526.5
1560.8/1560.9 4758 2995p1 e tr 411 611 101 — 27+2 | 53+8 —_ tr fr —_ — 100+8
1563.3/1563.4 4765 2996p2 ° —_ 6+1 5+1 13%1 — 25+2 | 53+8 | . — tr tr - — 10248
1563.3/1563.4 4765 2996p1 4+1 411 — 2%1 —_ 211 71 8112 - tr — —_— 100+ 2
1566.7/1566.8 4776 2997p1 — 21 1+1 2¢1 —_ 411 10+ 1 8112 tr tr — —_ 100+2
1570.3/1570.5 4787 2998p1 - 111 121 31 —_ 81 16+2 | 7142 tr tr —_ — 1003

DTN: LASC831321AQ98.003

NOTES:

ANL-NBS-HS-000019, Rev 00

-— = not detected

tr = Trace abundance
2The “p1” or “p2" appended to LANL numbers of samples denote specific X-ray diffraction splits.
"The analyses 2995p1 and 2996p2 are from large (> 5 cm) lithic clasts that occur at these depths.
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6.8.4 Tomographic Studies: Geophysical Techniques at the Busted Butte Unsaturated
Zone Test Facility—Overview :

Real-time geophysical monitoring techniques may be used to provide real-time data on the
advance of fluid fronts and tracer fronts through the block and enable us to optimize our
collection-pad sampling schedule to collect data. Combining two techniques enables the
collection of detailed, high-resolution, 3-D, calibrated, real-time monitoring of moisture and
tracer movement through the unsaturated fractured medium. Specifically, electrical resistance
tomography (ERT) provides 3-D global coverage and ground-penetrating radar tomography
(GPR-T) provides high spatial resolution. The techniques are listed below, along with their.
characteristics and the advantages they bring to the test program at Busted Butte. :

Electrical Resistance Tomography (ERT):
e 3-D snapshot of moisture content and tracer front
e Covers entire test block
e Half-meter spatial resolution
e Measurements on demand (probably weekly or monthly).

Ground Penetrating Radar Tomography (GPR-T):
e 2-D slices of moisture content
Selected locations through available boreholes
1- to 10-cm spatial resolution
Measurements at opportunistic intervals (tied to collection-borehole sampling frequency)
Can determine matrix permeabilities.

Ongoing geophysical monitoring is presently helping us guide the timing of collection-pad
retrieval for detailed tracer analysis. Independent physical measurement techniques (collection
pads and block mineback) will ultimately provide field-scale evaluation of geophysical
techniques, increasing their applicability and acceptability for other YMP activities. None of
these techniques interfere physically with the test or with the testing schedule.

6.8.4.1 Ground-Penetrating Radar Tomography
6.8.4.1.1 Experimental Objective and Status

The objective of the ground penetrating radar (GPR) data acquisition is to monitor the tracer
injection of the Busted Butte UZTT both spatially and temporally and to investigate the nature of
fluid migration through the Calico Hills member of the Yucca Mountain lithologic sequence.
The data collected, analyzed, and submitted to the Technical Data Management System (TDMS)
thus far include the pre-injection baseline radar velocity measurements as well as the subsequent
velocity measurements made after the start of tracer injection (seven data collection visits
through September 1999). Additional measurements shall continue to be made on a regular
schedule approximately every three to four months. All analyzed data are periodically compared
to the other available geophysical data as well as to the tracer breakthrough data in order to better
constrain the interpretation of fluid/tracer migration within the block.
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6.8.4.1.2 Background and Experimental Approach

The borehole radar method is one in which modified surface radar antennae are emplaced into a
rock formation and high-frequency electromagnetic signals are transmitted through the formation
to a receiving antenna. The electrical properties of the subsurface material greatly influence the
transmitted electromagnetic signal. In particular, the dielectric permittivity of the rock has a
strong influence on the propagation of the signal and whether it travels at a high or low velocity.
Moisture content has such an effect. The high dielectric permittivity () of water (x ~ 80) or wet
rock (K ~ 20-30) in contrast to drier rock (k ~ 3-6) typically results in greatly reduced signal
velocities. Changing chemical compositions (i.e., tracers) may also alter the bulk dielectric
permittivity of the rock and, hence, the velocity of propagation of the radar wave. Because such
changes in signal character are what are to be measured over the course of the Busted Butte
UZTT, any increase (or decrease) in background moisture content or chemical composition
resulting from the tracer injection (or rock dry-out) should result in changes in the received radar
wave velocity.

The transmitted signals may be represented as multiple ray paths crossing through a zone of
interest within the block. If sufficient ray paths are recorded, a tomographic image may be
obtained through computer processing. The information extracted from such data consists of the
transit time, which depends on the wave velocity. This information, in the form of a processed
radar velocity tomogram, offers a high-resolution approach to monitoring the changes occurring
in the rock over the duration of the tracer-injection experiment.

6.8.4.1.3 Equipment Description, Component Specifications, Operating Principles, and
Survey Methodology

A description of the equipment used, the component specifications, the operating principles, and
the GPR-T survey methodology can be found in the Technical Implementing Procedure
governing all GPR-T data acquisition done in support of the Yucca Mountain site
characterization effort (YMP-LBNL-TIP/GP 5.0, Rev. 0, Mod. 0).

6.8.4.1.4 Results of Busted Butte Unsaturated Zone Transport Test Radar Data
Acquisition

The radar data were acquired in eight of the Phase-2 collection boreholes orthogonal to the
direction of the Phase-2 injection boreholes. Additionally, two of the Phase-2 injection
boreholes were used to acquire data only one time, after the boreholes were apparently affected
by grout infiltration resulting from nearby electrical resistance tomography (ERT) borehole
grouting. The 10 boreholes include the following: 9, 11, 13, 15, 16, 46, 47, and 48 (Phase-2
collection); 19 and 22 (Phase-2 injection). The configuration and layout of the boreholes used
are illustrated in Figure 38.

The radar data are acquired in the two-dimensional planes defined by two boreholes, more
commonly referred to as well pairs. The well pairs acquired in support of the Busted Butte
UZTT are the following: 15-13, 48-46, 47-11, 46-9, 46-16, and 22-19 (one time only for the last
pair listed). The decision to acquire data in these particular well pairs was made based on their
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relative proximity to the injection boreholes. Data from both the upper horizontal well pair 15-
13 and the vertical well pair 46-16 are acquired to monitor tracer injection associated with the
upper injection boreholes 18, 20, 21, and 23. Data from the lower horizontal well pairs 46-9, 47-
11, and 48-46 are acquired to monitor tracer injection associated with the lower injection
boreholes 24, 25, 26, and 27. The vertical well pair 46-16 may also be used to image any tracer
injection associated with the lower injection boreholes and the progress of the tracer beneath the
horizontal well pair 15-13.

Thus far the data collected have been processed for travel times with the result being radar
velocity tomograms (DTN: LB00032412213U.001). Differencing or subtraction of the velocity
tomograms over time has also been completed for each of the well pairs. Such differencing or
subtraction allows for the highlighting of the tracer or moisture front as it changes spatially and
temporally. In essence, the background formation remains static in those areas not affected by
the changing tracer or moisture front. By subtracting one velocity tomogram from another, we
are able to discount those areas remaining static while emphasizing those areas where change is
occurring.

Two of the well pairs differ slightly in the acquisition method used between the baseline and the
post-injection surveys. These well pairs are 46-16 and 46-9. Data for well pair 46-16 was
collected at a higher frequency (200 MHz) during the post-injection survey to better match the
data collected in all of the other well pairs. Higher frequencies generally result in data of higher
resolution (approximately 10.0 cm for 200 MHz), so the highest-frequency antennae should be
used if at all possible. Data were not originally acquired in well pair 46-9 because it was
believed that well pair 48-46 provided sufficient coverage in the area of the lower injection
boreholes. A decision was subsequently made after tracer injection began to gather more spatial
information below the lower injection boreholes and, hence, well pair 46-9 was added to the
GPR acquisition list. Also, it should be noted that the pre-injection baseline data for several of
the well pairs differs significantly from data acquired just one month after tracer injection began.
The differences are likely the result of changes in the overall block assemblies (e.g. grouting of
the ERT boreholes, addition of the injection apparatus, etc.) rather than the immediate -
consequence of the tracer injection. In order to enhance the subsequent differencing
tomography, the “baseline” set of velocity tomograms chosen are those collected in August-
September 1998 approximately one month after tracer injection began. Comparison with tracer
breakthrough data on the collection pads indicates that tracer had not yet significantly entered
those regions imaged by the GPR tomograms. Therefore, it was determined that the
August—September 1998 data would provide an adequate starting point from which to evaluate
the changes in the block over time.

Each of the well pairs have witnessed some degree of velocity change over the course of the
experiment. For the purposes of this AMR, however, only three of the well pairs will be
discussed in detail; 46-16, 46-9 and 15-13. This is done in an effort to be concise as the results
for each well pair are essentially similar. Again, all of the data from each of the well pairs have
been submitted to the TDMS and are available for review.
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Well Pair 46-16

This well pair represents the only vertical slice through the block (approximately 9.5 m in length
and 3.5 m in height). It images tracer and moisture contributions from both the upper and the
lower injection boreholes. When evaluating changes in velocity over time, one would expect
such changes to occur in the regions directly surrounding the injection boreholes with decreased
velocities representing areas of increased moisture content. This is exactly what is seen in the
differenced tomograms. Figures 45 to 47 represent several time steps throughout the course of
the experiment (dates of data acquisition are noted above each tomogram). As can be seen,
decreases in the velocity relative to the baseline (August—September 1998) data are immediately
obvious surrounding the high and low injection boreholes (these locations are marked on the
tomogram as small white dots). Furthermore, the zones of decreased velocity can be seen to
expand away from the injection boreholes over time both in a vertical as well as a horizontal
direction. Such vertical and horizontal spreading is to be expected as a result of matrix or
capillary-driven flow and was, in fact, confirmed in the Phase-1A excavation. Precluding a
similar excavation of the rock included by this well pair, the GPR data would seem to indicate a
similar mechanism of flow for the Phase-2 block.

Also of note is the seemingly large extent of decreased velocity. It should be restated that low
velocities are indicative of zones of higher dielectric permittivity; zones of higher dielectric
permittivity are indicative of zones of elevated moisture content. That being the case, those
zones of decreased velocity may represent regions of elevated moisture content and not simply
the presence of tracer. This subtlety is born out when comparing the tracer breakthrough data
with the tomography results. The zones of increased moisture content (i.e., decreased velocity)
do not directly overlay the tracer breakthrough within boreholes 46 or 16. In fact, the locations
of tracer breakthrough are contained within the zones of decreased velocity. This result implies
that as the fluid front containing the tracer spreads away from the injection boreholes, some of
the tracer may be retarded in relation to the spread of the moisture front. In effect, the tracer may
be moving more slowly through the block than its associated fluid or water component.
Conversely, the fluid front leaving the injection boreholes may be simply displacing existing
pore fluids and mobilizing them within the block. The radar velocities are insensitive to this
effect and are thus incapable of distinguishing between existing pore waters, introduced pore
* waters or tracers. Again, comparing the tomography results with those recorded in the tracer
breakthrough logs, it appears that some form of fluid breakthrough is occurring in the collection
boreholes which is not comprised of tracer. This is evidently what is being imaged by the
differenced radar tomograms and it is not an inconsequential finding.
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Borehole 46-16
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Figure 45. Tomography (GPR-T) Results for Well Pair 46-16, December 1998
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Figure 46. Tomography (GPR-T) Results for Well Pair 46-16, March 1999
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Figure 47. Tomography (GPR-T) Results for Well Pair 46-16, April 1999.

Well Pair 46-9

This well pair represents a horizontal slice (approximately 8.0 m in length and 2.6 m in width)
through the block and images the tracer/moisture front associated with the lower injection
boreholes. Figures 48 and 49 represent two time steps throughout the course of the experiment
(dates of data acquisition are noted above each tomogram). As can be seen, decreases in the
velocity relative to the baseline (August-September 1998) data are immediately obvious
surrounding the low injection boreholes (these locations are marked on the tomogram as
orthogonal tubes). Furthermore, the zones of decreased velocity can be seen to expand away
from the injection boreholes over time in a horizontal direction. Because a horizontal well pair
cannot capture the vertical flow of moisture away from the boreholes, only the extent of the
horizontal flow can be imaged. What is observed is that the decrease in velocity (i.e., the
increase in moisture content), moves rapidly away from the injection boreholes early on in the
experiment and then remains relatively constant aside from some localized changes. This would
seem to imply that much of the moisture front moves away from the injection apparatus to its
greatest possible horizontal extent at which time it can no longer spread in such a direction.
Presumably, the majority of fluid flow from this time on continues in a direction other than
horizontal.

CZ
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Figure 48. Tomography (GPR-T) Results for Well Pair 46-9, December 1998,
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. Figure 49. Tomography (GPR-T) Results for Well Pair 46-9, April 1999.
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The results implied by the radar tomograms are in concurrence with the tracer breakthrough logs
for boreholes 46 and 9. Again, those zones of decreased velocity overlay those locations in the
boreholes where tracer has been seen to break through. The additional contribution of the
moisture front relative to the tracer (as described above for well pair 46-16) does not appear to be
as significant for this horizontal well pair. It is not yet clear whether this is because the region
imaged is smaller or spatially closer to the injection boreholes.

Well Pair 15-13 .

This well pair represents a horizontal slice (approximately 9.5 m in length and 2.0 m in width)
through the block and images the tracer/moisture front associated with the upper injection
boreholes. Figure 50 represents one time step throughout the course of the experiment (dates of
data acquisition are noted above each tomogram). As can be seen, decreases in the velocity
relative to the baseline (August-September 1998) data are immediately obvious surrounding the
upper injection boreholes (these locations are marked on the tomogram as orthogonal tubes).
Furthermore, the zones of decreased velocity can be seen to expand away from the injection
boreholes over time in a horizontal direction. What is observed is that the decrease in velocity
(i.e., the increase in moisture content), moves steadily away from the injection boreholes
throughout the course of the experiment. This varies a bit from the analogous well pair 46-9.
Rather than reaching a maximum extent, the moisture front appears to be continually expanding
away from the boreholes. This is probably the result of the well pair’s increased distance
beneath the injection boreholes and the much larger volume of fluid being introduced by the
upper injection boreholes. '

The results implied by the radar tomograms are in concurrence with the tracer breakthrough logs
for boreholes 15 and 13. Again, those zones of decreased velocity overlay those locations in the
boreholes where tracer has been seen to break through. The additional input of the moisture
front relative to the tracer (as described above for well pair 46-16) does not appear to be as
significant for this well pair. As for well pair 46-9, it is not yet clear whether this is because the
region imaged is smaller or spatially closer to the injection boreholes. Also, the much larger
volume of tracer injected into the region of this well pair may account for the lack of a
discrepancy (i.e. there is simply more tracer in the area of the collection boreholes).
Additionally, the neutron probe data collected in these two boreholes implies a very similar
pattern of elevated moisture content. Those zones that appear to be wetting as well as those that
remain dry agree nicely with the same regions on the tomograms. The ERT data in this region
appear to indicate an area of changing resistivity with time. It remains to be seen if this
anomalous zone of resistivity correlates with the zone of decreased velocity imaged by the radar
tomograms. Further analysis is planned to resolve this issue.
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Figure 50. Tomography (GPR-T) Results for Well Pair 15-13, April 1999
6.8.4.1.5 Conclusions

The radar data collected thus far in support of the Busted Butte UZTT suggest that the method is
an appropriate one for investigating subsurface velocity anomalies that may be related to tracer
injection and moisture migration. Such anomalies are the result of changes in the dielectric
permittivity of the rock mass. As noted above, such changes are most likely the result of some
combination of the injected tracer and its associated fluid component. The regions of low
velocity (i.e. elevated moisture content) appear to be in very close agreement with the other
complementary evidence, including the tracer breakthrough logs and the neutron logging results.
At this time, it appears very likely that the differenced radar tomograms are defining the total
extent of elevated moisture content within those zones defined by the radar well pairs. By
defining the extent of this front, the radar tomography should provide an excellent control
mechanism for any planned excavation of the Phase-2 block or any hydrologic flow modeling
done to date.

6.8.4.2 Electrical-Resistance Tomography

6.8.4.2.1 Experimental Objective

The objective of this work is to provide 3-D electrical-resistance tomography (ERT) images of
the movement of a tracer through the test block at the UZTT at Busted Butte. ERT was chosen
as an appropriate technology based on its success at many other locations, including the Drift

Scale Test at Yucca Mountain. This report describes the results obtained during four separate
data collections starting in July and ending in early September 1998.
<
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6.8.4.2.2 Description of the Electrical-Resistance Tomography Method

Electrical-resistance tomography (ERT) is a new geophysical imaging technique that can be used
to map subsurface liquids as flow occurs during natural or man-induced processes and to map
geologic structure. Man-induced processes, such as tank leaks and clean-up processes such as
steam injection, can create changes in a rock’s electrical properties that are readily measured.
ERT is a technique for reconstruction of subsurface electrical resistivity. The result of such a
reconstruction is a 2- or 3-D map of the electrical resistivity distribution underground made from
a series of voltage and current measurements from buried electrodes. The ERT approach we
follow here relies on detection and mapping of the changes in electrical resistivity associated
with the movement of a tracer through the test block at the UZTT site.

ERT surveys are performed using a number of electrodes in boreholes and/or at the rock surface
to image the resistivity distribution between two boreholes. Using an automatic data-collection
and switching system, we collect a few hundred electrical-resistance measurements. The data
are then processed to produce electrical-resistivity tomographs using state-of-the-art data-
inversion algorithms. We use these measurements to calculate tomographs that show the spatial
distribution of the subsurface resistivities.

6.8.4.2.3 Description of 2-D Algorithms

Finite-element Iterative Algorithm

This algorithm involves solving both the forward and inverse problems. The forward and
inverse algorithms used in this work are described in detail by LaBrecque et al. (1996, pp.
538-548) and summarized below. The solution to the forward problem uses the finite-element
method (FEM) to compute the potential electrical response of a 2-D earth to a 3-D source. To
avoid the difficulty of numerically solving a 3-D problem, Poisson’s equation is formulated in
the wave-number domain using the Fourier transformation in the strike (y) direction. The
governing equation is:

D VY. [ VY po
g(o§)+§(c§)—lcv— 18(x)5(2), (Eq. 25)

where V is the potential in the Fourier transform domain, &is the conductivity, A is the Fourier-
transform variable, I is the source current, and &(x) is the delta function.

Using the FEM, we can calculate the potentials for a discrete number of transform variables at
the nodes of a mesh of quadrilateral elements. We can then transform the potentials back into
the Cartesian domain. The boundary conditions are assumed to be Neumann (zero potential
gradient, no vertical current flow) at the ground-air interface and Dirichlet (potential set to zero)
along the other three boundaries.

The inverse algorithm iteratively finds the maximum value of the stabilization parameter o to
minimize the objective function for the stabilization parameter:

Y(P) = ¥*(P)+aW(P) (Eq. 26)
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where P is the vector of unknown parameters, W(P) is the roughness operator, and o is the chi-
squared statistic. Minimizing this function yields a value of f(P) equal to an a-priori value,
xza.pﬁori, which in our work, is assumed to equal the number of data points. The inverted
parameters are the natural logarithms of the conductivities of pixels, where each pixel contains
the elements of a rectangular region of a FEM mesh. The chi-squared statistic is given by:

x> =[D-F(P)] W [D-F(P)] (Eq. 27)

where D is the vector of known data values, F(P) is the forward solution, T signifies transpose,
and W is the data covariance matrix.

The roughness operator stabilizes and removes ambiguity in the resistivity inversion by
minimizing the model roughness, which is referred to as “smoothest inversion.” The roughness
operator W(P) is given by:

W(P)=P'R(P) , (Eq. 28)
where, here, R is the roughness matrix.

At the ith iteration, our algorithm begins by approximating the forward solution by a first-order
Taylor’s series of the form:

F(P)= F(P;)+A(P-P;), (Eq. 29)

where F(P) is the forward solution, A is the sensitivity matrix, and P; is the vector of estimated
parameters at the ith iteration.

Using a root-finding algorithm, we estimate ¢ for this linearized system. We then use a
modified Marquardt method iteration to find the parameters that minimize the objective function -
(Equation 26) for the estimated value of . Iteration is repeated until the changes in & and xz

from one iteration to the next are suitably small.

Single-pass Image Reconstruction

The computational demands and potential convergence failure of a formal inverse solution such
as that above has prompted the development of a number of image-reconstruction algorithms that
are purely qualitative. We use an algorithm that computes a “gray scale” associated with each
element j =1, 2, ... m according to a simple matrix-vector product:

Pi=Y" Si;I(T/T) J=12..m (Eq. 30)

where n is the number of independent measurements, T; and T'; are the ith-measured boundary
transfer resistances before and after a change in resistivity within the region, and S;; is a
sensitivity coefficient for element j and independent measurement i derived in the same manner
as the smoothness algorithm in the previous section.
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The sensitivity matrix is computed on a finite-element mesh with uniform resistivity. Because

. no inverse matrices are required, the algorithm is computationally efficient and very fast as only

one matrix vector product is required for each image.
6.8.4.2.4 Description of the 3-D Imaging Algorithm

Our 3-D inversion algorithm requires a forward solution, which can numerically solve the
potential equation:

__6 __6V __5 _5-‘/ __.6 _6‘/ =1(x,,2)> Eg. 31
a(da J‘*‘ (O’ay ]4“[0; ) (yZ) '(q )

where V is the scalar electrical potential and I(x,y,z) is the distribution of electrical current
sources and sinks. We convert the differential equation (Equation 25) into a system of linear
equations. This system of equations is then solved iteratively using the diagonally weighted
preconditioned-conjugate-gradient method. The boundary conditions are assumed to be
Neumann (zero potential gradient, no vertical current flow) at the ground-air interface and
Dirichlet (potential set to zero) along the other five boundaries.

Three-dimensional inversion is by nature strongly underdetermined, and so, inverse solutions
that consider only the fitting of the forward model to field data are nonunique. Therefore, we
implemented a regularized solution that jointly minimizes the misfit of the forward model to the
field data and stabilizes the inverted value of the parameters. To find the optimal value of the
parameter vector P, our algorithm finds the maximum value of o, the stabilization parameter,
for which minimizing:
Y(P) = ¥’(P) + o PTRP (Eq. 32)

gives

2@ =7 (Eq. 33)

In Equation 32, we have chosen to use, R, the solution roughness, as the stabilizing functional.
This parameter is approximated by:

R=x"x+yy+2'z , (Eq. 34)

where x, y, and z are the first-order difference operators in the x, y, and z directions. Also in
Equation 33, )fa-p,ioﬁ is equal to the number of data points, and ¥’ is given by:

2Z=D-F@®)WD-FP)), (Eq. 35)
where D is the vector of known data values, F(P) is the forward solution and W is a data weight

matrix. The diagonal elements of W are the reciprocals of the data variances and the
nondiagonal elements are zero. This assumes noncorrelated data errors.
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The parameters, P, are the natural logarithms of the conductivity of the FEM elements. In the
foreground (the part of the FEM mesh between the boreholes and near the boreholes), each
parameter corresponds to a single finite element. In the background (the region away from the
boreholes), we lump several finite elements together into a single parameter.

The nonlinear inversion is carried out iteratively as:
P, =P +AP,, (Eq. 36)

where Py is the vector of parameters from the previous iteration and AP, is the parameter change
vector. The AP, vector is found by solving the linear problem:

AP, = (AL WA+ oR) (WAD, -oRP,) , (Eq. 37)

where Af is the sensitivity matrix and AD, = F(P)—D. The elements of the sensitivity matrix,
aj j, are:

, 29 F(P,)

. (Eq. 38)
ij @j

I

where p; is the jth element of P; and F{Py) is the forward solution for the ith data point. Solving
Equation 37 exactly is not practical because the system is very large (50,000 by 50,000), full, and
ill-conditioned. Instead, we use the conjugate-gradient method described by Mackie and
Madden (1993, pp. 215-219) to give a stable, approximate solution to this linear system. The
details will not be repeated here, but note that the solution does not require the calculation of the
full sensitivity matrix, only the calculation of the sensitivity matrix and its transpose multiplied
by a vector.

