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" Figure 1-2. Maps showing:

- 1. location of the Nevada Test Site and’ the Exploratory Studxes Facility at Yucca .

Mountain:

2. location of the Ghost Dance Fault, Northern Ghost Dance Fault Alcove
and potential repository at Yucca Mountain.

3 - 6. Schematic diagrams showing the:
.3. Northern Ghost Dance Faolt Alcove and test boreholes.
4. borohole liner, access ports, and soppor;e.qoipment.
5. Single-hole air-injection testing system. .
6 Cross-hole air-injection testing systetxg,,l»‘-;n

7. Tempcrature plot showing the geothermal logs ﬁ'o’m‘ borehole NAD-GTB#la.

8. Schemahc diagram showing borehole NAD-GTB#la intersection with the Ghost
Dance Fault and the locations of the downhole momtor intervals.

" 9-17 Graphs showmg o

9. barometric pressure and the pressure responses in the iSolated mtervals in
borehole NAD-GTB#la.

10. pressure response times distance with time divided by distance squared
-measured in the footwall during cross-hole air-injection test 22 and the type curve
for spherical flow.

11. pressure response times distance with time divided by distance squared
measured in the fault zone during cross-hole axr-lnjectlon test 16 and the type
curve for radial flow.

12. pressure responses times distance with time divided by distance squared
measured in the hanging wall during cross-hole air-injection test 19 and the type
curve for spherical flow.

13. pressure with time measured during air-injection test 16 monitor intervals 6,
15, and 16 located at 4.4, 4.5, and 4.1 meters from the injection interval and the
numerical model predicted pressure response at a distance of 4.5 meters from the

6
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match.

| 19 22. Graphs showmg

‘injection interval

14. Pressure changes measured dunng cross-hole a1r-m_]ectlon test 25 and the
pressure changes smulated by the dlscrete-feature model.

- -15. Pressure changes measured dunng cross-hole air-injection test 36 and the
pressure changes simulated by the dlscrete-feature model.

16 Pressure changes measured dunng cross-hole aJr-mJecnon test 32 and the
. pressure changes simulated by the discrete-feature model.

" 17. Sulfur hexafluoride tracer.arrival plot during tracer test 10 and type curve

18. Stereonet plot showing a lower he}nisphere plot of transport porosity values and the
three-dxmensnonal onentatxon, by beanng and plunge of the associated tracer tests.

:.--......

- 19 Longttudmal-dtspersmty values and test scale for tracer tests performed at or

.near. Yucca Mountam

~. - 20. Tracer-arrival plot for tracer test 17 SF6 and txacer-arnval plot predlcted by the : . )

dtscrete-feature model

- 2L Tracer-amval plot for tmcer test 21 SF¢ and tracer-amval plot predlcted by the
- discrete-feature model. :

22. Txacer-amval plot for tracer test 15 SF6 and tracer-amval plot predlcted by the

: dlscrete-feature model o

23. Diagram showing partlcle paths ptedicted by the discrete-feature model for two
particles. : : .



Table- 1. Locations, elevations, inclinations, bearings, and depths of the Exploratory Studies

Facility Northern Drill Room Major Faults boreholes #1, #2 and #3.

| 2. Results of the chemical ana]ysis— nf gas-pnase samples frnm borehole NAD-GTB#1a. - .
" 3. Results of the tritium analysis of core-water samples from borehole NAD-GTB#1a.

4. Results of the chemical analysis of gas-phase samples from borehole NDR-MF#1.

5. Results of the chem{cal analysis of gas-phasc sam‘ples from borehole NDR-MF#2. .

6. Results of the University of Miami’ tritium analy51$ of core-water samples from
borehole NDR-MF#1.

7. Permeability values from 'air-injection testing in borehole NAD-GTB#Ia.

VYT LRl

- - -

8. Permeability and porosity values from cross-hole air-injection testing using borehole i .m..;,; Rt

NDR-MF#2 for injection and borehole NDR-MF#I for monitoring.

9. Permeability and porosxty values from cross-hole air-injection testmg using boreholé : o

NDR-MF#3 for injection and borehole NDR-MF#1 for monitoring.

10. Permeability and porosity values from cross-hole air-injection testing using borehole i
NDR-MF#3 for i mjecuon and borehole NDR-MF#Z for monitoring. e

11. Permeability and poros:ty values from cross-hole air-injection testing using borehole
NDR-MF#1 for injection and borehole NDR-MF#3 for monitoring.

12. Permeability and porosity valnes from cross-hole air-injection testing using borehole
NDR-MF#1 for injectibn. and borehole NDR-MF#2 for monitoring.

13. Statistical summary of permeability values from the type-curve analytical solutxons of
cross-hole air-injection testing of the northern Ghost Dance Fault.

14. Statistical summary of porosity values from the type-curve analytical solutions of
cross-hole air-injection testing of the Ghost Dance Fault.

15. Input parameters of the six fracture sets used to produce the FRACMAN discrete-
features model.

16. Input parameters of the three additional fracture sets used in the fault zone to produce



the FRACMAN discfete-feannes model.”

17. Transmissivity distributions and éqiuvalent permeablhty values for the dlscrete- ’
feature  model. - :

18. Results of tracer-tests analy51s by type curves.

19. Statistical summary of the northem Ghost Dance Fault transport-porosxty and
longitudinal-dispersivity values by geologlc structure. - ; ,
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CONVERSION FACTORS, 'AﬁBREVIATIONS, AND VERTICAL DATUM

Multiply - - By~ To Obtain
centimeter (cm) _ 0394 inch
cubic meter (m?) . 35.341 cubic foot )
cubic meter per second (m’/s) 15,852.0 gallon per minute
kilogram per cubic meter (kg/m?)  0.062 pound per cubic foot
kilogram per cubic meter per second '
(kg/m%/s) ' -3.72 pound per cubic foot per mlnute
kilometer (km) 0.6214 mile e
kilopascal (kPa) 0.145 pound-force per square mch
liter (I) 0.264 gallon
meter (m) 3.