Our routine differs from that of Mackie and Madden in three ways. First, we use a method
similar to that described by Rodi (1976, pp. 483-506) to calculate ATu and Av where u and v are
vectors. Since we calculate a forward model for every electrode, this method does not require
any additional forward solutions during the conjugate gradient iterations. Second, we use more
conjugate gradient iterations than Mackie and Madden (1993). For the magnetotelluric inverse
problem, Mackie and Madden found that the nonlinear inversion routine converged well with
three conjugate gradient iterations. We usually require between 10 and 40 conjugate gradient
iterations to achieve adequate convergence. Third, we use smoothness instead of comparison
with an a-priori model to stabilize the inverse solution.

We found that choosing the correct value of « is critical for both achieving rapid convergence of
the nonlinear inversion and for finding a good final parameter estimate. With our method, a new
value of ¢ is estimated at the end of each nonlinear iteration. The estimate uses the assumption
that the relation between ¥* and o can be approximated by the rational function:
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r= 2% (Eq. 39)
og+a

The constant a is estimated from the values of & and #* of the previous iteration. If the misfit is
2, and the desired misfit is A’ then the new estimate of &, @), is:

b
7 -1
O =——ar, (Eq. 40)

-1

Keger
The value of %, is chosen as the larger of ¥’ . and 0.5 7

Although the approach is simplistic, it usually converges to the correct value of ¥* in 10 to 20
iterations.

6.8.4.2.5 Electrical-Resistance Tomography Data-Collection and Processing Codes

Computer codes are used for both data collection and processing/presentation. Figure 51
contains a block diagram flow chart summarizing these codes and a description of how they are
used.

6.8.4.2.6 Electrical-Resistance Tomography Data-Collection System

As shown in the block diagram of Figure 52, the data-collection system is composed of three
main parts: a transmitter, a receiver, and a laptop computer to control the system and archive the
data. The action of the system can be described briefly, as follows. The computer sets the
switches in the MX-30 multiplexer according to a predefined schedule so as to connect the
transmitter to a particular electrode pair and the receiver channels in the GDP-32 receiver to
other sets of electrode pairs. The GDP-32 tells the ZT-30 to apply current to the transmitter pair
and measures the resulting potentials at the other pairs. The data are then sent back to the
computer and stored. A new transmitter pair is selected according to the schedule, and the
process begins again until all the combinations in the schedule have been used.
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Pre-Processing

Post-Processing

Zombie V3.0

Data acquisition control software, written inO

LabView V3.0, National Instruments Co.

______ L.

ﬁ combine6planesv0

Software routine (written in FORTRAN 77) used to combineO
data from 6 separate surveys and create a single data fileC

v

for 3-D inversion.

make abs 3d 7 Macro (written as C-shell scripts, UNIX operatingO

system).performs the pre-processing steps necessary(l
to produce the input files for multibh.

Software routines (written in FORTRAN 77) calledO

by this macro are:O0

a

1) recip_noise3: checks the reciprocity of theO
data and rejects any readings with reciprocalC
differences > 3%.0

o

2) rem_bad_elec_v0: removes any reading madel
using certain specified electrodes.

rmultibh J Inversion algorithm (written in FORTRAN 77) producesO

tomographs of electrical resistivity from the fieldD
measurements.

Arthreed_oﬂt_abs_s | Macro (written as C-shell scripts, UNIX operatings

\

system) takes output files from multibh and producesO
file suitable for imaging.

Software routines (written in FORTRAN 77) calledD

by this macro are.O

]

1) three_d_outvO: takes output files from multibh,0
extracts desired iteration from output file, and extractsO
parameter blocks corresponding to the region ofC
interest; this step produces an ASCIi file.

Fiff_Sd_outvO J 2) software routine (written in FORTRAN 77) calculatesO

y

differences in resistivity (on an element-by-element basis)O
between tomographs collected at different times.

| Noesys, V1.3 4| 3) commercial software routine (Fortner Software, LLC) takes ASCIID

This program can also be used for data visualization.

output from threed_out_abs_5 and reformats it to binary (HDF) format.O

Figure 51. Flow Chart of Computer Codes Used for Electrical-Resistance
Tomography Data Collection and Processing at Busted Butte
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NOTE: This block diagram illustrates the ERT data-collection system used at Busted Butte.

Figure 52. Electrical-Resistance Tomography Data-Collection System
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6.8.4.2.7 Results of Data Collections—July to Early September

ERT data were collected four times: July 2, July 14, August 19, and September 9, 1998. The
intent was to make comparisons between the baseline condition on July 2 and data collected at
later times. Comparisons between July 2 and August 19 and between July 2 and September 9 are
presented because the data from July 14 were of questionable quality. These data have been
submitted to the YMP Technical Data Management System (DTN: LL990612704244.098).

Sixty ERT electrodes were installed in the test block as shown in Figure 53. The electrodes were
placed in six drilled holes, ERT-1 though ERT-6, and two surface arrays (upper and lower).
Holes ERT-3, 4, 5, and 6 and the surface arrays were drilled perpendicular to and from the
instrumentation alcove. Holes ERT-1 and 2 were drilled from the main drift. The electrodes
were grouped into boreholes 1 through 4 as shown in Figure 54. As is evident, each borehole is
L-shaped and contains 15 electrodes. For example, borehole 1 is composed of the 8 electrodes in
hole ERT-3 along with the 7 electrodes in the upper-surface array.

041 m

89 m toward rock face and
ERT instrumentation

ERT-2 Upper-surface A

ERT-4 : ERT-6 45m

\/

Lower-surface
N/A - For illustration purposes only

NOTE: This diagram gives the layout of drilled holes, ERT electrode locations, and spacing in the UZTT test block
at Busted Butte.

Figure 53. Electrical-Resistance Tomography Layout
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NOTE: This diagram gives the layout of the ERT boreholes and electrode assignments in the UZTT test block at
Busted Butte.

Figure 54. Electrical-Resistance Tomography Electrode Assignments

The ERT data are collected between borehole pairs. Thus, the data are collected between
boreholes 1 and 2 (upper horizontal plane), 3 and 4 (lower horizontal plane), 1 and 3 (left vertical
plane), 2 and 4 (right vertical plane), 1 and 4 (diagonal), and finally 2 and 3 (diagonal) for a total
of six data sets. The total number of data values collected is 2430. These 2430 values provide
the 3-D sampling of the test block resistivity, and the 3-D inversion algorithm operates on these
data to produce a reconstruction of the 3-D resistivity distribution, a 3-D ERT image, of the
block.

One could look at absolute ERT images or comparison images. It is most useful to look at
comparison images when changes are taking place over time. The results presented here
consider difference images that compare the resistivity of the block on August 19 and September
9 to July 2. Because the water injected during Phase 2 of the UZTT experiment was
approximately eight times more conductive than the pore water, resistivity decreases in the
images are of interest.

cC5
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6.8.4.2.8 Absolute Electrical-Resistance Tomography Images of the Block

Figure 55 shows an absolute image of the baseline condition of July 2 (top) and the difference
between August 19 and July 2 (bottom). The baseline image shows a layered structure consistent
with the lithology in the rear half of the block. That is, a high-resistivity layer over most of the
middle of the block, Tptpvl, with a lower-resistivity region, Tptpv2, at the top, and a low-
resistivity region, Tac, at the bottom. The image also shows an anomalously low resistivity
region in the front half of the block, particularly near the bottom.

6.8.4.2.9 Difference Electrical-Resistance Tomography Images of the Block

The difference image of Figure 55 shows regions of resistivity decrease near injection holes 18,
20, and 21, as one would expect from the injection of conductive water. It is apparent that a
pronounced resistivity decrease exists in the slice 2.66 m from the front of the block, which
could be associated with water moving downward in the block. The region of the block between
1.33 and 4.0 m, which contains this slice, also appears to be a low-resistivity region in the
absolute image.

The September 9 to July 2 difference (Figure 56) also shows regions of resistivity decrease near
injection holes 18, 20, and 21. The effect is even stronger in the 5.33-m slice. Moreover, the
effect of water moving down into the block seems to be more pronounced in the
4.0-m slice compared to August 19.

6.8.4.2.10 Conclusions

The ERT baseline images show a resistivity structure that is consistent with the known lithology
in the rear part of the block. There appears to be a low-resistivity region in the front half of the
block, particularly near the bottom. This is not well understood and should be confirmed, if
possible, by other means. ’

The difference images from August 19 and September 9 show clear and consistent resistivity
decreases in the region near holes 18, 20, and 21 that can be associated with the injection of
conductive water. This effect appears to be stronger on September 9 in the 5.33-m slice. The
images show very little effect in the region around the other injection holes, 23 and 24 through
27, where far less water was injected.

In addition, the difference images from August 19 and September 9 show resistivity decreases
that could be interpreted as water moving down into the block between the 1.33-m and 4.0-m

slices. This is the same region that has an anomalously low resistivity in the baseline image.

These results should be considered preliminary and subject to change based on new information,
such as borehole radar data and, perhaps, neutron data.
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bottom series is the August 19-July 2 difference images.

Figure 55. Electrical-Resistance Tomography Images of Test Block Viewed from Test Alcove: Baseline and August Differences
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NOTE: The diagram shows vertical slices through the block at 0, 1.33, 2.66, 4.0, 5.33, 6.66, and 8.0 m that represent September 9-July 2 difference images.

Figure 56. Electrical-Resistance Tomography Images of Test Block Viewed from Test Alcove: September Differences
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6.8.5 Geochemistry and Tracer Migration - Laboratory and Field Tests

This section discusses all aspects of chemical and geochemical measurements that have been
conducted in association with the Busted Butte project. These include laboratory measurements
of sorption of both radionuclides and tracers onto Busted Butte rock samples, measurements of
in-situ pore-water chemistry used in formulating the field tracer mixture, and measurements of
field-scale tracer transport. : :

6.8.5.1 Laboratory Sorption Studies

As discussed in Section 6.8.2.4, analog conservative and reactive tracers are used as surrogates
for radionuclides. To validate the use of these tracers and the site-scale use of the minimum-Kjy
approach for sorption and the processes of matrix diffusion and colloid migration, a series of
laboratory batch-sorption studies have been conducted. Preliminary tracer sorption studies used
in tracer selection are complete, detailed radionuclide sorption studies are complete, and detailed
tracer sorption studies are in progress. Each type of study will be discussed in turn.

6.8.5.1.1 Preliminary Studies

A large number of possible tracers were proposed in the Busted Butte work plan. Final
determination of tracer selection and concentration was dependent on both rock and pore-water
characteristics. Rock and pore-water samples became available in early 1998, and a set of fast-
turnaround batch studies and geochemical modeling efforts were initiated.

Preliminary batch-sorption studies were conducted using proposed reactive tracers and two rock
samples from the Main Adit at Busted Butte. Tracers tested included lithium, manganese, cobalt,
nickel, molybdate, and perrhenate (this list differs from the final list of tracers used in the field
and described in section 6.8.2.4.1 and 6.8.2.4.2); rocks were samples of the Calico Hills (Tac)
and Topopah Spring (Tptpv2) from Phase-1 boreholes 4 and 7. The results of the preliminary
sorption studies for lithium, manganese, cobalt, and nickel are presented in Table 26. The results
indicate that the Tac sample sorbed the metals more strongly than the Tptpv2 sample and that, on
both samples, the metals showed a consistent sequence of sorption: Li << Mn << Ni < Co.
Based on these results, all four of these metals show significant sorption and may be useful
reactive tracers in the field. Neither of the proposed pertechnetate analogues (molybdate and
perrhenate) displayed any significant sorption and were, therefore, eliminated from further
consideration in our testing.

Table 26. Preliminary Measured Sorption Coefficients

Rock - Measured Kqy (mL. g™
sample Li Mn Co Ni
Tac (Phase 1, borehole 4) <1 18 38 34
Tptpv2 (Phase 1, borehole 7) <1 ; 6 14 13

DTN: LAS909WS831372.011
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6.8.5.1.2 Detailed Studies

6.8.5.1.2.1 Sample Description

Three core samples were selected for detailed sorption and mineralogic characterization. These
samples are described in Table 27. These rock samples were uniformly ground, sieved, and
homogenized, and subsamples were used for radionuclide sorption, tracer sorption, and

quantitative x-ray diffraction studies (QXRD).

Table 27. Sorption Mineralogy Samples

Sample Source Sample Name Short Name Geologic Unit
Phase 1A, borehole 3 UZTT-BB-PH1-3 PH1-3 Tptpv1
Phase 1A, borehole 4 UZTT-BB-PH1-4 PH1-4 Tac
Phase 1B, borehole 7 UZTT-BB-PH1-7 PH1-7 Tptpv2

NOTE: Borehole locations and lithology are from Figures 37 and 38.

6.8.5.1.2.2 Radionuclide Sorption

The sorption of Np, Pu, and Am to the three Busted Butte rock samples was measured at five
different concentration levels; each measurement was conducted in duplicate. The radionuclide

sorption studies were completed in fiscal year 1999, and the results are summarized in Table 28.

Table 28. Summary of Radionuclide Sorption Results

Approximate Average Ky (mL g™")

Sample Np Am Pu
PH1-3 0.3 : 380 19
PH1-4 1.4 470 2500
PH1-7 11 460 1100

DTN: LAOOO4WS831372.002
6.8.5.1.2.3 Tracer Sorption
Laboratory batch measurements of the sorption of the field tracers onto the same three rock
samples were begun in fiscal year 1999. The laboratory procedures and the chemical analysis of
the sorption supernatant are underway.

6.8.5.1.2.4 Quantitative X-ray Diffraction

QXRD analysis have been obtained for subsamples of the same three rock samples (DTN:
LA9910WS831372.009).
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6.8.5.2  In-Situ Pore-Water Chemistry

Field-scale transport behavior is primarily a function of the ambient flow field and the
interactions between the geologic host and the material being transported. Secondary influences
include details of the pore-water chemistry, including pH, Eh, ionic strength, and chemical
composition. Changes in any of these variables may affect solute sorption behavior and colloid
stability and may lead to dissolution or precipitation of minerals resulting in permeability
changes. These considerations lead to a fundamental conflict in field-tracer studies. Alteration of
the in-situ water chemistry should be limited to minimize the artificial perturbations introduced
by chemistry variations. Introduction of any artificial tracer will inherently alter water
chemistry. (One exception might be the use of miniscule amounts of isotopic tracers—not a
practical alternative at this phase of the Busted Butte studies.)

The plan at Busted Butte was to introduce artificial tracers in a matrix designed to mimic natural
pore-water chemistry as closely as practical, acknowledging that some alterations were
inevitable. Accordingly, pore-water samples from rock cores collected in the Adit were
analyzed, a recipe for “synthetic” Busted Butte water that closely resembled the in-situ chemistry
was developed, and this synthetic water was used as our injection matrix. Results of the
chemical analyses are presented here, and details of the synthetic water recipe are presented in
Section 6.8.2.4.3.

A set of rock samples were collected in the Test Alcove on January 30, 1998. These samples
were collected from the Tac horizon by hand augering and immediately sealed. A series of
samples were collected in sequence, starting with sample 3A at the Adit wall, extending to
Sample 3U, 1.93 m away from the tunnel into the wall.

Pore water was extracted from a subset of these samples by ultracentrifugation. Gravimetric
moisture contents of the rock samples were determined by weight difference upon drying, and
the chemical composition of the extracted pore water was determined using standard ion
chromatography (IC) and inductively coupled-plasma/atomic-emission spectrometry (ICP/AES).
Full results are presented in Table 29. Note that the IC analyses involve a bicarbonate buffer
and, thus, no direct measurement of bicarbonate is possible. The bicarbonate concentrations
listed in Table 29 are estimated by charge balance.

The results in Table 29 show that the pore water is a mixed-ion water (Ca-Na-HCO3-S04) with
an average total dissolved solids (TDS) of approximately 200 mg L. Compared to more typical
groundwater compositions, the pore water shows high nitrate (probably due to soil biological
activity) and high silica (due to relatively rapid equilibration with amorphous silica in the tuff).
Sample 3B, from near the Adit wall, differs somewhat from the other samples, perhaps due to the
influence of construction water and atmospheric CO; levels. The compositions of the other three
pore-water samples were averaged (as shown in the table), and these average values were used to
develop the synthetic pore-water recipe presented in Section 6.8.2.4.3.

Also listed in Table 29 are pH values measured on extracted pore water. Despite obvious

opportunities for pH alteration due to CO; exchange during sample collection, extraction, and
analysis, these pH values were the best available at the time of Phase-1 planning. Thus, Phase-1
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tracer mixtures were pH-adjusted to a value of 8.4 £ 0.1. During Phase-2 installation, attempts
were made to measure pH in situ by inserting pH paper into boreholes for a few days. Results
were mixed but seemed to indicate lower in-situ pH values than those measured in the laboratory
(consistent with degassing of excess soil CO; before lab analysis). Accordingly, Phase-2 tracer

mixtures were pH adjusted to a value of 7.0 = 0.1.

Table 29. Chemical Composition of Busted Butte
Pore Water with J-13 Groundwater for Comparison

Concentrations (mg L™")
Constituent Sa;anle Sa:TNpIe Sa;rgale Sag:}ple l;\;‘e:agj . ‘:;1:;.
Br 0.06 0.07 0.06 0.06 0.06 —
Ca 17.73 2435 21.16 19.81 21.77 12.5
Ce <05 <0.5 <05 <05 <06 —
Cl 16.13 19.06 17.71 16.74 17.84 6.5
Co <1.0 <10 <1.0 <1.0 <1.1 —
F 2.36 1.82 1.85 1.41 1.69 0.53
Fe <0.1 <01 <01 <0.1 <0.2 <0.05
HCOs (est.) 33.0 52.7 45.6 40.6 46.3 137.2
K 4.14 3.35 3.37 3.44 3.39 45
Li 0.11 0.11 0.10 <01 0.10 <01
Mg 3.20 413 3.64 3.19 3.66 21
Mn <0.5 <05 <05 <05 <06 <0.01
Mo <1.0 <1.0 <1.0 <1.0 <11 —
Na 17.67 21.36 19.63 17.89 19.63 446
Ni <10 <1.0 <1.0 1.34 1.34 —_
NO3 22.76 26.48 22.62 20.99 23.36 1.3
PO4 <01 <041 <01 <0.1 <0.2 —
Re <10 <10 <1.0 <1.0 <11 —
Si 29.69 31.85 34.10 31.00 32.32 29.6
‘Sm <05 <05 <0.5 <05 <06 -
S04 31.29 33.63 31.36 30.08 31.69 18.6
Sr 0.37 0.49 0.42 0.38 0.43 —_
TDS 178.5 219.4 201.6 186.9 203.6 257.4
pH 8.20 8.48 8.45 8.28 8.40 7.3-84
Gravimetric ’ -
moisture content: 0.123 0.134 0.158 0.109 0.133 nfa
DTN: LAS909WS831372.015, LA990SWS831372.016, LAGS09WS831372.017, LA990SWS831372.018
ANL-NBS-HS-000019, Rev 00 182 June 2000



6.8.5.3 Field-Scale Tracer Transport
6.8.5.3.1 Phase 1A
6.8.5.3.1.1 Description

Phase 1A consisted of four 2-m injection boreholes (boreholes 1-4). The Phase-1A tracer
mixture was described in Section 6.8.2.4.1. The tracer mixture was injected at 10 mL hr! in
boreholes 1 and 3, and at 1 mL hr™" in boreholes 2 and 4. Phase-1A injection ran continuously
from April 2, 1998, until January 12, 1999. Mineback of the Phase-1A test block began on
January 15, 1999, and ended on March 3, 1999. During mineback, as successive layers of the
Adit wall were removed, digital photographs under visible and UV illumination were taken, rock
samples were collected by augering, and the exposed face was accurately surveyed.

6.8.5.3.1.2 Results

The visualization of the tracer plume using UV illumination of the fluorescein tracer was very
successful, and the digital imagery resulting from this effort serves as the primary result of Phase
1A. Detailed comparison of the digital plume imagery and numerical modeling results is
underway and will be completed this year.

A small number of augered rock samples have been analyzed for bromide and moisture content
(DTN: LA9910WS831372.008). Values from these analyses will be used for re-calibrating the
Phase 1A model (Section 6.8.6 discusses the blind modeling results).

6.8.5.3.2 Phase 1B
6.8.5.3.2.1 Description

Phase 1B consisted of two 2-m injection boreholes (5 and 7) and two 2-m collection boreholes (6
and 8). The Phase-1B tracer mixture was described in Section 6.8.2.4.1. The tracer mixture was
injected at 10 mL hr! in borehole 5 and at 1 mL hr™! in borehole 7. Phase-1B injection began on
May 12, 1998. Borehole 7 injection was terminated on November 9, 1998, and borehole 5
injection was terminated on November 18, 1998. Throughout the experiment, rock pore-water
samples were collected at regular intervals using collection pads installed in boreholes 6 and 8.
A total of 558 pad samples were collected and shipped to the laboratory for analysis.

At the conclusion of the experiment, overcoring of the Phase-1B boreholes was conducted as
follows: moisture pad collection was conducted on collection hole 8 directly below injection hole
7 until injection shut down of hole 7 on November 9, 1998. Tracer injection and moisture pad
collection was continued in holes 5 and 6 while two 10-inch-diameter overcores were drilled
approximately tangential to one another with their centerlines in a vertical plane and contained in
the area between the top of injection borehole 7 and the bottom of collection borehole 8. When
injection hole 5 was shut down, three 10-inch-diameter overcores were drilled approximately
tangential to one another with their centerlines in a vertical plane and contained in the area
between the top of injection borehole 5 and 10 inches below the bottom of collection borehole 6.
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As soon as each of the injection holes was turned off, the injection and collection holes were
surveyed as well as video and neutron logged.

6.8.5.3.2.2 Results

There were 176 selected pads extracted for tracers, and the extracts were analyzed by IC,
ICP/MS, HPLC, spectrofluorimetry, and epifluorescent microscopy. The extraction/analysis
procedure is shown schematically in Figure 57. Also, 883 individual analyses were conducted,
and full results were submitted (DTNs: LA9909WS831372.001 and LA9909WS831372.002).
Breakthrough of all 5 solute tracers was detected in borehole 6, directly below the 10 mL hr™'
injection site in borehole 5. No breakthrough was detected in borehole 8 below the 1 mL hr’
injection site in borehole 7. No clear evidence of microsphere breakthrough was detected in
cither borehole, but this may be due to analytical difficulties, discussed below in Section
6.8.5.3.5. The borehole-6 breakthrough results are summarized in Figure 58 (a through e), which
shows tracer concentration in pad moisture (C) normalized by the theoretical input tracer
concentration (Cp) listed in Table 30.

Table 30. Tracer C, Values for Phase 1B Injection

Tracer Co (mg/kg)
Lithium 40
Bromide . 460
2,6-DFBA (Borehole #5 only) 100
Pyridone 100
Sodium fluorescein 500

Note: Initial chemical concentration calculated from information presented in Section 6.8.2.4.1.

All five tracers shown in Figure 58 give clear evidence of breakthrough by the end of the
experiment. All of the figures show peak concentrations at a (horizontal) depth of approximately
130 cm, directly below the injection port in borehole 5; but maximum recovery varies greatly.
Bromide and 2,6-DFBA, both anionic supposedly nonreactive tracers, show similar and
reasonable breakthrough patterns, with initial breakthrough detected in mid-late June 1998, after
approximately 1 month of injection. Both bromide and 2,6-DFBA reached 50% injection
concentrations in mid-July, after 2 months of injection. The fluorescein breakthrough pattern is
more erratic. In particular, the peak concentration measured is over twice the injected
concentration, which is clearly not reasonable. These anomalies probably reflect analytical
difficulties associated with the extremely high concentration of fluorescein injected. The high
concentration succeeded in improving field visualization of the plumes during mineback and
overcore, even though it hurt the laboratory quantification. This analytical problem will be less
severe for Phase 2, in which injected fluorescein concentrations are just 1/50 of that used in
Phase 1. The later breakthrough and lower detected concentrations of pyridone may also reflect
analytical difficulties; if real, they may indicate either sorption or degradation of this supposedly
conservative tracer. Ongoing laboratory sorption and degradation studies will provide more
information. Finally, although detected lithium concentrations are quite low, their contrast with
background levels and their consistent location both in time and space indicate that true lithium
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breakthrough was observed in the field. The low and late breakthrough indicate that lithium was
sorbed quite significantly. Ongoing numerical analyses will provide quantitative field
retardation estimates, which can be compared with lab sorption estimates.
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Figure 57. Phase-1B Pad Extraction/Analysis Scheme
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Figure 58e. Lithium Concentrations in Borehole 6 for Phase 1B

6.8.5.3.3 Phase?2

6.8.5.3.3.1 Description

Phase 2 involves eight injection boreholes and 12 collection boreholes drilled into the Phase-2
test block from the Test Alcove. The injection boreholes are subdivided into three subphases.
Phase 2A consists of a single horizontal borehole (23) in the Tptpv2 horizon. The borehole has
10 injection points, each injecting tracer at 1 mL hr''. Phase-2A injection began on July 23,
1998, and is ongoing. Phase 2B consists of four parallel horizontal injection boreholes (24, 25,
26, and 27) in the Tac horizon. Each borehole is fitted with 10 injection points flowing at 10
mL hr'. Phase-2B injection began on July 30, 1998, and is ongoing. Phase 2C consists of three
parallel horizontal injection boreholes (18, 20, and 21) coplanar with the Phase-2A borehole in
the Tptpv2 horizon. Each borehole is equipped with 9 injection points flowing at 50 mL hr ™.
Phase-2C injection was initiated on August 5, 1998, and is ongoing. Details on the tracer
mixtures for each borehole are presented in Section 6.8.2.4.2.

The 12 collection boreholes were drilled into the Phase-2 test block from the Main Adit and are,
thus, perpendicular to the injection boreholes. Ten of the collection boreholes are horizontal,
whereas the two deepest boreholes (11 and 47) are dipping downward beneath the block. The
collection boreholes are arranged to allow interception of the tracer plumes after varying travel
distances. Figure 59 is a schematic layout of the collection boreholes.

C 19
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Figure 59. Schematic Layout of Phase-2 Collection Boreholes (not to scale)

6.8.5.3.3.2 Status

Between the initiation of Phase-2 activities and September 21, 1999, a total of 9,188 sampling
pads have been collected. Of these, over 2,200 have been extracted for the Phase-2 extraction/
analysis scheme, shown in Figure 60. Over 10,000 individual analyses have been conducted by
the various instrument laboratories shown in Figure 59, and more are being received on a day-to-
day basis. The results will help guide decisions on the future course of the field test and will be
reported in future revisions of YMP documents.
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Figure 60. Phase-2 Pad Extraction/Analysis Scheme
6.8.5.4 Special Topic—Microsphere Measurements

Fluorescent polystyrene microspheres were injected in both Phase-1 and Phase-2 tracer solutions.
Two sizes of microspheres have been used at Busted Butte: 0.3-um-diameter nile red spheres,
and 1.0-um-diameter blue spheres (these are nominal diameters; actual measurements are
detailed in DTN: LA9909WS831372.014). Stock microsphere suspensions were prepared by
taking aliquots of commercially produced microsphere latex (colloidal suspension) and diluting
them with deionized water to give approximately 10° to 10" nile red particles per mL and 10% to
10° blue particles per mL (the higher concentration of particles was used for Phase 1; the lower
concentration for Phase 2).
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Stock microsphere suspensions are then added in sufficient amounts to tracer solutions to further
reduce the number of microspheres to ~10%-nile-red particles mL"! for Phase 2 and 10’-nile-red
particles per mL for Phase 1. Concentrations of blue particles for Phase 1 and Phase 2 were ~10°
and ~10° particles per mL, respectively.

Initial microscopic examination of a few collection pads from both Phase 1 and Phase 2
produced no evidence for microsphere transport; however, subsequent verification studies cast
serious doubt on the ability of our simple extraction method to extract microspheres from the
pads efficiently and reproducibly. Progress on resolution of this issue will be reported in future
YMP documents.

6.8.5.5 Special Topic—Tracer Degradation

One concern that has been raised is the possible biodegradation of some of the tracers on the
collection pads during transportation and storage. This concern only applies to the organic
tracers (dyes and FBAs); the metals, inorganic anions (bromide and iodide), and polystyrene
microspheres are not subject to degradation. Among the organic tracers, FBAs are unlikely to
degrade rapidly due to their strong fluorine-carbon bonds; the dyes’ primary purpose is field-
screening, so degradation, if it occurs, is not particularly damaging to the overall goals of the
test. Nevertheless, to address this concern, a long-term tracer biodegradation study was initiated
in 1999 and will be concluded in 2000, at which time data and discussion of the potential impacts
of tracer degradation will be reported.

6.8.5.6 Forward Efforts

Current plans (as of February 2000) call for continued operation of the Phase-2 field study
through at least September 2000. Collection pads from the collection boreholes shown in Figure
59 will continue on a regular basis and the pads will be analyzed for both nonreactive and
reactive tracers. Three new collection boreholes will be drilled in the February/March 2000
timeframe; selected rock samples collected during drilling will be analyzed for tracers, collection
pad membranes will be installed in the holes, and these new collection boreholes will be added to
the ongoing pad collection schedule.
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6.8.6 Phase-1A Predictions
6.8.6.1 Deterministic Model

This section reports predictions of the behavior of Phase 1A of the UZTT. The numerical
experiments presented here were set up to determine the ability of numerical models to predict
actual field response of flow and transport in porous media. These predictions were done
previous to any actual experiment data being available. The simulations are intended to provide
insight into the quality and extent of the information needed to accurately represent a physical
system and to identify physical processes that are not currently adequately represented in
numerical models.

Here, parameters from the available Yucca Mountain hydrologic database, as well as initial
laboratory values on samples taken from the Busted Butte site are used. At the time of this
document, additional data from Phase 1A were just becoming available but not early enough to
be incorporated into the modeling work for Rev 00 of this AMR.

The computer code FEHM V2.00 (STN: 10031-2.00-00) is used in the development of the
predictions presented here. FEHM is a multidimensional, multiphase, unsaturated and saturated,
transient, finite-element code and is used by YMP for radionuclide migration predictions.

6.8.6.1.1 Model Configuration and Parameter Set

In these simulations of Phase 1A, the focus is on the injection of a conservative tracer into the
vitric Calico Hills Formation via a single injection point in a borehole. The simulations of the
Phase-1A field experiment were run in a model system that approximates the field configuration
as closely as possible. The model system was a single borehole with a diameter of 0.10 m
embedded in a matrix of tuff in the Tac unit. The domain size for the simulations is 6 m by 6 m
by 1.5 m. The borehole extends the full 1.5-m length of the z direction, and gravity acts in the —x
direction. The system configuration is shown in Figure 61. Both 2-D and 3-D simulations of the -
system were run. The 2-D system was a vertical plane, an x-y slice through the injection point at
0.75 m. '

The model accurately captured the configuration of the injection pad, as well. The tracer
solution is injected through a polypropylene pad located 0.75 m down the length of the borehole.
The injection pad resided inside the borehole, centered at x = 0.0, y = 0.05, z = 0.75 (Figure 61).
The pad was 0.05-m by 0.05-m polypropylene material, with material parameters shown at the
bottom of Table 30. Injection occurred at a single point in the center of the pad, consistent with
the actual physical injection system. For Phase 1A, the pad and injection point are located on the
side of the borehole, 90° off vertical, as shown in Figure 61.

Simulations were done before having detailed geologic and hydrologic property distributions in
three dimensions for the UZTT. The simulation domain used a homogeneous, isotropic,
- unfractured description of the porous media. However, 3-D effects are likely to become
important in representing the test. Therefore, the model is fully three dimensional from the
outset to make it possible to capture any of these effects.
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DTN: LAB90SWSB31372.019

NOTE: LAGRIT-generated computational grid for single-borehole simulations. The grid has 82,000 nodes. The
domain is 6 m x 6 m x 1.5 m and includes the porous rock matrix (blue) and the injection pad (red).

Figure 61. Computational Grid for UZTT Single-Borehole Simulations
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An 82,000-node, 3-D, unstructured grid represents the single borehole configuration. This grid
was generated using the LAGRIT V1.0 (STN: 10212-1.0-00) computer code. It contains the full
representation of the injection borehole, the 25-cm? injection pad, and 54 m?® of the surrounding
rock mass (Figure 61).

The boundary conditions for the simulation were no flow for the lateral sides (y =+ 3 m) and the
front face of the borehole (z= 0 m). The exposed face of the rock in the field (z = 0 m) has been
sealed to minimize evaporative losses resulting from the experimental tunnel. The top and
bottom faces (x = + 3 m) of the model, as well as the back side (z = 1.5 m), were held at a fixed
capillary pressure. Capillary pressures were chosen to match measured in-situ saturation and
capillary-pressure conditions. The use of capillary-pressure boundary conditions provide the
most accurate means of capturing the real saturation distribution of the system. Although for a
homogeneous rock matrix, capillary pressure can readily be converted to a constant saturation
boundary, in a heterogeneous system, the saturation may vary drastically around the boundary,
though the capillary pressure is relatively constant. In the vadose zone, the capillary pressure
provides a much better representation of the steady-state condition of the system, and measured
in-situ saturations can be much better captured by a model.

In the simulations, the influence of a number of model parameters were assessed that can, at best,
be only approximately known. These parameters include rock permeability, relative
permeability, porosity, and in-situ conditions (saturation). For these simulations, the constitutive
relationships (relative permeability versus saturation and capillary pressure versus saturation) are
characterized using the van Genuchten curve fit (van Genuchten 1980, pp. 892-898). The van
Genuchten method fits the data points of permeability versus saturation measured in the
Jaboratory to a two-parameter function. The two parameters are typically denoted as & and n.
The o parameter represents the air entry pressure and is given here in units of m™'. The n
parameter controls the slope of the capillary-pressure saturation curve, and is nondimensional.

Tables 31 and 32, respectively, list the different parameter combinations that were run in 2-D
and 3-D representations of Phase 1A. The “base case” represents our current best knowledge of
the properties and conditions of the system. Using available data from Flint (1998, Figure 3, p.
22-23; Figure 9, p. 30; Figure 10, p. 31; Table 7, p. 44; and Table 8, p. 45) and DTN:
LB970601233129.001, a range for each parameter was simulated. Calculations were initiated in
January 1998. Since these calculations are only scoping calculations and since a range of values
was being used, the exactness of the data is not critical to the results presented here. Note that
this situation also applies to data used for Phase-1A Monte Carlo simulations, Section 6.8.6.3,
and Phase-2 modeling, Section 6.8.7.

The response of the system to various rates of injection of the tracer fluid was also assessed.

Injection rates simulated were 1, 10, and 50 mL hr™!. These injection rates were chosen to span
the range of rates being applied in the various UZTT phases.
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Table 31. Hydrologic Parameters Used for the 2-D Simulations

Parameter List for 2-D Simulations

Simulation Permeabnhty o Saturation, S | Inj. rate
variable Porosity (m?) (m™) n (in situ) (mL hr™")

1. Base Case 0.30 1.3x 1072 082 1.31 0.30 10
2. Matrix perm.=0.1x base 0.30 1.3x 107 0.82 1.31 0.30 10
case perm.

3.Matrix perm.=10x base 0.30 1.3x1072 0.82 1.31 0.30 10
case perm.

4. Porosity =0.20 0.20 1.3x 1072 0.82 1.31 0.30 10
5. Porosity =0.40 0.40 1.3x 107" 0.82 1.31 0.30 10
6. o low, n low 0.30 1.3x 1072 0.60 1.20 0.30 10
7. o high, n low 0.30 1.3x 1072 1.20 1.20 0.30 10
8. o low, n high 0.30 1.3x107™ 0.60 1.80 0.30 10
9. o high, n high 0.30 1.3x10™2 1.20 1.80 0.30 10
10. In situ S=0.2 0.30 1.3x 1072 0.82 1.31 0.20 10
11. In situ S=0.4 0.30 1.3x 1072 0.82 1.31 0.40 10
12. In situ S=0.5 0.30 1.3x 1072 0.82 1.31 0.50 10
13.In situ S=0.6 0.30 1.3x 1072 0.82 1.31 0.60 10
14. In situ S=0.7 0.30 1.3x 1072 0.82 1.31 0.70 10
15. In situ S=0.8 0.30 1.3x107? 0.82 1.31 0.80 10
16. In situ S=0.9 0.30 1.3x1072 0.82 1.31 0.90 10
17. In situ S=0.2, Inj= 1 0.30 1.3x 107" 0.82 1.31. 0.20 1
18. In situ S=0.3, Inj= 1 0.30 1.3x 1072 0.82 1.31 0.30 1
19. In sifu S=0.4, Inj = 1 0.30 1.3x 107" 0.82 1.31 0.40 1
20. In situ S=0.5, Inj =1 0.30 1.3x 1072 0.82 1.31 0.50 1
21. In situ S=0.6, Inj=1 0.30 1.3x 1072 0.82 1.31 0.60 1
22. In situ $=0.7, Inj = 1 0.30 1.3x107 0.82 1.31 0.70 1
23. In situ S=0.8, Inj = 1 0.30 1.3x107" 0.82 1.31 0.80 1
24. In situ S=0.9, Inj=1 0.30 1.3x 1072 0.82 1.31 0.90 1
25.In situ S=0.3, Inj= 0.30 1.3x 1072 0.82 1.31 0.30 50
26. In situ S=0.9, Inj = 0.30 1.3x 1072 0.82 1.31 0.90 50
Polypropylene pad 0.85 22x107™" 17.0 1.12 N/A N/A

DTN: LA9909WS831372.019

NOTE:
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Table 32. Hydrologic Parameters Used for the 3-D Simuiations

Parameter List for 3-D Simulations

Simulation Permeability . o Saturation, S | Inj. rate
variable Porosity (md) (m™) n (in situ) (mL hr™)

1. Base Case 0.35 1.3x107™ 082 | 1.31 0.35 10
2. Matrix perm.=0.1x base 0.35 1.3x107 0.82 131 | 035 10
case perm

3. Porosity = 0.20 0.20 1.3x 1072 082 | 1.31 0.35 10
4. o high, n low 0.35 1.3x107™ 120 | 1.20 0.35 10
5. o high, n high 0.35 1.3x107? 120 | 1.80 0.35 10
6. In situ $=0.2 0.35 1.3x107? 082 | 1.31 0.20 10
7.In situ $=0.6 0.35 13x107™" 0.82 | 1.31 0.60 10
8. In situ $=0.9 0.35 1.3x107"2 0.82 | 1.31 0.90 10
8. insitu $=02,Inj=1 0.35 1.3x107? 0.82 | 1.31 0.20 1
10. In situ S = 0.35, Inj =1 0.35 1.3x107% 082 | 1.31 0.35 1
11. In situ S=0.6, Inj =1 0.35 1.3x107"? 082 | 1.31 0.60 1
12. In situ $=0.9, Inj =1 0.35 1.3x107™ 0.82 | 1.31 0.90 1
13. In situ S= 0.2, Inj = 50 0.35 1.3x 1072 082 | 1.31 0.20 50
14. In situ S = 0.35, Inj = 50 0.35 1.3x1077 082 | 1.31 0.35 50

DTN: LA9809WS831372.019

NOTE: The simulation-variable column shows the parameter being varied (tested) in the simulation. Permeability is
the intrinsic value (value under saturated conditions). The variables a and n are the van Genuchten function
parameters taken from laboratory measurements; Inj. stands for injection rate in mL hr.

6.8.6.1.2 Modeling Results

All simulated concentrations presented in Section 6.8.6 are normalized (C/Co) concentrations
and, as such, are dimensionless.

6.8.6.1.2.1 Overview of Simulations

The large 3-D system size required relatively long simulation times. In an effort to minimize
computer time and use the time most effectively, 2-D simulations were run first. These
simulations were used as scoping calculations to identify important simulations to run in three
dimensions. As shown in the numerical results, the 2-D simulations showed shorter travel
distances for the tracer than did the same simulation in 3-D. The differences in tracer movement
between 2-D and 3-D simulations at the same effective injection rate are primarily due to the -
effective volume of injection. The 2-D system is implicitly 1 m in depth, resulting in a lower
effective point-injection rate. Therefore, all quantitative predictions are made using values from
the 3-D simulations; however, the 2-D simulations can be used to identify the relative response
of one set of conditions versus another. The results indicate that trends in the 2-D simulations
mirror those in the 3-D simulations.
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A series of 2-D simulations (Table 31) were run to identify the relative importance of different
parameters and injection scenarios. Figure 62, a graph of concentration versus distance from the
borehole center, indicates that this system is relatively insensitive to many of the parameters but
is quite sensitive to some. Three-dimensional simulations were then chosen from the parameter
sets to which the system was most sensitive; the parameter combinations are listed in Table 32.

The most influential parameter, based on Figure 62, is the value of the van Genuchten power 7.
Figure 62 shows the two simulations with a high » value dramatically increase concentration at a
given distance over the other simulations. The values of both van Genuchten parameters, & and
n, for the base case were taken from laboratory measurements made on cores from the Busted
Butte site. Available data for the Tac unit were also collected from other sources
(GS000408312231.003, GS951108312231.009, GS960808312231.003, GS960808312231.005,
GS950408312231.004, GS990408312231.001, GS940508312231.006, GS960808312231.001,
GS950608312231.008, 1LB970601233129.001) to try to capture the uncertainty in these
parameters. From these data, high and low reported values of o and n were selected, testing the
range of responses for the combinations of those values. The value of n strongly controls the
relative influence of capillary forces and gravity forces. Increasing n decreases the capillary
forces, resulting in more gravity-driven flow.

Another parameter that clearly influenced the tracer transport was the porosity. Although flow is
only slightly affected by even relatively large changes in porosity, transport is more strongly
affected. Porosity affects transport because the bulk velocity of the fluid is divided by the
porosity to get the pore velocity. Two-dimensional and 3-D simulations were run with porosity
increased and decreased by 10% to 15%. The higher porosity did not substantially change the
transport, but the lower porosity made an observable difference.

A third factor affecting tracer transport was the injection rate. Prior to starting Phase 1A,
simulations were run using different injection rates to help select a rate for Phase 1A that would
allow the tracer to move sufficiently far to produce readily measurable distributions but not so
far that the tracer could not be fully recovered. Testing multiple injection rates was also
intended to help select injection rates for Phase 2. An injection rate of 10 mL hr! was chosen
for Phase 1A. Therefore, the discussion below focuses on simulation results using 10 mL hrl.
Results with other injection rates are presented later, for completeness. These other injection
scenarios are also useful for making predictions for Phase 2.

Simulation results are presented as both spatial and time-history concentration profiles. For
Phase 1A, however, the concentration distribution between 180 days and 365 days after
injection is of most interest. Temporal snapshots are presented for 180 days, as this is the time
corresponding to the original mineback and auger schedule for Phase 1A. The mineback was
actually delayed until 284 days.
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NOTE: Normalized concentration as a function of vertical distance from the injection point for different 2-D
sensitivity runs. Parameter values for each case shown in the legend are listed in Table 31.

Figure 62. 2-D Sensitivity Runs
6.8.6.1.2.2 Discussion of Simulations: Base Case

Tables 33 and 34 present the results from the 3-D base-case simulation, against which all other
runs were compared. Using the experimental injection rate of 10 mL hr ', after 180 days, the
model predicts tracer transport distances as shown in the Table 32. (In all the simulations
discussed in this section, the tracer was injected at a concentration of *1,” and cited
concentration values are relative to this initial value.)

Measurements from core samples suggested in-situ saturations in the range of 20 to 40%. In the
simulations, an initial capillary pressure of 5.6 MPa corresponds to a saturation of 20%, 0.55
MPa corresponds to 35%, and 0.07 MPa corresponds to 60%. Comparing locally measured
values and values reported for the Tac unit, the in-situ saturation of approximately 35% most
closely represented “reality.”

Table 33. Predicted Transport Distances for a Given Concentration

Normalized concentration (C/Cy) Distance traveled
0.01 0.85m
0.1 0.67m
0.25 0.56 m
0.50 | 045m

DTN: LA9509WS831372.019
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The predicted distribution of the tracer is generally uniform in all directions, that is, a spherical
distribution (see Figure 62). Changes in saturation from the background (in-situ) level are
- generally small. Table 34 shows the saturation at different distances from the injection point at
180 days for the base-case simulation. Note that the initial background saturation for this
simulation is 35%, based on measured moisture contents of 14.0 + 2.5% and a porosity of
approximately 0.5.

Table 34. Simulation Results at 180 Days

Distance from injection point (m) Saturation at 180 days
0.125 0.402
0.25 0.381
0.50 0.366
1.00 0.357

DTN: LAS909WS831372.019

The saturation of the system changed only slightly over the 180-day period for the base case.
After 180 days, at a distance of 0.125 m below the injection point, the saturation had increased
by only 5%, whereas at a distance of 1 m it had increased by only a fraction of a percent (0.7%).
The tracer distributes relatively evenly in all directions, centered at the injection point. Some
asymmetry is introduced, however, by the presence of the borehole and by injecting 90 degrees
off vertical. Water and tracer must move around the borehole to flow in the negative horizontal
direction where there is no impedance in the positive horizontal direction. Thus, flow and
transport are somewhat asymmetric.

The relatively even distribution of tracer and the lack of increase in saturation near the borehole
indicate that this system is dominated by capillary forces over gravitational forces.
Gravitationally dominated flows have a much more asymmetric character. These simulations
show that a 10-mL hr™' injection rate should not introduce enough water to change the overall
flow and transport processes that occur in the undisturbed system.

At 180 days, for the 2-D run, the approximate radius of the tracer at a normalized concentration
of 0.01 is 0.75 m and at a concentration of 0.5 is 0.30 m. Normalized concentrations of 0.01 and
0.5 for the 3-D simulation occur, respectively, at 0.85 m and 0.45 m. Figure 63 plots the
concentration as a function of distance from the borehole center at 180 days for the 2-D and 3-D
systems. In the 3-D simulation, at a distance of 0.125 m, the normalized concentration is almost
1 (0.96), whereas at 1 m the concentration has fallen to 2 x 107,
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NOTE: The graph shows tracer concentration as a function of vertical distance from the injection point. Although
the shapes of the curves are similar, the 2-D system lags the 3-D system by a concentration of
approximately 0.20. Parameter values used in these simulations are listed in row 1 of Tables 31 and 32.

Figure 63. Tracer Concentration versus Distance for 2-D and 3-D Simulations

Figure 64 plots the time history of concentration at a vertical distance of 0.125 m, 0.25 m, 0.5 m,
and 1m below the center of the borehole for the 3-D simulation. Figure 64 shows that, at 180
days and a distance of 0.125 m, the tracer concentration has almost reached a value of 1.0,
whereas at 0.5 m, the concentration is still increasing rapidly.

6.8.6.1.2.3 Discussion of Simulations: Sensitivity Analyses

Knowledge of the actual hydrologic and material properties will always contain some
uncertainty. Furthermore, these properties vary somewhat within the hydrogeologic units, as
reflected in variations in measured values from different cores. Using stochastic methods, these
uncertainties can be incorporated directly into the calculations. Such predictions will be
presented in later sections. Within this deterministic modeling approach, an attempt has been
made to account for and understand the influence of such uncertainty by assessing the sensitivity
of the simulation to various system parameters (Table 32). Figures 65 to 68 compare the results
of these simulations. Figure 65 shows the effect of water injection on matrix saturation with
time for the different sensitivity runs. Figure 66 plots concentration against distance from the
borehole for the 3-D simulations 1 through 6 in Table 32. Figure 67 shows the same information
plotted as concentration versus time with each graph plotting a different distance from the
borehole. Figure 68 compares the 3-D concentration-versus-time values against those for 2-D.
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NOTE: The graph shows plots of normalized tracer concentration as a function of time for different vertical distances

(x in meters) from the injection point. Curves for both 2-D and 3-D simulations (2d and 3d in legend,
respectively) are shown,

Figure 64. Time Profiles of Tracer Concentrations
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NOTE: The graph shows changes in saturation through time at a distance of 0.25 m from the injection point. Note
that in most cases there is little change in saturation over a year. Parameter values for the cases shown in
the legend are listed in Table 32 (rows 1, 2, 3, 5, 4, 7, 10, and 14, respectively).

Figure 65. Effect of Water Injection on Matrix Saturation

Figure 65 shows that saturation for the Phase-1A model system is not greatly affected by any of
the simulation scenarios. Further, the saturation is not particularly sensitive to many of the
parameters. The biggest changes are observed for conditions that increase the relative influence
of gravity forces over the otherwise prevailing capillary forces. Both a higher « and the much

C\%
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higher injection rate produce relatively rapid and readily apparent increases in saturation.
Otherwise little change in saturation is observed.

At 180 days, Figure 66 demonstrates that, based on simulated measurements at a distance of 0.25
m from the borehole, it is not likely that actual field measurements at such a distance would be
useful for evaluating how well the system characteristics have been captured by the model for a
10 mL hr' injection rate. At 0.25 m, there is negligible difference in concentrations among the
different simulations. At a distance of 0.5 m, however, variations in system characteristics result
in a 60% range of concentrations. Figure 66 shows that a system with an order-of-magnitude
lower intrinsic permeability & is indistinguishable from one with a value of van Genuchten power
n that is at the low end of reported values. Both of these cases are very similar to the base case
as well. This fact indicates that transport in this system is not particularly sensitive to the values
of k or o errors in these values are not expected to demonstrably influence the accuracy of
predictions in this system.
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NOTE: The graph shows differences in normalized concentration for different sensitivity runs at three distances (x in
meters) from the injection point. The sensitivity to the system parameters is not captured at the smallest
distances but is apparent at a distance of 0.5 m. Parameter values for the cases shown along the horizontal
axis are listed in Table 32 (rows 1, 2, 3, 5, 4, 7, and 10, respectively).

Figure 66. Tracer Concentration for Different Sensitivity Runs

[f the reported porosity is in error by as much as 15% (0.20 instead of 0.35), tracer concentration
at 0.5 m and 180 days is expected to be 0.58, which is a difference of 25% from the base value.
By 365 days, as seen in Figure 67, the difference in concentration has decreased somewhat but is
still a substantial 10%. At shorter distances from the injection point, the low-porosity system is
very close to the fastest transport system—one with high van Genuchten n—and leads the base
prediction by 10% concentration.

C\Y
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NOTE: These plots show concentration changes as a function of time for a distances from the injection point of (a)
0.25m, (b) 0.5 m, and (c) 1.0 m. Note that at a 1-m distance, there is, in most cases, little change in

concentration after injecting tracer for 1 year. Parameter values for the cases shown in the legend are listed
in Table 32 (rows 1, 2, 3, 5,4, 7, and 10, respectively).

Figure 67. Concentration versus Time at Various Distances from Injection
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Flow in the simulation that starts with an in-situ saturation of 60%, instead of the estimated 35%,
is dominated by gravity rather than capillarity. For this simulation, tracer is carried much farther
down than in any of the lateral directions. At 180 days and a vertical distance of 0.5 m below the
borehole, the concentration is 0.57 versus 0.11 laterally. The transport rate is substantially faster
than the base case, as demonstrated by much higher concentrations at greater distances (Figure
66). At a distance of 0.5 m below the borehole, decreased porosity and increased saturation runs
are virtually indistinguishable but differ significantly in 3-D distribution. The lower-porosity
transport is capillary-driven, producing a relatively uniform tracer cloud, whereas the high-
saturation system produces a highly elongated tracer profile. Note that saturation as high as 60%
is not indicated by the reported capillary pressures measured in this system. The measured
pressures indicate an in-situ saturation in the vicinity of 25 to 35%.

The simulation results were most sensitive to the value of the van Genuchten parameter 7.
Reported values for this parameter ranged from 1.2 to 1.8, with the value from Busted Butte
samples being 1.31. At a value of n = 1.8, transport was strongly gravity-dominated. The
resulting concentration profiles were long vertically and thin laterally. This effect was much
stronger than that observed for the high-saturation simulation. Concentration at a vertical
distance of 0.5 m was 0.88 versus 0.04 at the same lateral distance. At a distance of 0.5 m, tracer
concentration was 60% higher than the base case and 30% higher than the high-saturation case.
Furthermore, by 180 days, this system had just about reached its steady-state distribution,
whereas even at 365 days (Figure 67), the other systems were continuing to change. If the actual
value of n at Busted Butte is significantly different from the value used here, it should be
recognizable by the distinct, long and thin, tracer distribution and by the high vertical
concentrations.

The 2-D simulations (Figure 62) indicated that the value of & appears to have little influence on
the system as compared to n. As a result, 3-D simulations were only done for the two different
variations in van Genuchten parameters presented.

6.8.6.1.2.4 Discussion of Simulations: 2-D versus 3-D

The 2-D and 3-D simulations followed very much the same trends in tracer distribution and
concentrations in space and time. Figure 68 shows concentration as a function of time, measured
at a distance of 0.5 m vertically below the borehole center for both 2-D and 3-D simulations.

The numerical difference in concentration between equivalent 2-D and 3-D systems remained
relatively constant, approximately 10 to 15% after 90 simulation days. Concentration values
between the 2-D runs and the 3-D runs were much closer at early times and began to converge at
later times, as all concentrations approached unity.

6.8.6.1.3 Implications for Unsaturated Zone Transport Test Phase-2 Design and Analysis

Using different tracers at various injection rates and injection separation distances can provide an
opportunity to differentiate controlling processes and material features. These simulations
provide us with a tool to select injection rates for the Phase-2 experiment, as well as to help
understand how the injection rates used influence what is observed at different monitoring
locations. For example, after 180 days at an injection rate of 10 mL hr™', normalized
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concentrations had increased to greater than 0.20 within a radius of 0.4 m from the injection
point but fell off rapidly beyond that and were below 1% beyond 0.9 m. Thus, a 2-m spacing
between boreholes and injection points within boreholes would probably produce a system in
which each injection location was distinct from every other.

10O
= Base-case (3d)
0.90 = e
/-l ek _Base(S=1)40.1 (3d)
0.80 Lot
0.70 f ...--"'? == Porosity=0.20 (3d)
8 0.60 / | /‘ e y(3(a_highn_high) (3d)
[~ i /‘
2050 / / ol b= vGila_higho_low) (3d)
g / / r I
2 } L] s = Base-case (2d)
& 0.40 / A /f
0.30 4 v A AR —O k_base(S=1)*0.1 (24d)
1 g
0.20 // =1y Porosity=0.20 (2d)
- 4 1 o
0.104 ! L_/[I/ =& v{a_highn_high) {2d)
= yGla_ highon_low) {2d)

e | .
050 100 150200 250 300 350 400
Time [days)

DTN: LA9909WS831372.019

NOTE: These plots of normalized concentration versus time show that differences between 2-D and 3-D values are
fairly consistent between different runs. The concentration is measured at a distance of 0.5 m vertically
below the borehole center. Parameter values for the cases shown in the legend are listed in Table 32 for 3-
D cases and in Table 31 for 2-D cases.

Figure 68. Differences in 2-D and 3-D Predicted Concentrations

Faster injection rates, such as 50 mL hr', can be expected to strongly modify natural flow
patterns, producing gravity-dominated flow. At this injection rate, concentrations 0.5 m from the
injection point are predicted to rise to 0.80 in only 3 months. Thus, boreholes or injection points
spaced 1 m apart are expected to start influencing each other very early in the experiment.

On the other hand, an injection rate of 1 mL hr™' is seen to hardly influence the system at all.
Even after 1 yr, normalized concentrations do not rise even to 0.05 at the 0.5-m distance. At
such a low injection rate, it would take an extremely long time to characterize the behavior of the
system or identify important physical and chemical processes that are occurring. Further, at such
slow rates of movement, it is very difficult to distinguish differences in tracer movement that
might arise due to geochemical effects.

6.8.6.2 Stochastic Model
6.8.6.2.1 Introduction

The purpose of this section is to document the use of stochastic predictions made for Phase 1A of
the Busted Butte testing program. At this time, there is a paucity of physical-properties
information on the lithologies of that site, and the spatial variability of rock properties cannot be
accurately depicted. Although this lack of information results in uncertainties for any flow and
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transport prediction, this section attempts to use stochastic predictions for the site using current
YMP databases. The input uncertainties from these databases are directly incorporated into flow
predictions through a recently developed stochastic model. The predictions represent the first
two moments (expected value and standard deviation) of flow quantities, and these two moments
are used to construct confidence intervals for the flow quantities.

It is expected that the field-test results will fall within the predicted confidence intervals with a
68% probability. However, because the statistical and other input parameters are taken or
estimated from the YMP databases, these parameters may or may not represent the rock
properties at the test site, thereby introducing another level of uncertainty in the analyses. Some
sensitivity analyses were performed on these parameters and found that the flow predictions are
sensitive to the background saturation, the mean and variance of pore-size-distribution parameter
a, the mean and variance of the logarithm of the saturated hydraulic conductivity, and the
injection rate. This indicates that the refinement of these parameters is important.

6.8.6.2.2 Stochastic Modeling

Although geologic media exhibit a high degree of spatial variability, rock properties, including
fundamental parameters such as permeability and porosity, are usually observed only at a few
locations due to the high cost associated with subsurface measurements. This combination of
significant spatial heterogeneity with a relatively small number of observations leads to
uncertainty about the values of material properties and, thus, to uncertainties in predicting flow
and solute transport in such media. It has been recognized that the theory of stochastic processes
provides a natural method for evaluating flow and transport uncertainties. In the last two
decades, many stochastic theories have been developed to study the effects of spatial variability
on flow and transport in both saturated (e.g., Gelhar and Axness 1983, pp. 161-180; Dagan
1984, pp. 151-177; Neuman et al. 1987, pp. 453—466; Graham and McLaughlin 1989, pp.
2331-2355; Zhang and Neuman 1995, pp. 39-51) and unsaturated zones (e.g., Yeh et al. 1985,
pp. 457—464; Mantoglou and Gelhar 1987, pp. 37-46; Russo 1995, pp. 1647-1658; Harter and
Yeh 1996, pp. 1585-1595; Zhang and Winter 1998, pp. 1091-1100). In the unsaturated zone,
the problem is complicated by the fact that the flow equations are nonlinear because unsaturated
hydraulic conductivity depends on pressure head.

In many of these previous theories, there are a number of simplifying assumptions such as
gravity-dominated flow (for steady-state cases) and slow-varying gradient (for transient flow).
These assumptions restrict the applicability of existing theories to modeling the UZTT results.
For example, the assumption of gravity-dominated flow excludes the presence of domain
boundaries and the existence of a water table. In addition, a slow-varying gradient does not
permit local injection or fast-varying recharge. Recently, a stochastic model for transient
unsaturated flow in bounded domains free of the above mentioned assumptions (STO-UNSAT,
V1.0, STN: 10292-1.0LV-00) was developed. The model results are the first two moments of
the flow quantities, which may be used to construct confidence intervals for these quantities.
The confidence intervals are a measure of the uncertainty caused by incomplete knowledge of
material heterogeneities.
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6.8.6.2.3 Phase-1A Modeling

For Phase-1A simulations, the input uncertainties from YMP databases are directly incorporated
into flow predictions using STO-UNSAT, V1.0 (STN: 10292-1.0LV-00). This model requires
that the first two statistical moments for rock properties, such as saturated hydraulic conductivity
and pore-size-distribution parameter ¢, be specified. Because the variabilities of porosity and
residual water content are likely to be small compared to that of hydraulic conductivity, both of
them are assumed to be known with certainty. To model unsaturated flow, the constitutive
relationships between capillary pressure and unsaturated hydraulic conductivity and between
capillary pressure and saturation must also be specified. Although the parameters characterizing
these relationships are reported in the YMP databases (Schenker et al. 1995; Flint 1998), these
are based on the van Genuchten model (van Genuchten 1980, pp. 892—-808). Conversely, STO-
UNSAT, V1.0 assumes the constitutive relationships to obey the Gardner-Russo model (Gardner
1958, pp. 228-232; Russo 1988, pp. 453-459). In this study, the Gardner-Russo parameter o is
estimated from the reported van Genuchten parameters by matching the main features of the
retention curves for these two models. The first row of Table 35 summarizes the relevant
parameters that are taken or estimated from the YMP databases (Schenker et al. 1995). No
information is found with respect to the correlation lengths of the logarithm of the hydraulic
conductivity and pore size distribution. The value of 20 cm is assumed for both of these
correlation lengths.

Baseline Case

In the baseline case, the size domain is 200 cm by 200 cm with material properties specified in
Table 35. The steady-state simulations are run with the following boundary conditions: specified
flux at the top, a constant head of —488 cm at the bottom, and no-flow boundaries at the sides.
The specified flux is consistent with the constant head at the bottom such that at steady-state (¢ =
0), the flow is gravity-dominated with a constant mean pressure head (2 = —488 cm) and a
constant saturation (S = 30%) through the whole domain. Specifically, the initial mean
saturation is assumed to be 30% and then the initial mean head is computed to be —488 cm using
the gravity-dominated condition and the specified characteristic curves. However, the head
standard deviation is not uniform in such a bounded domain. The head standard deviation is zero
at the bottom boundary, increases with distance from there, and reaches its maximum at the top.
Figure 69 shows the confidence intervals for the pressure head 4 and the saturation S along
horizontal (y) and vertical (z) lines passing through the injection point. The profiles are obtained
by adding one standard deviation to the result and subtracting it from the mean quantity. This
result corresponds to the 68% confidence intervals for the flow quantities. By comparing the
vertical profiles for pressure head and saturation (Figure 69), it is seen that unlike the head
standard deviation, the saturation standard deviation is not zero at the bottom boundary of
constant head. This result happens because the uncertainty in saturation comes from the
uncertainty in the soil parameter ¢, even though the head is specified with certainty there.

An injection of rate Q = 1 mL hr™' starts at time ¢ = 0, and lasts for 150 days. The actual
injection at the field test site is a point in 3-D, whereas the model is in 2-D. In the model, the
injection is approximated by a line source of length L3 perpendicular to the 2-D domain.
Therefore, the injection rate is Q/L; in 2-D. In this baseline case, L3 = 50 cm. It should be
realized that the 2-D representation is an approximation and the accuracy of this approximation
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depends strongly on the choice of L3, which 1s, in turn, a strong function of injection rate. The 2-
D predictions should have the same general trend as the 3-D predictions.

Tabie 35. Case Description

Case Description
(= —6.258, 0% = 2.459, A+ = 20 cm, (@) = 0.01 cmi™", 6%, =9 x 10° (em™")?, A, = 20 cm,
1 $=0.5,L1=1L;=200cm, L3 =50cm, Q=1mLhr, So-30%
2 Same as in Case 1, except As=A,=30cm
3 Same as in Case 1, except L1 = L, =400 cm
4 Same as in Case 1, except S, = 20%
5 Same as in Case 1, except Sp = 40%
6 Same as in Case 1, except S, = 60%
7 Same as in Case 1, except ¢ =0.3
8 Same as in Case 1, except {f) = —4.258 and L1 = L2 =400 cm
9 Same as in Case 1, except {a) = 0.02 cm™
10 Same as in Case 1, except cza =0
11 Same as in Case 1, except Q=10 mL hr
12 Same as in Case 8, except Q=50 mL hr™", L3 = 100 cm
13 Same as in Case 1, except {f) =—4.258 and Ly = L = 400 cm, and Q = 10 mL hr!
14 Same as in Case 13, except Q = 50 mL hr' and L3 = 100 cm

Data Source: Schenker et al. 1995; DTN: LA9909WS831372.020

NOTE: f=in K; is the log-transformed saturated hydraulic conductivity (for Case 1, the mean (f) and variance o are
obtained with {(Ks) = 6.552 x 1072 cm hr™t and oks = 2.143 x 102 emhr” ) ais a parameter related to pore-
size distribution, A, and A, are the respective correlation lengths of fand &, ¢ is porosity, L1 and L are the
vertical and horizontal dimensions of the domain, L3 is the length of the third dimension used to calculate the
injection rate for 2-D simulation, S, is the background saturation, and Q is the actual injection rate.

Figure 70 shows the vertical and horizontal profiles of pressure head and saturation at 150 days.
It is seen that the impact of injection is the increase of pressure head and saturation in the v1cm1ty
of injection. The effects seem to be even in all directions near the injection. This result is
caused by the fact that the injection rate is overwhelmingly large compared to the background
unsaturated hydraulic conductivity. The approximate radius of noticeable pressure head and
saturation changes is 40 cm.

Other flow quantities (e.g., flux and velocity) and their associated uncertainties can be given
similarly. ‘In principle, the concentration field and its associated uncertainty may be predicted
based on this information. However, at this stage, there is no existing model for solute transport
in a nonstationary, unsaturated flow field. Our ongoing related research may provide us with a
model during Phase-2 prediction.
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Figure 69. Steady-State Profiles
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Figure 70. Case 1. Horizontal and Vertical Profiles of Pressure
Head h and Saturation S at 150 Days after Injection Started
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Sensitivity Cases

Because the number of actual measurements at the site is too few to perform any statistical
analysis, the statistical parameters are either taken or estimated from the relevant YMP
databases. There is another level of uncertainty associated with inaccurate statistical and other
parameters. Sensitivity studies, presented below, are performed using the stochastic model.

As mentioned before, there is no information regarding the correlation lengths of the log of the
saturated hydraulic conductivity and the rock pore-size distribution parameter o Case 2
investigates the effect of the correlation lengths by changing it from 20 cm to 30 cm. F igure 71
shows the corresponding profiles of pressure head and saturation. Comparison of Figures 70 and
71 reveals that the prediction is insensitive to the correlation lengths.

In the base case, the domain size is taken to be L; = 200 cm by L; = 200 cm. However, the real
domain is much larger than this. The size of the domain is expected to affect the standard
deviations of flow quantities to some extent. In Case 3, L; =400 cm and L, = 400 cm. It is seen
from Figure 72 that, in areas away from the boundaries, the confidence intervals are quite
insensitive to the domain size.

o0 (@) Horizontal profiles ) Vertical profiles
oo T T T T L B B R
mean
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5 1 e
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Figure 71. Case 2. The Same as Case 1 in Figure 70 but with A, =, = 30 cm

Cases 4 through 6 from Table 35 investigate the effect of background saturation by changing the
specified flux at the top and the constant head at the bottom. Figures 73 to 74 show the cases for
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S, = 20%, 40%, and 60%, respectively. It is seen that the peak pressure head and saturation at
the injection location decrease with the increase of the background saturation, but the impact
radius increases with it. The width of confidence intervals for pressure head decreases with the
increase of background saturation, whereas that for saturation profiles is quite insensitive to the
background saturation.

In Case 7, the porosity is varied from ¢ = 0.5 to 0.3 (Figure 76). Comparison of Figure 76 and
Figure 77 reveals that a lower porosity results in a slight increase in both the peak saturation and
the radius of influence. However, the effect of porosity on solute transport is expected to be
greater.
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Figure 72. Case 3. The Same as Case 1 in Figure 70 but with L, = L, = 400 cm

In Case 8, the mean of the log of the saturated hydraulic conductivity X is increased from H=
~6.258 to —4.258 (where f=In K). As one should expect, a larger hydraulic conductivity renders
a lower peak saturation and a larger radius of influence (Figure 77). In this case, the size of the
domain was changed to 400 cm by 400 cm to accommodate the increase of saturation at large
distance. In Case 9, the mean of ¢ is varied from 0.01 to 0.02 cm”! while the variance of « is
kept the same. It is seen that the mean head has increased significantly with a larger o for a
given saturation (Figure 78). The confidence intervals are qualitatively similar to those in Figure
70, but the intervals are tighter in Figure 79. This difference occurs because the variability in &
is actually reduced by keeping the same variance but with an increased mean value. As
expected, the prediction—in particular, the width of confidence intervals—is sensitive to the
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variabilities in saturated hydraulic conductivity and pore size distribution . Case 10 shows the
case in which the variability of « is zero. It is seen from Figure 79 that the width of the
confidence intervals is significantly reduced in the absence of variability in ¢. In this case, the
uncertainties in the prediction are entirely caused by the variability in saturated hydraulic
conductivity K. In the baseline case, the coefficient of variation CV, = ¢/a ) = 0.3, while
CV,, = 3.27. That is to say, the variability in saturated hydraulic conductivity K; is much larger
than that in pore size distribution ¢@. Therefore, it may be concluded that the results are much
more sensitive to the variability in o than to that in K.
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Figure 73. Case 4. The Same as Case 1 in Figure 70 but with S, =20%

As one should expect, the behaviors of pressure head and saturation profiles are very sensitive to
the injection rate. In Case 11, the injection rate is Q = 10 mL hr' (Figure 80). The peak
saturation is much higher than that in Case 1 (Figure 70) and the radius of influence is also
larger. This difference is even clearer from Case 12 (Figure 81), for which Q=50 mL hr'.

In the last two cases, the mean saturated hydraulic conductivity (X ) is taken to be 4.68 cm hrl.
This value is based on some site-specific measurements and is three orders of magnitude larger
than the value found in the YMP databases mentioned earlier. As for sensitivity runs, this value
is taken as the mean and CV,, = 6, XK.} = 3.27, as in the baseline case. Equivalently, {H=0.314
and 6% = 2.459. In Case 13, @ = 10 mL/hr and L3 = 50 cm (Figure 82); in Case 14, Q=50 mL
hr! and L; = 100 cm (Figure 83). As found in Case 8 (Figure 77), a larger hydraulic
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conductivity renders a lower peak saturation and a larger radius of influence.

the tracer travels significantly faster in these cases.

It is expected that
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Figure 74. Case 5. The Same as Case 1 in Figure 70 but with S, = 40%
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Figure 75. Case 6. The Same as Case 1 in Figure 70 but with S, = 60%
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Figure 76. Case 7. The Same as Case 1 in Figure 70 but with ¢=0.3
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Figure 78. Case 9. The Same as Case 1 in Figure 70 but with {(ct)=0.02 cm™
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Figure 79. Case 10. The Same as Case 1 in Figure 70 but with 6, =0
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Figure 80. Case 11. The Same as Case 1 in Figure 70 but with Q = 10 mL hr™'
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Figure 81. Case 12. The Same as Case 8 in Figure 77 but with Q = 50 mL hr™' and L = 100 cm
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Figure 82. Case 13. The Same as Case 1 in Figure 70 but with

L,=400cm, and Q = 10 mL hr™'
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6.8.6.2.4 Nonstationarity

The stochastic model of transient fluid flow in unsaturated, stationary (statistically
homogeneous) media was modified to account for nonstationary features such as distinct layers
in the rock properties. This extension was then implemented into the stochastic model and tested
with some two-dimensional examples. In these examples, some special cases of medium
nonstationarity are considered: trending in the statistical moments of the log of saturated
hydraulic conductivity and pore size distribution parameter; zones of different rock properties
existing in the domain; and different layers present in the domain. The effect of an embedded
thin layer on fluid flow for the Phase-1A test was investigated with this modified stochastic
model. It was found that this thin layer acts like a barrier to fluid flow and induces lateral fluid
spreading. Only after accounting for this thin layer did the stochastic model produce fluid
redistribution behaviors that are qualitatively similar to those observed by the mineback. A
quantitative comparison will be made after the site-specific statistical parameters are obtained
from the on-going geostatistical analysis of the rock property measurements at the site. In
addition, it was found that the flow nonstationarity under unsaturated conditions significantly
affects the behaviors of solute migration in such flow fields. The effect of the thin layer in the
Phase-1A area on the migration of injected tracers can be assessed with site-specific statistical
parameters.

6.8.6.3 Monte Carlo Flow and Transport Simulations
6.8.6.3.1 Introduction

To augment the results of the sensitivity analyses for the homogeneous-model calculations and
the stochastic-model results, a series of Monte Carlo analyses were carried out in two
dimensions. The goal of these simulations is to bracket the range of possible transport behaviors
that could arise due to variability in the hydrologic parameters. To accomplish this goal, a
refined 2-D grid was generated (Figure 84) for performing flow and transport calculations. As in
the homogerieous simulations using FEHM (V2.00, STN: 10031-2.00-00), the top and bottom -
boundaries of the model are held at constant capillary pressure. A single realization of the model
consists of two simulations: a background simulation (without fluid injection at the borehole) to
establish a steady-state flow condition followed by a simulation in which fluid of unit
concentration (arbitrary concentration units) is injected for 180 days, the planned duration of the
Phase-1A experiments. To simulate a heterogeneous system, the model is populated with a
distribution of permeability values with a given mean value and an assumed correlation length.
Figure 85 shows a permeability distribution chosen at random from the Case-1 simulations (see
Table 36 for a summary of the different cases treated in the Monte Carlo simulations; detailed
discussion of the individual cases considered is described below). Contrasting permeability
values within the region of rock in which fluid is injected is expected to affect the flow and
transport behavior by providing preferential pathways for fluid migration through the rock.
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Figure 84. Finite-Element Grid Used in the Monte Carlo Simulation
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NOTE: This plot shows the permeability distribution for the Monte Carlo realization selected for discussion.

Figure 85, Permeability Distribution

Table 36. Summary of Monte Carlo Cases*

Case number Correlation of «and permeability Correlation length of heterogeneities
1 None 02m
2 Altman et al. (1996, Eq. on p. 34) 02m
3 Altman et al. (1996, Eq. on p. 34) 01m
e Altman et al. (1996, Eq. on p. 34) 05m

DTN: LA9509WS831372.021

NOTE: *All cases assume In(ks) = 1.54, where k. is in cm hr™".

6.8.6.3.2 Methodology

The Monte Carlo approach considers the results of all individual realizations to be equally likely
outcomes of the behavior of the system. Therefore, once a metric is chosen for quantifying the
behavior of the system, statistical properties of the behavior of the system can be established. In
the present study, the movement of a conservative solute injected with the fluid is used. The
maximum penetration distances in all four directions away from the injection point are recorded
for several different concentrations to establish the direction of movement of tracer. Then, for all
50 realizations in a given case, the mean values for these distances are recorded along with the
standard deviation. The mean values establish the general location of the concentration front,
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whereas the standard deviation is a measure of the uncertainty in the predictions of
concentration-front movement due to the heterogeneities of the rock mass.

6.8.6.3.3 Statistical Results

One advantage of the Monte Carlo approach is that an individual realization can be examined in
detail to understand the behavior of the system, after which, the multiple realizations can be used
to quantify the uncertainty. The behavior of the flow and transport system is now examined
(Figure 86) for the permeability distribution shown in Figure 85. The background saturation
distribution shows little or no variability. This result is in contrast to the variability in predicted
fluid saturation for the cases in which permeability and van Genuchten ¢ are correlated.

For that type of heterogeneous field, the fluid saturation is a strong function of a. The left-hand
panels of Figure 86 show the movement of the saturation front into the rock mass for various
times during the injection phase, and the right-hand panels are the concentrations of the
conservative tracer for those same times. For this rock at this injection rate, there appears to be a
relatively uniform migration of fluid and tracer away from the injection point in all directions,
even upward. Under these conditions, the capillary-pressure driving forces are strong enough to

" pull water against the force of gravity. The presence of the borehole produces a “shadow effect”
in which fluid must migrate around the borehole to reach the rock on the opposite side of the
injection pad. Regarding the influence of heterogeneities, there is some tendency for fluid to be
drawn preferentially into portions of the rock with higher capillary suction. The resulting
saturation and concentration fronts exhibit an irregular pattern that tracks the heterogeneities.
Nevertheless, the general patterns of movement of fluid and solute match fairly closely those of
the homogeneous simulations. :

Now the results of the statistical analyses of the Monte Carlo simulations are examined. Table
37 shows the mean and standard-deviation values for the four cases summarized in Table 36.
The y coordinate in the table represents the vertical direction, with negative values below the
borehole injection point. The x coordinate is laterally away from the borehole, with positive
values located on the side at which the injection pad is located. First consider the results of Case
1, in which the permeability field is assumed to vary but the van Genuchten « value is constant.
The mean values for the minimum and maximum y values illustrate the degree to which the
‘transport occurs uniformly in upward and downward directions. The Case-1 results show that
capillary forces tend to pull water (and tracer) uniformly upward and downward with little or no
tendency for downward migration due to gravity. The C = 0.01 isoconcentration value is meant
to represent the migration of the front edge of the concentration plume; it travels approximately
40 to 45 cm in the upward, downward, and outward (positive x) directions, on average. The
injection point is located at approximately x = 5 cm and y = 0. The travel distance for the C =
0.5 isoconcentration value is more indicative of bulk plume movement, rather than the leading
edge. This front travels approximately 30 cm in the three directions. The Xmin values suggest a
slight asymmetry in plume migration. This asymmetry is caused by the “shadow effect” due to
the presence of the borehole, as described above.

ANL-NBS-HS-000019, Rev 00 ‘ 221 June 2000



15 days

45 days

90 days

135 days

180 days

DTN: LAS909WS831372.021

NOTE: These plots show fluid saturations (left panels) and tracer concentrations (right panels) at various times
during a Monte Carlo simulation. Note the restricted range of saturation values used.

Figure 86. Fluid Saturations and Tracer Concentrations
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Table 37. Statistical Resuits of Monte Carlo Simulations

C=0.01 C=041 C=05

Xmax l Ymin Ly:nax XminT xmax—[ Ymin 1 Ymax ) Xmin ( Xmax J Yminl Ymax
Case 1

Mean -0.35 0.53 -0.45 042 ~-0.28 0.46 -0.37 0.35 -0.20 0.37 -0.29 0.27
Std. dev. 0.1 0.12 0.082 | 0.083 | 0.088 0.1 0.077 | 0.085 0.08 0.098 | 0.070 | 0.068

Xmin

Case 2
Mean -0.30 0.47 -0.42 0.41 -0.23 0.41 -0.35 0.35 -0.16 0.33 -0.27 0.27
Std. dev. 0.019 | 0.014 | 0.015 | 0.012 | 0.016 | 0.013 | 0.013 | 0.013 | 0.010 | 0.012 | 0.011 0.013

Case 3
Mean —0.29 0.48 -0.41 0.41 -0.22 0.41 —0.35 0.35 -0.15 0.33 -0.27 0.27
Std. dev. 0.014 0.012 0.011 0.011 0.011 0.012 0.011 0.011 0.007 0.013 0.011 0.010

Case 4
Mean -0.28 0.49 —0.41 0.42 -0.22 0.42 -0.35 0.35 —0.15 0.34 -0.27 0.27

Std. dev. 0.027 | 0.024 | 0.022 | 0.024 | 0.022 | 0.020 | 0.019 | 0.018 ; 0.015 | 0.017 | 0.018 | 0.017
DTN: LABS09WS831372.021

NOTE: Results based on 50 realizations for each case listed in Table 36.

The borehole causes the plume to have more difficulty migrating in the negative x direction. The
standard deviation values reflect the uncertainty in the predicted migration of the plume caused
by the heterogeneous permeability distribution. For Case 1, the uncertainty in the C = 0.01
isoconcentration value is about 8 to 12 cm (depending on direction), whereas for the C = 0.5
value, the uncertainty ranges from about 7 to 10 cm. Therefore, for Case 1, the heterogeneous
permeability field (with no variability in &) adds considerable uncertainty to the predictions.

A comparison of Cases 1 and 2 illustrates the influence of imposing a correlation of permeability
and o on the uncertainty of the predictions. The mean values for the spreading of the plume in
all directions are very similar for the two cases, but the uncertainty due to heterogeneity is much
smaller when ¢ is assumed to be correlated with permeability (Case 2). The correlation imposes
a larger a for lower permeability, resulting in a larger capillary suction for regions of the rock
with lower permeability. This result counteracts the tendency for fluid to travel preferentially
through higher permeability rock, as in Case 1. Therefore, the spreading of tracer in Case 2 is
more uniform, and the standard deviation values are consequently smaller.

Finally, the influence of correlation length on plume spreading can be examined by comparing
Cases 2, 3, and 4, which assumed correlation lengths of 0.2 m, 0.1 m, and 0.5 m, respectively.
The mean behavior of the plumes is very insensitive to the correlation length. Regarding the
uncertainty in plume prediction (as measured by the standard deviation), there is a trend toward
larger uncertainty as the correlation length increases, as expected. Nevertheless, the uncertainty
for these cases is much smaller than the correlation length itself. This result is caused by the
assumed correlation of permeability and « for each of these cases, which, as just discussed,
largely negates the distribution of permeability values. Therefore, the largest uncertainty in these
simulations appears to be the nature of the correlation (or lack thereof) of different hydrologic
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properties. Permeability and the van Genuchten o parameter were correlated in these
simulations. Altman et al. (1996, p. 34) also propose correlations between permeability and
porosity for Yucca Mountain tuffs. Therefore, the most important data that could be collected to
further constrain these predictions are hydrologic property measurements on a much larger set of
samples from the test block. A full suite of property measurements (porosity, permeability, and
unsaturated hydrologic parameters) on samples collected from known locations in the block
would be useful to set correlations between parameters and assign correlation lengths for future
simulations.

6.8.6.3.4 Interpretations of the Monte Carlo Phase-1A Study

The modeling analyses for Phase 1A indicate that strong capillary forces in the rock matrix of the
Tac unit are likely to modulate fracture flow from overlying units, thereby dampening pulses of
infiltrating water and providing a large degree of contact between radionuclides and the rock
matrix. Several modeling approaches, from deterministic to Monte Carlo to stochastic models,
were used to simulate the Phase-1A experiments. All yielded similar qualitative results. From
these results, the tentative conclusion is that the deterministic modeling approach taken at the site
scale may be adequate. As the data from the UZTT become available, parameterizations used in
these calculations will be updated.

A particularly interesting observation from the Phase-1B experiment is that, even when injection
occurs immediately adjacent to a fracture, water appears to be imbibed quickly into the
surrounding matrix. The transport times observed immediately below the injection point were on
the ordeér of 30 days, whereas pure fracture flow would have resulted in travel times of minutes
to hours at this flow rate. Site-scale models must be evaluated in light of this observation.
Models that predict significant fracture flow at percolation rates low enough for the matrix to
transmit the flow may be inconsistent with the Phase-1B experiment.

6.8.6.3.5 Forward Efforts

In Phase 1A, the fluorescein image information is being incorporated into the modeling effort.
Also, a small number of moisture and bromide samples from the Phase-1A rock are being
analyzed. The strengths and weaknesses of the three conceptual approaches presented in this
section are being assessed based on their relative accuracy in predicting flow and concentration.
Predictions will be compared with flow and transport experimental data.

Measurements of the tracer concentrations from collected samples are to be conducted after that
date. After auger samples are collected and analyzed and mineback completed, the numerical
predictions will be compared against the measured values, and the accuracy of the model
configuration will be addressed.
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6.8.7 Initial Phase-2 Model Predictions
6.8.7.1 Introduction

In this section, conservative and reactive tracer breakthrough times are predicted for each of the
sampling boreholes for up to one year from the start of Phase-2 injection. This work constitutes
the first “blind” prediction on the behavior of the Phase-2 block of the Busted Butte transport test
prior to injection. These predictions were made and presented prior to starting Phase-2 injection.
These predictions are intended to test the current modeling concepts and tools available to the
integrated site-scale model and the validity of the abstractions of that model for performance
assessment. The predictions use parameters from currently available Yucca Mountain
- hydrologic and geochemical databases. At this stage, no model calibration to the UZTT has been
performed. As data become available from the various phases of the UZTT, they will be
incorporated into refined versions of the model. The new information will be used to make
improved predictions.

The computer code FEHM (V2.00, STN: 10031-2.00-00), which was used in the site-scale UZ
flow and transport model and its abstractions for performance assessment, is also used in the
development of the 3-D model presented in this report. Specifically, this code is used for
radionuclide migration predictions using “calibrated” site-scale flow solutions. Although -
detailed geologic and hydrologic property distributions in three dimensions are not available at
present for the UZTT, it is anticipated that during the course of the testing, these data will
become available. Three-dimensional effects will probably become important as data specific to
the test block become available for the Phase-2 block. The model is, therefore, being developed
in three dimensions at the outset to capture these effects and to anticipate the 3-D property
database that will be collected for the test block.

6.8.7.2 Model Description

The Phase-2 test block at Busted Butte encompasses, from top to bottom, the lower section of the
Topopah Spring Tuff vitrophyre (Tptpv2) and the hydrologic Calico Hills unit (CHn, comprised
of Tptpv1 and Tac). The first step in constructing a 3-D finite-element model of the Phase-2 test
is to build a finite-element mesh using the coordinates of the injection and collection boreholes.
The file used in this work contains the surveyed local coordinates of the boreholes and the
layered stratigraphy at the site.

Figure 87 gives a representation of the Phase-2 block with the boreholes represented as colored
lines. The simulation block is approximately 7-m high by 12-m deep by 12-m wide and contains
28 boreholes ranging from 7.5 m to 10.0 m in length. The 8 injection boreholes (shown in red)
all originate in the left rib of the Test Alcove (located in front of the figure). These boreholes are
subparallel, distributed along two horizontal planes, and are perpendicular to the 12 collection
boreholes (dark blue) coming from the right rib of the Main Adit (to the left of the vertical yz
plane). The other boreholes (light blue) are dedicated to ERT and GPR-T measurements.
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DTN: MOO0004GSC00167.000 (for location); LA9909WS831372.022

NOTE: The red lines represent injection boreholes; the dark blue lines collection boreholes; and the light blue lines
are devoted to tomography. In this view, the Test Alcove is located in front of the figure, and the Main Adit is
to the left of the figure (beyond the x = 2 plane). Dimensions are in meters.

Figure 87. Three-Dimensional View of the Injection and Collection Boreholes

The model domain extends from +2 to +14 m in the x-direction, +60 to +72 m in the y-direction,
and -8.2845 to +2.5015 m in the z-direction. These coordinates are consistent with the surveyed
local coordinates and the stratigraphy of the block. Figure 88 shows a top view of the finite-
element grid with the borehole locations.

In general, the mesh was refined at locations between the injection and collection boreholes to
accurately capture the migration of the tracers and heterogeneities at scales smaller than the layer
thickness. In the x-direction, a grid spacing of 0.25 m at locations close to the boreholes was
chosen. In both the x- and y-directions, a coarse mesh spacing at the block boundaries was
chosen because no transport is expected at these locations. In the y-direction, a mesh spacing of
0.125 m at locations close to boreholes was chosen. A slightly finer grid spacing was used in the
y-direction than the x-direction to capture accurately the location of the injection points, which
are spaced 0.61 m apart in the y-direction (10 injection points per injection borehole). In the z-
direction, the stratigraphy is represented with 6 distinct layers: 5 layers to represent the Calico
Hills hydrogeologic unit (Tac: 3 layers; Tptpvl: 2 layers), and 1 layer to represent Tptpv2. The
discretization in the z-direction is dependent on the particular layer because some layers are
thicker than others. The discretization ranged from 0.15 to 0.25 m. The entire model is
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DTN: MO0004GSC00167.000 (for location); LA990SWSB31372.022

NOTE: As in Figure 87, injection boreholes are depicted as red lines, collection boreholes as blue, and ERT
boreholes as green. The horizontal axis represents the x-direction, increasing to the right. The vertical axis
represents the y-direction, increasing bottom to top.

Figure 88. Top View of Finite-Element Grid and the Injection and Collection Boreholes

comprised of 128,570 nodes. Figures 89 and 90 show views of the grid from the Test Alcove
and the Main Adit, respectively. Once the mesh was constructed, the next step was to assign
properties to the model. Table 38 contains the property sets used in the different layers. These
properties are based upon measurements collected from the same units in the Yucca Mountain
area but not actually from Busted Butte.

C2-)
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NOTE: The blue colored lines represent collection boreholes. Because the injection boreholes originate in the Test
Alcove, they are perpendicular to the plane of the figure and are depicted as circles. The horizontal axis
represents the x-direction. The vertical axis represents the y-direction.

Figure 89. Finite-Element Grid as seen from the Test Alcove

Table 38. Property Sets for the Phase-2 Test

Matrix Material Fracture Material
Busted (Flint 1998)
Butte
Layer i K, K,
Layer (m™) n, (m?%) Layer (m™) " (m?%) [ 0
Tac1 CHv 35 119 | 5x10"” | CH1v | 11852 3.0 243x10° | 7.14x107° 05
Tac2 CHv 35 119 | 5x107% | CHiv 11.52 3.0 243x107 | 7.14%10° 0.5
Tac3 CHv 35 119 | 5x10" | CHiv | 1152 30 243x10° | 7:14x107° 05
Tptpv1 BT1 0.56 1.31 1x10"® | CHiv | 1152 3.0 243x10° | 7.14x10° 05
Tptpv1 BT1 0.56 131 | 1x107 | CHiv | 1152 30 243x107 | 714x107° 05
Tptpv2 PV2 2.2 125 | 1x10™" | Tsw2 0.91 292 | 68x107° 1.29x 107 | 025
DTN: LA9909WS831372.022, LB970601233129.001
. NOTE: Here, a and n are the van Genuchten parameters, K is permeability, ¢ is volume fraction, and @is porosity.
The subscript m signifies matrix material and the subscript f signifies fracture material.
CL2
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DTN: LAS909WS831372.022

NOTE: The horizontal red lines represent the location of injection boreholes, which are perpendicular to the
collection boreholes (blue). The collection boreholes originate in the Main Adit, but several are plunging
down and, thus, appear as blue lines rather than circles. The green line represents one of the tomography
boreholes. The horizontal axis represents the y-direction, and the vertical axis represents the z-direction.

Figure 90. Finite-Element Grid as seen from the Main Adit

For this preliminary investigation, layers 1 through 3 were combined into a single Calico Hills
unit (Tac), layers 4 to 5 were assigned Tptpvl properties, and layer 6 was assigned Tptpv2
properties. As additional data become available, layers 1 through 3 and 4 through 5 will all be
treated as distinct layers. Porosity values were obtained from a few samples from the Busted
Butte site. Permeabilities and van Genuchten relative-permeability parameters for the matrix
were obtained from Flint (1998). This study (Flint 1998) was chosen because it represents the
existing YMP database for the unsaturated zone and contains sufficient samples to generate
statistics on the variability of key parameters, such as matrix permeability and matrix van
Genuchten parameters. Fracture van Genuchten parameters were taken from the “calibrated”
flow model in DTN: LB970601233129.001. These data were obtained by fitting field data at the
site scale. Although there is a great amount of uncertainty in fracture properties, this data set is
considered to be a reasonable representation of YMP material properties applicable to Busted
Butte.

For this “blind” investigation, and in view of the absence of data on fracture-matrix interactions
in the Calico Hills, the equivalent-continuum model (ECM) was used to model Phase 2. The
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ECM was also used in scoping calculations done during design of the test and is currently being
used to understand both Phases 1A and 1B.

Tracer breakthrough has occurred in the 10 mL hr! injection system of Phase 1B (borehole 6).
Specifically, tracer was detected at the pad 35 days after injection. This result means the time of
breakthrough occurred between 28 and 35 days in relation to the collection-pad schedule. To
compare model predictions with test breakthrough times as defined by the appearance of
fluorescein tracer on a collection pad, the concentration of the tracer must be known. For
example, if the time of breakthrough is defined to be when the normalized concentration reaches
0.5, then for Tptpv2, the ECM predicts a breakthrough at 47 days for a distance traveled by the
tracer of 28 cm (Figure 91). At a normalized concentration of 0.3, the model predicts
breakthrough at 31 days for the same distance, which is close to the observed breakthrough time
for borehole 6.

For the first phase of predictive modeling and in the absence of appropriate data, the property
sets listed in Table 38 were used with no attempt at calibration. The background flow conditions
were obtained by setting a capillary pressure at the top and bottom boundaries and allowing the
block to equilibrate to a steady-state saturation profile. A capillary pressure of 200 m of water
was chosen, which is within the range of capillary-pressure measurements at Yucca Mountain
(Altman et al. 1996, p. 34). The capillary pressure was set so that a saturation of about 0.35 to
0.45 was obtained in the block. Moisture measurements and preliminary porosity data from test-
block lithologies indicate that these saturation values are reasonable. Once the background
conditions are set, the next step is to begin pumping and injecting tracer.

Three different pumping rates were used for injection boreholes in the Phase 2 experiment: (@1
mL hr™! (1 upper borehole), (b) 10 mL hr™! (4 lower boreholes), and (c) 50 mL hr™! (3 upper
boreholes). The 1 mL hr’ rate is equivalent to an infiltration rate of approximately 30 mm yr,
which is well within the range of infiltration rates at Yucca Mountain. The predictions made
(given below) show that during a 1-yr test, the 1 mL-hr™! pumping rate is not expected to
transport any tracer to the sampling boreholes. Injection borehole 23 will be the only one that -
pumps at 1 mL hr!. The 10-mL-hr injection rate is equivalent to an infiltration rate of
approximately 380 mm yr~!, which is slightly higher than the highest anticipated infiltration that
could occur at Yucca Mountain. The lower injection boreholes 24, 25, 26, and 27 will operate at
10 mL hr'. Finally, 50 mL hr! is equivalent to an approximate infiltration rate of 1550 mm
yr’!. This infiltration rate is far higher than what is expected at Yucca Mountain even under
wetter, future climate scenarios. The purpose of the 50 mL hr! rate is to obtain enough
separation in travel times between the conservative and reactive tracers so as to be visible and
distinc'g in the field test. Injection boreholes 18, 20, and 21 will pump continuously at 50
mL hr .

6.8.7.3 Predictions

The predictions below are borehole specific and can, therefore, be used to compare directly to
test-block results. Phase-2 borehole numbers and relative locations were presented in Figure 38
(Section 6.8.2.4.1). Table 39 shows the distance between the closest sampling point and the
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DTN: LA990SWSB831372.022, file: inject.trc

NOTES: The plots show the conservative breakthrough of tracer 28 cm from the injection pad: (a) saturation
breakthrough, (b) concentration breakthrough

Figure 91. Phase-1B Breakthrough Predictions Using
Equivalent-Continuum Model and Tptpv2 Properties

Table 39. Closest Sampling Point to the Injection Planes
Within Each Collection Borehole

Collection Distance from top Collection Distance from bottom
borehole injection plane (m) borehole injection plane (m)
16 0.61 46 0.175
17 0.80 48 0.175
14 1.17 -9 0.175
156 1.17 10 0.59 (above plane)
13 1.17
12 1.17

DTN: LA9909WS831372.022

injection planes. Tables 40 through 48 predict the tracer breakthroughs at each of these

locations.

For all predictions, three criteria were used for tracer-breakthrough times: (a) a 5% concentration
limit, (b) a 50% concentration limit, and (c) the concentration after 1 year from the time of
injection (the time of submittal of results for TSPA-LA). Note that it was assumed that the
concentration of tracer in the injection fluid is unity. Also, note that tracers are continuously

injected for the duration of the test.
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A diffusion coefficient of 1 x 107" m? s™ was used for all tracers. Longitudinal and transverse
dispersivities were zeroed out for this preliminary set of calculations. However, as with any
finite-element model, some numerical dispersion is present. Due to the fine mesh spacing and
small time steps taken in these simulations, numerical dispersion is not expected to play a
significant role in these simulations. A bulk-rock density of 2,580 kg m™ was used for all layers.
This parameter only affects the reactive-tracer breakthrough times. As more data become
available, all of these parameters will be adjusted. However, the values chosen are reasonable
representations of Yucca Mountain properties, given the existing database.

Conservative Tracers
Travel times were first predicted for fluorescein, a conservative tracer. Uniform properties were

-assumed for porosity, permeability, and van Genuchten model parameters within each of the six

layers of the test block. The effect of heterogeneous property distributions is discussed at the
end of this subsection. Figure 92 depicts a concentration plume for fluorescein after 1 year.

Table 40. Fluorescein from Upper Injection Boreholes

Borehole 5% Breakthrough 50% Breakthrough Normalized
number concentration concentration concentration at 1 yr

16 27 days 68 days 1.0

17 48 days 118 days 1.0

14 118 days 238 days 0.87

15 103 days 218 days 0.80

13 103 days 218 days 0.90.

12 212 days >1yr 0.46

Remaining collection >1yr >1yr 0.0

boreholes

DTN: LA9909WS831372.022, file: cons.trc

Table 41. Fluorescein from Lower Injection Boreholes

Borehole 5% Breakthrough 50% Breakthrough Normalized
number concentration concentration concentration at 1 yr
46 4 days 30 days 1.0
48 20 days 91 days 0.98
9 53 days 166 days 0.91
10 171 days >1yr 0.37

DTN: LA990SWS831372.022, file: cons.tfrc
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DTN: LA9909WSB31372.022, file: inject 10004 _con_node
NOTES: The figure depicts the concentration plume after 1 year of conservative-tracer injection. The green

isosurface represents a normalized concentration of 0.5; the red dots represent the sampling points along
the collection boreholes.

Figure 92. A Conservative Tracer Concentration Plume
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Tables 40 and 41 show the predicted breakthrough times of tracer for the upper and lower
collection sampling points, respectively. As expected, sampling locations closer to the injection
planes exhibit tracer breakthrough times that are earlier than those from more distant locations.
As discussed in the next section, for simulations involving heterogeneous property distributions,
this result may be modified due to preferential flow paths. The results indicate that tracer
breakthrough is expected at several sampling locations within the first year, and some are
expected within the first month. Conservative tracer breakthroughs could occur at earlier times
than predicted by the ECM model if the model assumptions are erroneous. Fracture flow
through Tptpv2, for example, could result in faster travel times. Even so, an additional year of
operation may be required to achieve transport distances on the order of the entire length of the
block.

Nonconservative Tracers

Table 42 shows the distribution coefficients, K4, for the reactive, nonconservative tracers
determined by parallel laboratory studies and used in Phase 2 for the various units. The
measurements are preliminary but provide a starting point for the modeling effort. Travel times
for reactive tracers are extremely sensitive to these distribution coefficients, and errors in these
parameters strongly bias the results. One major deficiency in the preliminary measurements is
that these results do not include reversible sorption, and equilibrium may not have been achieved
when obtaining the distribution coefficients.

Table 42. Retardation of Reactive Tracers

Tracer Tptpvi, Tac Ks (mL g7') Tptpv2 Kq (mL g™")
Lithium 1.0 0.0
Manganese 15.6 6.5
Nickel/cobalt 34.0 13.0

DTN: LAS90SWS831372.022

The next set of tables shows the predicted breakthroughs for the three reactive tracers: lithium
Tables 43 and 44), manganese (Tables 45 and 46), and nickel or cobalt (Tables 47 and 48).

The data indicate that lithium does not sorb in Tptpv2 but mildly sorbs in Tac and Tptpvl.
Although lithium sorption in Tac is mild when compared to manganese and nickel or cobalt, the
sorption has a large effect on travel times over the time scale of interest. The lithium only breaks
through at locations that are extremely close to the injection boreholes (i.e., boreholes 16, 17, 46,
48 and 9).

Manganese is predicted to sorb much more strongly than lithium. For this reason, manganese is
only expected to break through at boreholes 46 and 48 within a one-year time span. Cobalt or
nickel sorbs even more strongly than manganese and is not expected to break through at any of
the boreholes during the time of the test.
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Table 43. Lithium from Upper Injection Boreholes

Borehole 5% Breakthrough 50% Breakthrough Normalized
number concentration concentration concentration at 1 yr
16 52 days 193 days 0.79
17 257 days >1yr 0.12
14 >1yr >1yr 0.0
15 >1yr >1yr 0.02
13 >1yr >1yr 0.0
12 >1yr >1yr 0.0
Remaining collection >1yr >1yr 0.0
boreholes
DTN: LAS909WS831372.022, file: chem.trc
Table 44. Lithium from Lower Injection Boreholes
Borehole 5% Breakthrough 50% Breakthrough Normalized
number concentration concentration concentration at1 yr
46 28 days 267 days 0.62
48 63 days 327 days 0.55
9 242 days >1yr 0.12
10 >1yr >1yr 0.0

DTN: LAG909WS831372.022, file: chem.tre

There are many caveats that could strongly affect the predicted travel times of the reactive
tracers. First, the model is extremely sensitive to the values of K, and the current Kq4
measurements are uncertain at this time. A simple K4 may not be sufficient to model sorption of
these tracers due to chemical heterogeneities and nonlinear reactions. Finally, these immobile
reactive tracers may sorb onto colloids, thereby enhancing their mobility.

Heterogeneous System

A major assumption of the above modeling results is that properties are homogeneous within a
layer. In this section, the effects of the heterogeneity of properties within the layers are explored.
In these simulations, permeability values are distributed within each layer. The means of the
permeability values for each layer are assumed to be the same as the permeability values used in
the homogeneous simulations. In each layer, a log-normal distribution of permeability with a In
(k) variance of 2.0 and a correlation length of 1 m in the x, y and z directions is assumed. In the
Tac and Tptpvl1 units, an equation has been proposed to represent the correlation between the
van Genuchten parameter 4, and matrix permeability (Altman et al. 1996, unnumbered equation
on p. 34). To explore the sensitivity of the model results to this type of correlation, this relation
is used to distribute oy throughout these units.
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Table 45. Manganese from Upper Injection Boreholes

Borehole §% Breakthrough 50% Breakthrough Normalized
number concentration concentration concentration at 1 yr
16 >1yr >1yr 0.0
17 >1yr >1yr 0.0
14 >1yr >tyr 0.0
15 >1yr >1yr 0.0
13 >1yr >1yr 0.0
12 >1yr >1yr 0.0
Remaining collection >1yr >1yr 0.0
boreholes
DTN: LA9909WS831372.022, file: chem.trc
Table 46. Manganese from Lower Injection Boreholes
Borehole 5% Breakthrough 50% Breakthrough Nommalized
number concentration concentration concentration at 1 yr
46 277 days >1yr 0.06
48 328 days >1yr 0.06
9 >1yr >1yr 0.0
10 >1yr >1yr 0.0

DTN: LA9909WS831372.022, file: chem.trc

Figure 93 shows the background saturation profile and the saturation proﬁle after one year of
continuous injection. The saturation profile shows that the 50 mL hr! boreholes have a strong
effect on the saturation profile. This effect is for two reasons, including the obv1ous reason that
50 mL hr! is the high injection rate. The second reason is that the 50 mL hr! boreholes inject
into the Tptpv2 layer, which has a much lower matrlx permeablhty than the Calico Hills
hydrogeologic unit (Tac and Tptpvl). The 10-mL hr! injections in the Tac unit do not have a

large effect on the saturation profile.

important process around the 10 mL hr™’

permeabilities in this unit.

ANL-NBS-HS-000019, Rev 00

236

The simulations indicate that capillary action is an
injections, which is mostly due to the high matrix

June 2000




Table 47. Nickel or Cobalt from Upper injection Boreholes

Borehole 5% Breakthrough 50% Breakthrough Normalized
number concentration concentration concentration at 1 yr

16 >1yr >1yr _ 0.0

17 >1yr >1yr » 0.0

14 >1yr >1yr 0.0

15 >1yr >1yr 0.0

13 >1yr >1yr 0.0

12 >1yr >1yr 0.0

Remaining collection > yr >1yr 0.0

boreholes

DTN: LA9909WS831372.022, file: chem.trc

Table 48. Nickel or Cobalt from Lower Injection Boreholes

Borehole 5% Breakthrough 50% Breakthrough Normalized
number concentration concentration concentration at 1 yr
46 >1yr >1yr 0.0
48 ' >1yr >1yr 0.0
9 >1yr ' >1yr 0.0
10 >1yr >1yr 0.0

DTN: LA9909WS831372.022, file: chem.frc

Tables 49 and 50 show the breakthrough times for two realizations. As expected, heterogeneities
do add some fluctuations in the trends observed previously; however, many of the trends still
hold.

6.8.7.4 Summary and Interpretation

This section constitutes a preliminary “blind” prediction of the behavior of the Phase-2 block of
the UZTT at Busted Butte. The prediction is intended to test the current modeling concepts and
tools available to the integrated site-scale model and their abstractions for performance
assessment. This prediction uses parameters from the available Yucca Mountain hydrologic and
geochemical databases and is considered to be preliminary because calibrations have not been
performed using information from Busted Butte.

Modeling results for fluorescein, a conservative tracer, indicate that tracer breakthrough is
expected at several sampling locations within the first year of testing. For some sampling
locations, tracer breakthrough is predicted for travel times of less than a month. Tracer
breakthroughs could be even quicker than predicted if the ECM assumption does not hold.
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Table 49. Fluorescein from Upper Injection Boreholes with Physical Heterogeneities

5% Breakthrough 50% Breakthrough Normalized
Borehole concentration concentration concentration at 1 yr
number Real.* 1 Real. 2 Real. 1 Real. 2 Real. 1 Real. 2
16 28 days 36 days 70 days 106 days 1.0 0.96
17 70 days 60 days 238 days 161 days 0.7 0.91
14 173 days 170 days >1yr >1yr 0.35 0.38
15 126 days 126 days 278 days 267 days 0.72 0.76
13 118 days 142 days 247 days 347 days 0.80 0.54
12 222 days 247 days >1yr >tyr 0.42 0.29
Remaining 0.0 0.0
collection >1yr >1yr >1yr
boreholes
DTN: LASS09WS831372.022, files: real?.trc and real2.trc
NOTE: *Real. = realization
Table 50. Fluorescein from Lower Injection Boreholes with Physical Heterogeneities
5% Breakthrough 50% Breakthrough Normalized
Borehole concentration concentration concentration at 1 yr
number Real.* 1 Real. 2 Real. 1 Real. 2 Real. 1 Real. 2
46 4 days 4 days 37 days 32 days 1.0 1.0
48 24 days 22 days 106 days 96 days 0.97 0.98
9 52 days 47 days 156 days >1yr 0.94 0.94
10 197 days 202 days >1yr >1yr 0.28 0.26

DTN: LAO90SWS831372.022, files: real1.trc and real2.trc
NOTE: *Real. = realization

‘Fracture flow through the Topopah Spring (Tptpv2) could result in faster travel times. The
fracture parameters for the van Genuchten model are not known to a high degree of accuracy.
Another caveat in these modeling results is the effect of physical heterogeneities within each
layer. Small-scale heterogeneities could result in preferential flow paths, which results in faster
flow paths in some parts of the block and slower flow paths in other parts of the block. Monte
Carlo simulations and more elegant stochastic techniques could be employed to capture the
uncertainty in the travel times.

More uncertainty exists in the predicted travel times of the reactive tracers when compared with
the conservative-tracer predictions. The strongly sorbing tracers manganese and cobalt (or
nickel) are not expected to break through within the first year of testing. Even weakly sorbing
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x
DTN: LA9909WS831372.022, files: bg. 10002_sca_node.inp and inject. 10002_sca_node.inp

NOTES: These saturation profiles are from 10 to 60% of the heterogeneous Realization 1: (a) background
saturation, (b) saturation profile after 1 yr of injection. In the figure, injection points are red dots and
collection points are blue dots.

. Figure 93. Predicted Saturation Profiles for Phase 2

C25
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lithium only reaches a few collection boreholes. Therefore, an additional year of operation may
be required to achieve transport distances that reach more sampling points. At this stage, it is
important to note that the model is extremely sensitive to the values of Ky used, which are
preliminary. In addition, a linear K4 model may not be sufficient to model sorption of these
tracers due to chemical heterogeneities and nonlinear reactions. More rigorous reactive transport
models could be used to check the linear Xy assumption. Finally, these immobile reactive tracers
may sorb onto colloids, thereby enhancing their mobility.

6.8.8 Model Validation

Model validation is a process to demonstrate and document that a model is appropriate and

adequate for its intended use. Models used in this AMR express a conceptual model of

unsaturated flow as mathematical equations, which are solved by computer codes that execute -
numerical methods. Input to the problem includes rock properties and, in the case of FEHM

V2.00 (STN: 10031-2.00-00), a mesh or grid that expresses the geometry. Validation includes

developing confidence in the grid, the input values, and the conceptual and numerical models

embedded in the code.

The conceptual model underlying the models used in this AMR is the standard model of
unsaturated Darcy flow with constitutive relationships defined by either van Genuchten or
Gardner-Russo equations (van Genuchten 1980; Gardner 1958; Russo 1988), which are
generally accepted by the scientific community. For this work, all rock property values were
measured on samples either from the Busted Butte site or from the same geologic units at
Yucca Mountain (Table 1€). Mesh validation was done by plotting the location of features
such as boreholes and geologic contacts and comparing them visually with the known
geometry, such as shown in Figures 34, 45, and 87. The codes were validated by comparing
outputs for simple problems against analytical solutions where such exist.  Close
correspondence between the analytical and numerical methods was judged visually by
inspection of plotted output. Output was also inspected visually to ensure that the behavior of
the system conformed to what is expected for this conceptual model.

The UZTT is an integration of field experiment, laboratory analysis, and conceptual and
numerical simulation. The UZTT is designed to verify and validate the project's ability to
capture transport, dispersion, fracture flow, and other features significant to the Yucca
Mountain site in a computational model.

The UZTT applies a variety of computer codes for the computational analyses. The primary
flow and transport modeling code being used is FEHM. Computational grids for FEHM were
generated using LAGRIT V1.0 (STN: 10212-1.0-00). The software code STO-UNSAT V1.0
(STN: 10292-1.0LV-00) is used for stochastic flow modeling. STO-UNSAT numerically
solves the moment differential equations that describe transient unsaturated flow in randomly
heterogeneous porous media (Zhang 1999). Verification of this code included running
solutions to steady state and then comparing with published one- and two-dimensional steady-
state solutions (Zhang et al. 1998; Zhang and Winter 1998). All other computational tools used
are standard commercial software as listed in Section 3.0 of this AMR.
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Computational grids were generated using site data from the TDMS (Table le). Domain size,
stratigraphy, and borehole configuration were taken from site survey data and measurements.
These configurations generated by LAGRIT were visually compared against the input data and
judged to be accurate representations of these data. The correctness of the computational grids
themselves was tested by running simple steady-state flow- and heat-conduction simulations
with homogeneous material properties. Phase-1A deterministic and Monte Carlo simulations
and Phase-2 simulations were run using FEHM V2.00, which is the primary code used to
simulate the flow and transport of the field experiment. FEHM was chosen because it is the code
that will be used to simulate flow and transport at the proposed repository for PA. FEHM has
been used extensively within the YMP, and no modifications of FEHM were made for the UZTT
modeling. In addition to extensive verification and validation of FEHM reported in Dash et al.
(1997), these FEHM simulations were initially validated for simple homogencous flow under
uniform saturation. Plots of model results at a range of saturations showed the expected
transition from capillary-dominated to gravity-dominated between 60% and 90% initial
saturation. This agreement with expected behavior and the previously documented agreement
with analytical solutions (Dash et al. 1997) indicates that the computational code was running
correctly for this configuration (Soll 1997, pp. 18 to 26).

Material properties used in the model were either site-specific when available or otherwise were
derived from field and laboratory measurements made at or near Yucca Mountain. The ultimate
validation of the UZTT models will be with data collectied from the UZTT itself. The model
results presented in this AMR are predictions that will be compared against actual field results.
Full validation of these models at this time is, thus, premature. The only data currently available
to validate the Phase-2 FEHM model qualitatively are those depicting the first detection of
fluorescein (Figure 91). The Phase-2 model reported here adequately met the criterion that the
tracer concentration predicted in the time interval when breakthrough actually occurred must be
between 25% and 75%.

-

STO-UNSAT, a stochastic differential equation code for modeling flow and transport, was used
to develop a 2-D model for Phase-1A predictions. The STO-UNSAT model was validated by
first running a simple homogeneous case (Zhang and Winter 1998, Figures 1 and 2) and
comparing against the analytical results derived in Zhang et al. 1998 (Equations 63 and 46,
respectively). Good agreement was also found between Phase-1A stochastic simulations using
STO-UNSAT and Phase-1A deterministic predictions using the FEHM model. Further examples
are contained in Zhang 1998 (pp. 12 to 21, 76).

Note that the UZTT is itself a model validation process. As additional data become available,
they will be incorporated into the UZTT computational models to improve their
‘representativeness. Validation of the UZTT models to date has shown that they adequately
reproduce input data and provide similar results in comparison tests. Because of the limited
comparisons of UZTT model predictions and test data that are available to date, a final
conclusion regarding the validity of these models for simulating the test conditions and
environments of the UZTT cannot be made at this stage of the testing and modeling program.
However, the results obtained thus far, as described in this AMR, support the conclusion that
these models are adequate for their intended use.
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6.8.9 Summary: Implications for Performance Assessment

The UZ transport test is designed to provide information suitable for assessing the validity of
flow and transport models used in the site characterization and performance assessment
programs for Yucca Mountain. Observations of the available data collected to date for Phase 1
and Phase 2, and the modeling of these data, lead to several key conclusions of relevance to
performance assessment. These conclusions are summarized below, categorizing them with
respect to the particular field or modeling activity in this report.

1. Laboratory measurements: The collection of unsaturated hydrologic property data using
the UFA provides data of particular relevance to flow and transport models because they
are direct measurements under unsaturated conditions rather than indirect, model-derived
parameters. The Monte Carlo analyses (Section 6.8.6) indicate that the nature of the
correlations between parameters such as permeability and the van Genuchten o parameter
have a strong impact on the predictability of the flow and transport system. Therefore,
additional measurements of hydrologic and transport parameters under unsaturated
conditions could be used to constrain models and develop correlations.

2. Phase-14 and -1B model results: In addition to the point just made, the modeling
~analyses for Phase 1A indicate that strong capillary forces in the rock matrix of the Tac
unit are likely to modulate fracture flow from overlying units, thereby damping pulses of
infiltrating water and providing a large degree of contact between radionuclides and the
rock matrix. Several modeling approaches, from deterministic to Monte Carlo and
stochastic models, were used to simulate the Phase-1A experiments (Sections 6.8.6 and
6.8.7). All yielded similar qualitative results. From this we conclude tentatively that the
deterministic modeling approach taken at the site scale may be adequate. The
parameterizations used in performing these calculations must be evaluated after data from
the UZTT are available.

A particularly interesting observation from the Phase-1B experiment is that, even when
injection occurs immediately adjacent to a fracture, water appears to be imbibed quickly
into the surrounding matrix. The transport times observed immediately below the
injection point were on the order of 30 days, whereas pure fracture flow would have
resulted in travel times of minutes to hours at this flow rate. Site-scale models must be
evaluated in light of this observation. Models that predict significant fracture flow at
percolation rates low enough for the matrix to transmit the flow may be inconsistent with
the Phase-1B experiment.

3. Phase-2 modeling: Significant uncertainties uncovered by the modeling include the
adequacy of continuum models in nonwelded units of high matrix permeability and the
nature of the transition from fracture flow to matrix flow at contacts between
hydrogeologic units. These are exactly the issues being studied within the UZTT.

Primary focus over the past year has been on flow and transport field data collection. Data
collection/analysis for Phase 2 will be continuing through September 2000, with continuing
compilation, analysis, and interpretation of the field data.
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6.9 C-WELLS FIELD AND LABORATORY TRANSPORT TESTING

6.9.1 Introduction

To test conceptual SZ transport models for YMP, two major cross-hole, forced-gradient tracer
tests were conducted at the C-wells (UE-25c#1, c#2, and c#3), which are located approximately
2 km southeast of the potential repository footprint (Figure 94), and completed in fractured
volcanic tuffs. Groundwater flow at this location is thought to be toward the southeast, which
puts the C-wells directly downgradient of the southern end of the potential repository. The tracer
tests were conducted in two different saturated intervals that differed in horizontal hydraulic
conductivity by about 2 orders of magnitude: the lower Bullfrog Tuff, with a conductivity of 27
to52md™! (Geldon et al. 1997, p. 34 in Hydraulic Tests section), and the lower Prow Pass Tuff,
with a conductivity of 0.8 to 1.0 m d! (Reimus et al. 1999, p. A.7). Figure 95 depicts the
hydrogeology of the C-wells and shows the packer locations in the tracer tests. Note from Figure
95 that the vast majority of the water produced at the C-wells comes from a small number of
relatively discrete zones, most of which are located in the lower half of the Bullfrog Tuff. Both
tracer tests were conducted between wells c#2 and c#3 (a linear distance of approximately 30 m),
with c#3 being the production well in the Bullfrog Tuff test and c#2 the production well in the
Prow Pass Tuff test.

The two tracer tests featured the simultaneous injection of several different tracers having
different physical and chemical characteristics: (1) nonsorbing solutes with different diffusion
coefficients (Br and pentafluorobenzoate), (2) a weakly-sorbing solute (Li"), and (3)
carboxylate-modified latex (CML) polystyrene microspheres, which served as colloidal tracers
(Reimus et al. 1999, pp. 5.1-5.2 and C.1-C.2). Two additional tracer tests in the Bullfrog Tuff
were conducted, each of which involved the injection of only a single nonsorbing solute (Reimus
et al. 1999, Appendix C, Section C.2). These additional tests were conducted primarily to
determine the optimal injection well for the test involving multiple tracers, and they will not be
discussed further here except in the context of how they supported the interpretation of the
multiple tracer test in the Bullfrog Tuff. The simultaneous injection of multiple tracers offers
significant advantages over single tracer injections because it allows transport processes to be
better distinguished and quantified by comparing the responses of the different tracers.

A series of laboratory studies were conducted in parallel with the field testing efforts to help
support and constrain the interpretations of the field tests. These studies included (1) batch-
sorption tests to characterize Li* sorption to C-wells tuffs, (2) diffusion-cell tests to determine
matrix diffusion coefficients of tracers used in the field, and (3) dynamic-transport tests to study
tracer transport in fractured and crushed tuffs under more controlled conditions than in the field.
The batch-sorption tests and dynamic-transport tests have provided estimates of lithium sorption
parameters for comparison with sorption parameters derived from the field tests. Such
comparisons are important because they offer an indication of whether laboratory-derived
radionuclide sorption parameters can be used defensibly in field-scale predictive calculations.

ANL-NBS-HS-000019, Rev 00 243 June 2000



T T

N / i

Borehole f,
UE-25C #1 —

’
/
/ _
/
/
y _
,/ 10m
/86.1m ]
/
/
p .
Borehole // fi - d
ore Inferred direction
% UE-25C #1/3/ of groundwater flow
/ \
~~3Tm
Borehole
UE-25C #2 -
L ! l i ! ! L

o Borehole location at land surface
e Average borehole location in Bulifrog Tuff

DTN: MO9907YMP99025.001 and GS981008312314.003 (borehole coordinates)

Figure 94. Location and Layout of the C-Wells Complex

ANL-NBS-HS-000019, Rev 00 244 June 2000



750 —
Water
Table

| ‘l“

Paintbrush Group

700

600 —

550 —

450 —

Meters above Sea Level

400 —

350 —

300

200 —

Lithology

Stratigraphy C#1

Tac

Calico Hills

Thibt

Tep

Prow Pass

Tepbt

Crater Flat Group

Bullfrog

Tcb

Tebbt| ™
Tet —

TH

1s =" 7=
LN R NIt N |

Tram

I

C#2 C#3

: Fracture Density,
Porosity tractures/m
0.1 °f 03 04 0 051015 21.0
t [

® Bullfrog Tuff
Packer Locations

Partially Welded
Partially t
Modgray'te?y Walded

Prow Pass Tuff
Packer Locations

<l

Moderately to
Densely Welded

Breccia

Percentage of
Flow into Borehole

DTN: GS970708312314.007 (lower Bullfrog packer locations); GS990408312315.002 (Prow Pass); GS981008312314.002; all are

reference only

NOTE: Packer locations indicate intervals in which hydraulic and tracer tests were conducted (the two tracer tests
involving multiple tracers were conducted between c#2 and c#3). Packer locations for lower Bullfrog tests
were derived from Geldon et al. (1997, Table 2). Porosity data are from Geldon (1993, Table 13), and
fracture density data are from Geldon (1993, Tables 6 and 7); these data sets are shown only for reference
purposes and have not been used in any of the analyses discussed in this report.

Figure 95. Stratigraphy, Lithology, Matrix Porosity, Fracture Density,
and Inflow from Open-Hole Flow Surveys at the C-Welis

ANL-NBS-HS-000019, Rev 00

245

June 2000



6.9.2 Summary of Field Test Results and Interpretations

Figure 96 shows the normalized tracer responses (concentrations divided by injection masses) in
the multiple tracer test in the Bullfrog Tuff. Figure 97 shows the normalized tracer responses in
the Prow Pass multiple tracer test. Note that the concentrations and times for the Bullfrog Tuff
test in Figure 96 are shown on log-log axes. The test conditions and tracer injection masses in
the two tests are described in detail in Reimus et al. (1999), Chapter 5 (Prow Pass Tuff) and
Appendix C (Bullfrog Tuff). Both tests featured partial recirculation of the water produced from
the pumped well: ~3.5% recirculation in the Bullfrog Tuff and ~30% recirculation in the Prow
Pass Tuff.

The most striking feature of the tracer breakthrough curves in the Bullfrog Tuff test (Figure 96)
is their bimodal (double-peaked) behavior. This behavior is attributed to a relatively small
fraction (~13%) of the tracer solution exiting the injection borehole in short-residence-time
pathways in the upper half of the injection interval, whereas the remaining tracer mass exited the
borehole primarily in pathways of longer travel time deeper in the interval. The greater density
of the tracer solution (injected just below the top packer) relative to the groundwater would have
caused it to preferentially sink to the bottom of the relatively long (and unmixed) injection
interval. Figure 98 shows that there was only one pentafluorobenzoate (PFBA) peak in a tracer
test conducted earlier in the Bullfrog Tuff (same interval, same flow rates). The only difference
between the two tests was that ~1,000 L of tracer solution was injected in the first test, and
~12,000 L was injected in the second test. The packed-off injection interval volume was ~4300
L, so in the first test, only about one-fourth of an interval volume was injected. Therefore, it is
likely that only flow pathways in the lower part of the injection interval conducted tracers out of
the borehole because of the tendency of the tracers to sink. In contrast, in the second test,
approximately three interval volumes of tracer solution were injected, so the volume between the
packers should have eventually filled with tracer solution, and tracers would have, thus, accessed
flow pathways throughout the entire length of the interval. The flow survey information
depicted in Figure 95 suggests that the zone of highest flow in the injection well (c#2) occurred
in the upper half of the injection interval.

The PFBA and bromide responses in both the Bullfrog Tuff tracer test and the Prow Pass Tuff
test show clear qualitative evidence of matrix diffusion. The peak-normalized PFBA
concentrations are higher than the peak-normalized bromide concentrations in both tests, and the
second bromide peak in the Bullfrog Tuff test is somewhat delayed relative to the PFBA with a
tail that appears to cross over the PFBA at long times. These features are all consistent with
greater matrix diffusion of the more diffusive tracer (bromide) relative to the less diffusive tracer
(PFBA). Another qualitative indication of matrix diffusion in the Prow Pass Tuff test is the
“jump(s)” in solute tracer concentrations after each of the three major flow interruptions during
the tailing portion of the test, which indicate diffusion of tracers out of the matrix and into
fractures during the interruptions. Thus, the two tests support the concept of dual-porosity
behavior (where flow occurs primarily in fractures, but there is a large amount of stagnant water
available for tracer/contaminant storage in the near-stagnant water of the rock matrix) in the
saturated, fractured system at the C-wells.
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Figure 96. Normalized Tracer Responses in the Bullfrog Tuff Multiple Tracer Test
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Figure 98. Normalized PFBA Responses in Two Different Tracer Tests in the Bullfrog Tuff
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The lithium responses in the two tests show obvious attenuation relative to the nonsorbing
tracers, which is indicative of lithium sorption. The attenuation in the Prow Pass test and in the
first peak of the Bullfrog Tuff test is almost exclusively a lowering of the peak concentration
with little or no delay in arrival time. This behavior is consistent with lithium sorption in the
matrix (after diffusion into the matrix). The attenuation in the second peak of the Bullfrog Tuff
test involves a clear time delay along with a dramatic lowering of concentration. This behavior
is consistent with sorption in both the fracture flow pathways and the matrix.

The CML microsphere responses in the two tests indicate that the microspheres were
significantly attenuated relative to the solute tracers in both tests with the attenuation relative to
solutes being greater in the Prow Pass Tuff test. The microsphere responses in the Prow Pass test
are shown more clearly on a plot of log-normalized concentration versus time in Figure 99. The
responses in both tests (including both sizes of spheres in the Prow Pass test) are characterized
by truncated tails relative to the solutes but with measurable concentrations that persist
throughout the tests. This behavior is consistent with filtration followed by some sort of
nonlinear or stochastic resuspension of the microspheres.

The tracer responses in both tests were interpreted by simultaneously fitting the breakthrough
curves using a semianalytical, dual-porosity transport model, RELAP, which is described in
detail in Reimus et al. (1999, Appendix D). RELAP is part of the Reactive Transport
Application (RTA) V1.1 (STN: 10032-1.1-00) software package. It solves Laplace domain
“transfer functions” that describe tracer injection, well-bore mixing, recirculation, and tracer
transport in a dual-porosity system. The equations used for transport in the flow system can take
various forms depending on whether: (1) flow is assumed to be linear or radial, (2) the matrix is
assumed to be finite or semi-infinite, or (3) sorption is assumed to be equilibrium or rate limited
(Reimus et al. 1999, Appendix D).

The interpretation strategy in the Bullfrog Tuff test was to (1) fit the first tracer peaks, (2)
subtract the fitted responses from the complete breakthrough curve(s), and (3) fit the resulting
residual second peak(s) with a second set of transport parameters. In the Prow Pass test, a single '
set of transport parameters was sufficient to fit the single modal tracer responses. The sequence
of fitting the different tracer responses in each test was as follows.

1. The Br and PFBA responses were fit simultaneously using RELAP. It was assumed that
both tracers experienced the same mean residence time and the same longitudinal
dispersivity (because they were injected simultaneously), but they had diffusion coefficients
that differed by a factor of 3. Both tracers were assumed to be conservative (nonsorbing).
(Assumptions 22, 23, and 24 in Section 5).

2. The lithium response was fit by assuming that the lithium experienced the same mean
residence time and dispersivity as the bromide and PFBA, but it had a diffusion coefficient
two-thirds that of bromide and twice that of PFBA. (Assumptions 22 and 24 in Section 5).
The only parameters adjusted to obtain a fit to the lithium data were sorption parameters.
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3. The microsphere responses were fitted assuming the same mean residence times and
dispersion coefficients as the solute tracers but without any diffusion into the matrix
(diffusion coefficient of zero) (Assumptions 22 and 25 in Section 5). The rate-limited
sorption features of RELAP were used to adjust filtration and resuspension rate constants
until a fit to the data was obtained.

4. To simulate the flow interruptions in the Prow Pass Tuff tracer test, a numerical code called
RETRAN, also part of the RTA software package, was used. Unlike RELAP, RETRAN is
capable of simulating nonlinear behavior and flow transients (Laplace transforms are
limited to linear functions and steady-state flow behavior). RELAP fits were extended
beyond the flow interruptions by using the transport parameters obtained from RELAP (up
until the time of the flow interruptions) as inputs to RETRAN. RETRAN was also used to
simulate nonlinear sorption behavior of lithium.

The model RETRAN solves the concentration of tracer only at the breakthrough point, using a
semi-analytical method. No mesh is required. The breakthrough curve is obtained by numerical
inversion of the solution in Laplace space. Complete model documentation is reported in
Reimus and Dash (1999), including discussion on stability and accuracy of solutions. RETRAN
was validated for this application by fitting the observed breakthrough curves and visually
judging the goodness of fit as shown in Appendix C of Reimus et al. (1999). RETRAN was
chosen for this application because no data other than breakthrough data are available to fit.
Therefore, there is no advantage to using a model that predicts concentrations everywhere. The
model fits to the tracer breakthrough curves are not shown here graphically; the reader is referred
to Reimus et al. (1999, Chapter 5 and Appendix C) for graphical representations of the fits. All
transport parameters obtained from the fits, with the exception of lithium sorption parameters,
are listed in Tables 51 and 52 for the Bullfrog and Prow Pass Tuff tests, respectively. Note that
there are separate estimates of mean residence times and dispersivities depending on whether
“radial” or “linear” flow is assumed (the two possible extremes for flow to a pumped well in a
_ confined aquifer). These values reflect the parameter uncertainty associated with not knowing
the true nature of the flow field. Figure 100 shows the range of longitudinal dispersivities
deduced from the C-wells tracer tests on a plot of dispersivity versus length scale taken from
Neuman (1990, Figure 3). It is apparent that the C-wells longitudinal dispersivities (the
darkened box) are in relatively good agreement with Neuman’s published relationship of
dispersivity versus length scale. Note that the lower end of the range of length scales associated
with the darkened box corresponds to the interwell separation in the tracer tests and the upper
end corresponds to the test interval thickness (used as an upper bound for the transport distance).
The effective flow porosities listed in Tables 51 and 52 were calculated from the deduced mean
tracer residence times using the following expression (Reimus et al. 1999, Section 5.6), which
assumes radial convergent flow in a homogeneous, isotropic medium:

o7

= = Eq. 41
n= 7 (Eq. 41)
where
1 = flow porosity ' R = distance between boreholes (m)
QO = production rate (m*/hr) L = formation thickness (m).

T = mean tracer residence time (hr)
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Table 51. Transport Parameters Deduced from Fits of the Bullfrog Tuff Tracer Responses d

Parameter Pathway 1 ° 1 Pathway 2
mass fraction in pathway 0.12 0.59
residence time, linear flow (hr) 37 995
longitudinal dispersivity, finear flow (m) 53 18.8
residence time, radial flow (hr) 31 640
longitudinal dispersivity, radial flow (m) 3.6 10.7
effective flow porosity, linear (radial) * 0.0029 (0.0025) 0.026 (0.017)
%JDm for bromide (sec™?) ° 0.00158 0.000458
microsphere filtration rate constant (hr™")° 0.2 0.04

DTN: LA9909PR831231.003

NOTES:

2 Based on flow log information (see Figure 95), it was assumed that 75% of the production flow
contributed to the pathway 1 responses and 25% of the flow contributed to the pathway 2 responses.
Equation 41 was used to estimate the flow porosity.

® This parameter is an effective matrix diffusion mass transfer coefficient (Reimus et al. 1999, Section 5.6).
The value of the parameter for PFBA was assumed to be 0.577 times that for bromide.

 Multiple resuspension/detachment rate constants were assumed in each pathway to obtain a fit to the
microsphere responses (see Reimus et al. 1999, Section C.5). Filtration coefficients (m™") can be
calculated from the filtration rate constants (ki) using ka/V, where V= average linear velocity determined
from mean fluid residence times.

4 See Table 53 for lithium sorption parameters.

® Note that “Pathway 1” refers to pathways that resulted in the first tracer peak, and “Pathway 2" refers to
pathways that resulted in the second peak.

Table 52. Transport Parameters Deduced from Fits of the Prow Pass Tuff Tracer Responses

NOTES:

Parameter Value
mass fraction participating in test 0.75
residence time, linear flow (hr) 1230
longitudinal dispersivity, linear flow (m) é 231
residence time, radial flow (hr) 620
longitudinal dispersivity, radial flow (m) @ 6.3
effective flow porosity, linear {radial) 0.0068 (0.0034)
-EJ_D: for bromide (sec™?)° 0.000968
640-nm sphere filtration rate constant (hr") ¢ 0.043
280-nm sphere filtration rate constant (hr™')° 0.07

DTN: LA9909PR831231.005

2 Longitudinal dispersivities calculated after subtracting out apparent dispersion due to the
recirculating flow field (see Reimus et al. 1999, p. 5.14).

® See Table 51 for footnotes.

° See Table 53 for lithium sorption parameters.
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Figure 100. Longitudinal Dispersivity versus Length Scale of C-Wells Values
from Interpretations of the Prow Pass and Bullfrog Reactive Tracer Tests
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The “mass tracer solution (which may have resulted in tracers “sinking” out of the zone of
influence of the pump). Finite but slow flow through the matrix may also have resulted in some
tracer being pushed out of the injection well into the matrix (rather than fractures) where it would
have been effectively “lost” from the fracture flow system.

The parameter describing matrix diffusion in Tables 51 and 52 is actually a “lumped” parameter
(Reimus et al. 1999 pp. C.7 and 5.15) which could be called the “mass transfer coefficient,”

£

consisting of the matrix porosity, ¢ ,the fracture half-aperture, b, and the matrix diffusion
coefficient, Dy,. These parameters cannot be easily separated because it is not possible to obtain
independent estimates of their in-situ values. It should be noted that the simultaneous fits to the
nonsorbing tracer responses were not significantly improved by assuming a finite matrix (versus
an infinite matrix) or by assuming multiple pathways with different matrix diffusion mass
transfer coefficients (versus a single mass transfer coefficient).

Lithium sorption parameters deduced from the field tracer tests are listed in Table 53.
Laboratory-derived lithium sorption parameters (see below) are also listed in Table 53 to allow a
comparison between field- and laboratory-derived sorption data. Table 53 indicates that lithium
sorption in the field was always approximately equal to or greater than the sorption measured in
the laboratory. It should be noted that although Table 53 lists only linear equilibrium sorption
parameters (K4 values), the first lithium peak in the Bullfrog Tuff tracer test was actually a better
fit assuming either rate-limited sorption or nonlinear sorption. A discussion of these and other
alternative approaches to fitting the early lithium peak in the Bullfrog Tuff test is provided by
Reimus et al. (1999, Section C.4.2). For the second lithium peak in the Bullfrog Tuff test and the
only peak in the Prow Pass test, the assumption of linear equilibrium sorption provided very
good fits to the data.

The microsphere fitting procedure in the Bullfrog Tuff test is described in detail in Reimus et al.
(1999, Section C.5). Two sets of pathways were assumed, each having a unique linear filtration
rate constant. However, to fit the long tailing behavior, it was necessary to assume that there
were multiple resuspension rate constants for different mass fractions of the spheres within each
pathway. To match the low recovery of the spheres, a relatively large fraction of mass in each
pathway was assumed to be irreversibly filtered (a resuspension rate constant of zero). The
filtration rate constants resulting in a good fit to the complete microsphere response are given in
Table 51. In the Prow Pass Tuff test, the microsphere responses were fit assuming only linear
forward filtration with no resuspension (Reimus et al. 1999, p. 5.10). The resulting filtration rate
constants are provided in Table 52. The fits provided a good match to the data up until the tails
of the breakthrough curves began to flatten out. The long flat tails could probably be explained
by multiple resuspension rate constants, but this was not attempted.
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Table 53. Comparison of Field- and Laboratory-Derived Sorption Parameters for Lithium lon 3

Parameter Field Ks Laboratory Ky°

Prow Pass matrix Ky assuming 0.66 0.13 (0.26 at infinite dilution)
Central Prow Pass Tuff

Prow Pass matrix Ky assuming 1.68 0.084 (0.44 at infinite dilution)
Lower Prow Pass Tuff

Bullfrog matrix Ky in Pathway 1 0.24 0.19 (0.44 at infinite dilution)
assuming Central Bullfrog Tuff :

Bullfrog matrix Ky in Pathway 1 0.97 0.32 (1.64 at infinite dilution)
assuming Lower Bullfrog Tuff

Bullfrog matrix Ky in Pathway 2 0.67 0.19 (0.44 at infinite dilution)
assuming Central Bullfrog Tuff

Bullfrog matrix Ky in Pathway 2 2.75 0.32 (1.64 at infinite dilution)
assuming Lower Bullfrog Tuff

DTN: LASG09PR831231.003 (field K for Bullfrog); LA9909PAS31231.004 (SEP Table 599488.006, laboratory Ka);
LA9909PR831231.005 (field K for Prow Pass})

NOTES: ? This comparison assumes linear sorption isotherms.
byvalues at “infinite dilution” obtained from slopes of Langmuir isothemm fits to the data (asymptotic slope at
very low concentrations). Other values obtained from a simple linear fit to the entire range of data.
¢ Pathway 1 refers to pathways that resulted in the first tracer peak in the Bullfrog reactive tracer test, and
Pathway 2 refers to pathways that resulted in the second peak in this test. Kq values were calculated from
the smallest matrix retardation factors obtained from alternative interpretations of the test (see Reimus et al.
1999, Section C.4.2, Table C-8).

Only one other C-wells tracer test involved the simultaneous injection of more than one tracer
(the combined iodide and 2,4,5-trifluorobenzoate (TFBA) injection in the Prow Pass Tuff in June
1998). This test exhibited the same qualitative behavior as the multiple tracer tests described
above, that is, the iodide was more attenuated than the TFBA due to greater matrix diffusion.
The comparisons of tracer responses resulting from injections into well c#1 and into either well
c#2 while pumping well c#3 provided some insights into flow heterogeneity/ -
anisotropy in the lower Bullfrog Tuff at the C-wells. Table 54 lists the ratios of peak response
times or first arrival times for conservative tracers between c#1 and c#3 and between c#2 and
c#3 for the two tests in which a comparison was possible. For a homogeneous, isotropic
medium, the response times under radial flow conditions are expected to vary as R?, which is the
distance between injection and production well squared. The ratios of R? values correspondin%
to both cases are also listed in Table 54. Note that the ratios of tracer response times and R
values are in reasonably good agreement in both cases, suggesting that anisotropy in the lower
Bullfrog Tuff at the C-holes may be relatively small despite the apparent orientation of the
fracture network in the general direction of c#1 to c#2 (Geldon 1993, pp. 44-46).
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Table 54. Ratios of Observed Tracer Arrival Times and Distances Squared for C-Wells Tracer Tests

Tests Time c#1/Time c#2—c#3 R c#1/R? c#2—c#3
Bullfrog, PFBA (c#2) and lodide (c#1) ® 6 7.4
Bullfrog, 2,6-DFBA (c#2) and Pyridone (c#1) b 10 7.4

DTN: GS970708312315.001, LAOOO2PR831231.001.

NOTES: ?® Both tests conducted with 2.5 to 3.5% recirculation into injection well. Peak tracer arrivals compared.
b Both tests conducted with no recirculation. First tracer arrivals compared.

' 6.9.3 Summary of Laboratory Test Results and Interpretations
6.9.3.1 Batch-Sorption Testing of Lithium Ion

Batch-sorption tests were conducted to determine equilibrium sorption isotherms of lithium ion
to seven different C-wells tuff lithologies over a three order-of-magnitude range of lithium
solution concentrations that effectively spanned the range of concentrations in field tests (~1 to
1000 mg L™!). The resulting best-fitting Langmuir isotherms for each lithology are shown in
Figure 102 (without the fitted data, which would excessively clutter the plot) (Reimus et al.
1999, Section 6.2, Figures 6-3 to 6-9). In most cases, a Langmuir isotherm offered a better fit to
the data than either a linear or Freundlich isotherm because of the tendency of the isotherm to
plateau at higher concentrations, suggesting a “saturation” of the surface with lithinm. These
tests and their results are described in more detail in Reimus et al. (1999, Section 6.2).

In conjunction with the batch-sorption tests, all tuffs tested were analyzed quantitatively for
major mineral phases by x-ray diffraction (XRD) (DTN: LA9909PR831231.004, SEP Table
S99488.003). Cation exchange capacity experiments were also conducted on each rock (DTN:
LA9909PR831231.004, SEP Table $99488.004). Not surprisingly, the tuffs that had the highest
lithium sorption capacity (Bedded Prow Pass and Lower Bullfrog) also bad the highest
percentages of smectite clays and/or zeolites and the highest cation exchange capacities (Reimus
et al. 1999, Table 6-4, Figure 6-2). The primary cations exchanging with the lithium in the
cation exchange capacity tests were sodium and calcium.

6.9.3.2. Diffusion Cell Testing

Laboratory “diffusion cell” tests involved measuring the diffusion coefficients of the nonsorbing
tracers used in field tests in intact blocks of saturated matrix material. The experimental
apparatus and details of the test interpretations are presented in Reimus et al. (1999, Chapter 8).
The diffusion coefficients of PFBA and bromide were measured in five different tuff lithologies,
as listed in Table 55. Each of these lithologies could have been involved in the field tests. Table
55 also gives the measured matrix porosities and permeabilities of the tuffs. It is evident that the
diffusion coefficients are positively correlated with both of these rock properties, although the
correlation is better with permeability. The two diffusion cell tests conducted in the lower Prow
Pass Tuff indicate very good experimental reproducibility using two different pieces of core
from this lithological unit.
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The ratio of bromide to PFBA diffusion coefficients in the diffusion cell tests was consistently
about 3:1, regardless of the absolute values of the diffusion coefficients. This ratio was used as a
constraint when simultaneously fitting the responses of these tracers in the field tests.

Table 55. Laboratory-Measured Matrix Diffusion Coefficients of
Bromide and PFBA in Various C-Wells Tuffs *

Permeability L Matrix diff. coeff. (cm® ™' x 10%) |
Tuff Porosity (mDarcy) (cm)® Br PFBA Br/PFBA

Central Bullfrog 0.094 0.00107 1.16 0.45 0.13 3.46
Lower Bullfrog 0.298 0.0949 0.84 1.0 0.36 2.86
Upper Prow Pass 0.272 4.72 0.91 6.0 1.9 3.16
Central Prow Pass 0.138 0.000786 1.23 0.4 0.13 3.08
Lower Prow Pass-1 ¢ 0.288 0.455 2.27 3.0 1.1 2.73
Lower Prow Pass-2° 0.288 0.455 1.82 3.0 1.0 3.0

DTN: LA9S09PR831231.003, LAG909PRS31231.004 (SEP Tables $99488.001 and $99488.002), LA9909PR831231.005

NOTES: ®The porosities and permeabilities of the tuffs are also listed in this table.
L = thickness of tuff “wafer” used in diffusion cell experiment.
° Duplicate experiments were conducted in the lower Prow Pass Tutf.

6.9.3.3 Flowing Transport Experiments in Crushed and Fractured Tuffs

Two types of flowing transport experiments were conducted to support the field testing efforts:
(1) crushed-tuff column experiments, and (2) fractured-core column experiments. In the former,
lithium bromide solutions were eluted through columns of the same crushed Central Bullfrog
Tuff at different concentrations and different flow rates. These tests showed that lithium
sorption under flowing conditions was in very good agreement with batch-sorption
measurements and demonstrated that lithium sorption kinetics were rapid enough that lithium
sorption in the field should be well approximated by assuming local equilibrium between the
solution and solid phases. More details of the crushed-tuff column experiments and their results
are given in Reimus et al. (1999, Section 7.1). The tests were interpreted using the RELAP and
RETRAN components of the RTA (STN: 10032-1.1-00) software package.

The fractured-core experiments offered more realistic laboratory simulations of the field tracer
tests. These tests were conducted in induced (unnatural) fractures in both the Upper and Central
Prow Pass Tuff lithologies (16—17 cm long). Experimental methods are described in Reimus et
al. (1999, Section 7.2). Two different sets of tests were conducted in each fracture: (1) multiple
tests at different flow rates using only iodide as a tracer and (2) tests involving the simultaneous
injection of lithium, bromide, and PFBA (analogous to the field experiments). The first set of
tests consistently exhibited higher peak concentrations of iodide at higher flow rates, consistent
with matrix diffusion (more iodide would be expected to diffuse into the matrix as residence
" times increase). Simultaneous RELAP fits of these data sets allowed estimates of matrix
diffusion parameters in the columns. The second set of tests exhibited behavior that was very
consistent with the field observations, that is, peak normalized PFBA concentrations that were
greater than peak Br concentrations and lithium concentrations that were lower yet but not
significantly attenuated in time (Reimus et al. 1999, pp. 7.8 to 7.9, Figures 7-8 to 7-9, 7-11). All
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of these features are consistent with dual-porosity transport behavior in the columns. These tests
were interpreted using the same techniques (RTA) as the field tests involving multiple tracers.
For brevity, the test results and interpretations are not presented here (see Reimus et al. 1999,
Section 7.2). In general, apparent matrix-diffusion-mass-transfer coefficients were greater in the
laboratory than in the field, and lithium sorption parameters in the laboratory were smaller than
in the field.

6.9.4 Conclusions from C-Wells Field and Laboratory Testing

The C-wells field and laboratory tests have resulted in the following conclusions relevant to
performance assessments of the potential Yucca Mountain repository.

o The responses of nonsorbing tracers in all field and laboratory tracer tests in fractured
rocks have been consistent with matrix diffusion behavior. This result supports the use of
a dual-porosity conceptual model to describe radionuclide transport through the saturated,
fractured volcanic rocks near Yucca Mountain.

e Sorption of lithium ion in the field was greater than or equal to its measured sorption in
the laboratory (see Table 53 for a comparison of lab- and field-derived sorption
parameters). Although lithium does not behave identically to any radionuclide, this result
suggests that the use of laboratory-derived radionuclide sorption parameters in field-scale
transport predictions is defensible and may even be conservative.

e The effective flow porosities deduced from the field tests were less than 1% for all tracer
responses except for the second tracer peak(s) in the Bullfrog Tuff test, for which the
deduced flow porosity was several percent (even after apportioning 75% of the
production flow to the first tracer peak). However, if the second peak was really the
result of only 10% of the production flow, then the effective flow porosity would be only
~1%, and if it were only 5% of the production flow, then the flow porosity would be less
than 1%. Such small percentages of production flow resulting in the second tracer
response(s) are entirely possible in a heterogeneous fracture flow system such as that at
the C-wells.

e The longitudinal dispersivities deduced from the field-scale experiments are consistent
with published relationships of dispersivity versus length scale (see, for example, Figure
100).

e Matrix-diffusion-mass-transfer coefficients in the field experiments were less than in the
laboratory experiments, and they generally decreased as tracer residence times increased.
There are several possible explanations for this behavior including (1) larger average
fracture apertures as length (and time) scales increase, (2) an increasingly greater
influence of true matrix diffusion, as opposed to diffusion into stagnant free water as test
durations increase, and/or (3) a greater tendency to encounter diffusion barriers in longer
duration tests for which characteristic diffusion distances are greater. It should be noted

-~ that all tracer responses could be adequately fitted assuming a single matrix-diffusion-
mass-transfer rate for each tracer peak.
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7. CONCLUSIONS

Sorption is a function of water chemistry and the type of tuff at Yucca Mountain. It is assumed -
for the performance-assessment recommendations that the waters from wells J-13 and p#1 bound
the major-ion chemistry of the groundwaters at Yucca Mountain, and that the number of
sorption-coefficient distributions elicited to four per radionuclide: iron oxides, devitrified tuff,
vitric tuff, and zeolitic tuff. The basis for this grouping is the fact that sorption of radionuclides
is the result of a chemical reaction between the radionuclide in the groundwater and the minerals
in the tuff. The mineralogy of the different strata of the same rock group is very similar, and the
sorption coefficients can be grouped in terms of these rock types. Iron oxides were added to the
list of “rock” types to reflect the containers to be used in the repository and the possibility that
the corrosion by-products of a massive multipurpose container could become a substrate for
sorption. Measured sorption coefficients onto tuffs were higher at elevated temperatures for all
elements studied: americium, barium, cerium, cesium, europium, plutonium, strontium, and
uranium. Therefore, sorption coefficients measured at ambient temperatures should be
applicable and generally conservative when applied to describing aqueous transport from a hot
repository. Table 2a gives recommended parameters for the sorption-coefficient probability
models for performance assessment for unsaturated-zone units, and Table 2b shows the same
parameters for the saturated zone.

The alluvium exhibited significant sorptive properties with respect to Np, Tc, and I. Distribution
coefficients (K4s) varied as a function of depth and borehole. K4 values for Npranged from
about 5 to 77 mL g''; K4 values for Tc ranged from about 0.35 to 0.8 mL g’'; and preliminary K4
values for "’ ranged from about 0.41 to 0.75 mL g"'. Sorption was much faster for Np than for
Tc or '?°1. The differences in sorptive properties among samples probably result from
differences in the amount of the sorptive phase—smectite, clinoptilolite, calcite, and
hematite—and perhaps from the presence of organic carbon and trace amounts of sulfides, which
may explain the slow sorption response for Tc and 1291 Biological activity, or simply sorption
onto organics, could also be important and account for the slow sorption responses for Tc and
121 During these tests, significant amounts of colloids were also found, but their transport
properties could not be investigated. These values are incorporated into Table 2a and b.

Conclusions drawn from available data regarding radionuclide transport through fractured-rock
columns show that, contrary to previous views about the role of fractures in radionuclide
retardation, fracture flow does not necessarily result in a fast pathway for actinide migration
through fractures. The migration of actinides through fractures can be significantly retarded by
sorption onto minerals coating the fractures and by diffusion into the tuff matrix, a result
consistent with the results of the Busted Butte tests.

The results obtained from rock-beaker experiments agree with previous results and found that
rate constants for uptake onto tuff of the sorbing cations from solution were consistent with a
diffusion-limited model in which diffusion occurs in two stages. In the first stage, the cations
diffuse into rock through water-filled pores; in the second stage, they diffuse into narrower
intracrystalline channels. This diffusion model yielded sorption coefficients for cesium,
strontium, and barium that agree well with the sorption coefficients determined by batch
techniques.
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The UZTT at Busted Butte was designed to provide information suitable for assessing the
validity of flow and transport models used in the site characterization and performance
assessment programs for Yucca Mountain. Critical evaluation and iterative improvement of the
flow and transport conceptual and numerical models await the collection of further data, which is
currently in progress. The first step in this process was reported in this AMR, namely the
predictions of flow and transport behavior for both the Phase-1 and Phase-2 experiments and the
preliminary results of those experiments. As discussed in Sections 6.8.6 and 6.8.7, the models
are doing a reasonable job of capturing the flow phenomenon at this site. The major prediction is
that fracture flow is not dominant at this site.

Although flow and transport field data collected to date are limited, observations of the available
data collected so far, and the modeling of these data, lead to several key conclusions of relevance
to performance assessment. These conclusions are summarized below, categorized with respect
to the particular field or modeling activity in this report.

e Laboratory measurements: The collection of unsaturated hydrologic property data using
the Unsaturated Flow Apparatus (UFA) provides data of particular relevance to flow and
transport models because they are direct measurements under unsaturated conditions
rather than indirect, model-derived parameters. The Monte Carlo analyses (Section
6.8.6) indicate that the nature of the correlations between parameters such as permeability
and the van Genuchten o parameter have a strong impact on the predictability of the flow
and transport system. This impact could be better defined by conducting a full suite of
measurements of hydrologic and transport parameters on rock samples to constrain
models and develop correlations.

e Phase-14 and -1B model results for UZTT: The modeling analyses for Phase 1A indicate
that strong capillary forces in the rock matrix of the Tac unit are likely to modulate
fracture flow from overlying units, thereby damping pulses of infiltrating water and
providing a large degree of contact between radionuclides and the rock matrix. Several
modeling approaches, from deterministic to Monte Carlo and stochastic models, were
used to simulate the Phase-1A experiments (Sections 6.8.6 and 6.8.7). All yielded similar
qualitative results. From this we conclude tentatively that the deterministic modeling
approach taken at the site scale may be adequate. The parameterizations used in
performing these calculations will be confirmed as data from the UZTT are available.

A particularly interesting observation from the Phase-1B experiment is that, even when
injection occurs immediately adjacent to a fracture, water appears to be imbibed quickly
into the surrounding matrix. The transport times observed immediately below the
injection point were on the order of 30 days, whereas pure fracture flow would have
resulted in travel times of minutes to hours at this flow rate. Site-scale models must be
evaluated in light of this observation. Models that predict significant fracture flow at
percolation rates low enough for the matrix to transmit the flow are inconsistent with the
Phase-1B experimental data results. This behavior was demonstrated in the Phase 1B
experiments that occurred in the lower section of the TS (tptpv2), but the same general
behavior should occur in the Calico Hills unit because the matrix capillarity is even
stronger than the TS unit, and the in situ saturation is low.

ANL-NBS-HS-000019, Rev 00 262 June 2000



e Phase-2 modeling: Because there were not field-test results at the time of preparation of
this AMR, it is difficult to draw conclusions relevant to the evaluation of models.
Significant uncertainties uncovered by the modeling include the adequacy of continuum
models in nonwelded units of high matrix permeability, and the nature of the transition
from fracture flow to matrix flow at contacts between hydrogeologic units. These are the
issues being studied within the UZTT. Therefore, preliminary answers to these important
questions are anticipated after test data have been collected and analyzed.

The UZTT has demonstrated that in the vitric Calico Hills unit, fluid movement is dominated by
capillary forces and, thus, is predominantly matrix flow with little influence of fractures. Even
with an overlying fractured unit (Topopah Spring welded tuff), the Calico Hills Formation below
it strongly damps any fracture-dominated influence. These results suggest that commonly held
views regarding the Calico Hills as a fast path for contaminants may be overstated. However,
the UZTT is still in progress, and additional data regarding the influence of sorption and
movement of radionuclides, as well as non-reactive contaminants, are still being collected for
evaluation.

Some conclusions from the C-wells field and laboratory tests are relevant to performance
assessment of the potential repository. The responses of nonsorbing tracers in all field and
laboratory tracer tests in fractured rocks have been consistent with matrix diffusion behavior.
This result supports the use of a dual-porosity conceptual model to describe radionuclide
transport through saturated, fractured volcanic rock near Yucca Mountain. Results also suggest
that the use of laboratory-derived radionuclide sorption parameters in field-scale transport
predictions is defensible and conservative. The effective flow porosities deduced from the field
tests were less than 1% for all tracer responses except for the second tracer peak in the Bullfrog
Tuff test, for which the deduced flow porosity was several percent. Such small percentages of
production are entirely possible in a heterogeneous fracture flow system such as that at the C-
wells. The longitudinal dispersivities deduced from the field-scale experiments are consistent
with published relationships of dispersivity versus length scale. Matrix diffusion mass transfer
coefficients in the field experiments were less than in the laboratory experiments, and they
generally decreased as tracer residence times increased. There are several possible explanations
for this behavior, including (1) larger average fracture apertures as length (and time) scales
increase, (2) an increasingly greater influence of true matrix diffusion, as opposed to diffusion
into stagnant free water, as test durations increase, and/or (3) a greater tendency to encounter
diffusion barriers in longer duration tests in which characteristic diffusion distances are greater.
It should be noted that all tracer responses could be adequately fitted assuming a single matrix
diffusion mass transfer rate for each tracer peak.
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7.1 RECOMMENDATIONS
Sorption

The sorption data suggest that there are definite upper and lower bounds for the Kg4values
recommended to PA. Unfortunately, the ranges can be large, and large uncertainties in Ky values
between 0 and 5 can result in very large uncertainties in predicted travel times. Further
experiments under a wide variety of conditions relevant to the repository situation could reduce
uncertainty in Ky values.

Because sorption is sensitive to the mineralogy, it is critical to either have an adequate
understanding of the mineralogy and distributions along the flow pathway to the accessible
environment or to accommodate this uncertainty in the PA evaluations. As an example, sorption
of Np by hematite is thousands of times greater than sorption by the vitric tuff, and fracture
coatings of hematite will influence transport well beyond what is indicated by its mass fraction in
the system.

Sorption of Tc and I by the alluvium may be an important mechanism to be considered in PA
evaluations. The preliminary data show non-zero K4 values of these radioisotopes in the 75-to-
500-um fraction of the alluvium (the standard size range for YMP sorption experiments).
However, although this size range is appropriate for crushed whole-rock tuff samples, it omits
the most sorptive components of the alluvium. Therefore, the alluvium may have higher Ky
values than those measured to date.

Colloid-facilitated transport

The degree to which colloid-facilitated radionuclide migration will be a problem at Yucca
Mountain depends very strongly on water chemistry, the specific radionuclide, type and size of
the colloid, and ambient conditions, including degree of saturation. Unfortunately, the few
colloid transport studies that have been documented have been conducted on systems and under
conditions not relevant to the YMP. The data collected for this AMR are also of limited
usefulness because they lack accompanying physical colloid transport data, such as colloid
transport through fractured rock columns or invert/backfill materials in the laboratory or through
tuff units in the field. In addition, a few well-designed studies on YMP-specific problems could
resolve most of the colloid issues with respect to the repository environment.

1. The chemistry and type of colloids present in groundwaters should be determined.

2. Column experiments should be performed to determine the transport properties of
colloids in Yucca Mountain materials.

3. The stability of colloids under various repository conditions should be determined.

4. The radionuclide and colloid attachment/detachment properties should be determined for
all colloids anticipated in the repository environment.
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5. The flux and water chemistry through the drift should be determined or more accurately
bounded.

Busted Butte UZTT and C-Wells

The Busted Butte UZTT shows that there is no significant fracture flow through unsaturated
nonwelded units and that the travel speed through these units are presently overestimated by
orders of magnitude. This observation, together with the likely retardation properties of the
alluvium units for Tc, I, and Np, and the corroboration of a dual-porosity conceptual model to
describe radionuclide transport through the saturated, fractured volcanic rocks near Yucca
Mountain determined from the C-wells field and laboratory tests, provides the greatest technical
support for a successful LA, and it is recommended that their completion be a major focus of
efforts leading to the LA.

7.2 IMPACTS

K4 values and diffusion coefficients enter into the Principal Factor of Dilution of Radionuclide
Concentrations in the Geologic Setting and perhaps some of the Other Factors For the Post-
Closure Safety Case. Consequently, PA calculations using these data will better illustrate the
sensitivity of radionuclide release rates to the data, and an exact impact will be determinable;
similarly, for Busted Butte and C-wells results.

If TBV data are not verified, the impact would be to invalidate the conclusions and
recommendations, and this could significantly impact PA evaluations.

This document may be affected by technical product input information that requires
confirmation. Any changes to the document that may occur as a result of completing the
confirmation activities will be reflected in a subsequent revision. The status of the input
information quality may be confirmed by review of the DIRS database.

7.3 OUTPUT DATA

Data developed by this analysis are included in the following.

e Sorption parameter values for both the unsaturated and the saturated zones can be found
in DTN: LA0003AMS831341.001.

¢ The matrix diffusion coefficients recommended for use in PA can be found in DTN:
LA0003JC831362.001.

e Output data for the Busted Butte simulations are found in DTN: LA9909WS831372.019,
LA9909WS831372.020, and LA9909WS831372.021.
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and Radionuclides (H-3 and Tc-95m). Submittal date: 03/16/2000.

LA0002JC831361.004. Column Studies Using GU3-1414 Vitric Tuff with J-13 Well Water and
Radionuclides (H-3 and Tc-95m). Submittal date: 03/16/2000.
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Radionuclides (H-3 and Tc-95m). Submittal date: 03/16/2000.

ANL-NBS-HS-000019, Rev 00 289 June 2000



LA0002PR831231.001. Bullfrog Reactive Tracer Test Data. Submittal date: 02/04/2000.

LA0002SK831352.001. Total Colloidal Particles Concentration and Size Distribution in
Groundwaters from the Nye County Early Warning Drilling Program. Submuittal date:
02/24/2000.

LA0002SK831352.002. Total Colloidal Particles Concentration and Size Distribution in
Groundwaters around Yucca Mountain. Submittal date: 02/25/2000.

LA0003JC831341.001. Adsorption of Np-237 in Three Types of Alluvium és a Function of
Time and Stratigraphic Position. Submittal date: 03/09/2000. '

LA0003JC831341.002. Adsorption of Tc-99 in Three Types of Alluvium as a Function of Time
and Stratigraphic Position. Submittal date: 03/09/2000.

LA0003JC831341.003. Adsorption of I-129 in Three Types of Alluvium as a Function of Time
and Stratigraphic Position. Submittal date: 03/09/2000.

LAO003NL831352.002. The K4 Values of 2*Pu on Colloids of Hematite, Ca-Montmorillonite,
and Silica in Natural and Synthetic Groundwater. Submittal date: 03/29/2000.

LA0004AMS831234.001. Flow-through Cell Measurements for NC-EWDP-018, 22-Feb-99 and
23-Feb-99. Submittal date: 04/17/2000

LA0004AMS831234.002. Downhole Probe Measurements for NC-EWDP-03S, 23-Feb-99.
Submittal date: 04/17/2000.

LA0004AMS831341.001. Uranium Sorption Coefficients for Minerals and Tuff under Oxidizing
Conditions in J-13 Water. Submittal date: 05/01/2000.

LA0004AMS831341.002. Np Sorption onto Clinoptilolite-rich Tuff in J-13 Water under
Atmospheric Conditions with Ka, Kd, and SA. Submittal date: 05/03/2000.

LA0004JC831224.001. Preliminary Unsaturated Hydraulic Conductivities of Tuffs from Yucca
Mountain Boreholes, Tunnel Bed 5 (G-Tunnel) and Bandelier Tuff (Los Alamos). Submittal
date: 05/01/2000.

LA0004JC831361.001. Preliminary Retardation Data for Selenium Transport through
Unsaturated Tuffs. Submittal date: 04/19/2000.

LA0004WS831372.002. Sorption of Np, Pu, and Am on Rock Samples From Busted Butte, NV.
Submittal date: 04/19/2000.

LAOO0OSNL831352.001. The K4 Values of % Am on Colloids of Hematite, Montmorillonite, and
Silica in Natural and Synthetic Groundwater. Submittal date: 05/03/2000.
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LA9907AMS831234.003. Downhole Eh and pH Measurements for NC-EWDP-01S, 11-Jan-99.
Submittal date: 01/27/2000.

LA9907AMS831234.009. Flow-through Cell Measurements for NC-EWDP-01S, NC-EWDP-
03S, NC-EWDP-09SX, 5/17/99, 5/18/99, 5/20/99. Submittal date: 01/27/2000.

LA9907AMS831234.010. Flow-through Cell Measurements for SD6-ST1, 02-Jun-99 and 08-Jun-
99. Submittal date: 01/27/2000.

LA9907AMS831234.011. Flow-through Cell Measurements for AD-2, 10-Jun-99. Submittal
date: 01/27/2000.

LA9909PR831231.003. Interpretations of Bullfrog Reactive Tracer Test Data—Modeling Data.
Submittal date: 09/02/1999.

LA9909PR831231.004. Laboratory Data from C-Wells Core. Submittal date: 09/02/1999.

LA9909PR831231.005. Interpretations of Tracer Data—Modeling Data. Submittal date:
09/02/1999.

LA9909WS831372.001. Busted Butte UZ Transport Test: Phase I Collection Pad Extract
Concentrations. Submittal date: 09/29/1999.

LA9909WS831372.002. Busted Butte UZ Transport Test: Phase I Collection Pad Tracer
Loading and Tracer Concentrations. Submittal date: 09/30/1999.

LA9909WS831372.005. QXRD Results for Samples from Lower Tpt Section. Submittal date:
10/04/1999.

LA9909WS831372.006. Mineral Abundances (weight %) in Calico Hills Formation. Submittal
date: 10/01/1999.

LA9909WS831372.007. Quantitative XRD Results for USW H-5 Core and Drill Cuttings.
Submittal date: 10/04/1999.

LA9909WS831372.010. Mineral Abundances (weight %) in Calico Hills Formation. Submittal
date: 10/01/1999.

LA9909WS831372.011. Preliminary Measured Sorption Coefficients. Submittal date:
10/13/1999.

LA9909WS831372.014. Microsphere Suspension Preparation for the Busted Butte UZ
Transport Test. Submittal date: 09/30/1999.

LA9909WS831372.015. ICPAES Porewater Analysis for Rock Samples from Busted Butte,
NV. Submittal date: 10/01/1999.

ANL-NBS-HS-000019, Rev 00 291 June 2000



LA9909WS831372.016. Ion Chromatography Porewater Analysis for Rock Samples from
Busted Butte, NV. Submittal date: 09/30/1999.

LA9909WS831372.017. pH of Porewater of Rock Samples from Busted Butte, NV. Submittal
date: 09/30/1999.

LA9909WS831372.018. Gravimetric Moisture Content of Rock Samples from Busted Butte,
NV. Submittal date: 09/30/1999.

LA9909WS831372.022. Fracture and Matrix Property Sets Used in Simulations for the Phase-2
Test. Submittal date: 04/11/2000.

LA9910SK831341.005. Total Colloidal Particles Concentration and Size Distribution in NTS-
ER-20-5-1, NTS-ER-20-5-3, and J-13 Groundwater. Submittal date: 12/07/1999.

LA9910WS831372.008. Busted Butte UZ Transport Test: Gravimetric Moisture Content and
Bromide Concentration in Selected Phase 1A Rock Samples. Submittal date: 11/03/1999.

LA9910WS831372.009. QXRD Data for UZTT Busted Butte Samples. Submittal date:
11/03/1999.

LAAMS831311AQ98.005. Geochemical Field Measurements for UE-25 WT#17, 27-Jan-98.
'Submittal date: 09/14/1998.

LAAMS31311AQ98.007. Flow-through Cell and Static Measurements at UE-25 WT#3, 22-Jun-
98. Submittal date: 09/14/1998.

LAAMS831311AQ98.008. Analysis of Bailed Sample for UE-25 WT#17, 04-Jun-98. Submittal
date: 09/14/1998.

LAAMS31311AQ98.010. Static Measurements for US-25 WT#17, 01-Jul-98. Submittal date:
09/14/1998. .

LAIT831341AQ96.001. Radionuclide Retardation Measurements of Batch-Sorption
Distribution Coefficients for Barium, Cesium, Selenium, Strontium, Uranium, Plutonium, and
Neptunium. Submittal date: 11/12/1996.

LAIT831341AQ97.002. Reversibility of Radionuclide Sorption. Submittal date: 06/09/1997.
LAIT831361AQ95.001. Crushed Rock Column Data to Obtain Sorption Coefficients for
Pu(IV), Np, Tc-95m, Using J-13 and UE-25 p#1 Waters, Yucca Mountain, Nevada. Submittal
date: 09/29/1995.

LAIT831361AQ95.003. Transport Data of H-3, Np, and Tc-95m Collected to Calculate
Retardation Coefficients Using J-13 and UE-25 p#1 Waters. Submittal date: 08/20/1997.
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LAIT831362AQ95.001. Solid Rock Diffusion Data Collected to Determine Rate of Movement
for Np, U, and HTO through an Unsaturated Tuff. Submittal date: 09/29/1995.

LAPR831231AQ99.001. Prow Pass Reactive Tracer Test Field Data. Submittal date:
02/10/1999.

LASC831321AQ98.003. Results of Real Time Analysis for Erionite in Drill Hole USW SD-6,
Yucca Mountain, Nevada. Submittal date: 06/11/1998.

LB00032412213U.001. Busted Butte Ground Penetrating Radar Data Collected June 1998
through February 2000 at the Unsaturated Zone Transport Test (UZTT): GPR Velocity Data.
Submittal date: 03/24/2000.

LB970601233129.001. The Site-Scale Unsaturated Zone Model of Yucca Mountain, Nevada for
the Viability Assessment. Submittal date: 06/09/1997.

LL990612704244.098. ERT Data for Busted Butte. Submittal date: 06/21/1999.

MO0004GSC00167.000. As-built Coordinate of Boreholes in the Test Alcove and Runnmg
Drift, Busted Butte Test Facility. Submittal date: 04/20/2000.

MO09907YMP99025.001 YMP-99-025.01, List of Boreholes. Submittal date: 07/19/1999.
8.5 OUTPUT DATA, LISTED BY DATA TRACKING NUMBER

LA0003AMS831341.001. Preliminary Revision of Probability Distributions for Sorption
Coefficients (Kys). Submittal date: 03/29/2000.

LA0003JC831362.001. Preliminary Matrix Diffusion Coefficients for Yucca Mountain Tufﬁs.
Submittal date: 04/10/2000.

LA9909WS831372.019. Busted Butte Simulation Results 3-D Model. Submittal date:
04/11/2000.

LA9909WS831372.020. Summary of Monte Carlo Cases Including Correlation Length of
Heterogeneities. Submittal date: 04/12/2000.

LA9909WS831372.021. Busted Butte Phase 1-A Modeling Results for Stochastic Model.
Submittal date: 04/11/2000.
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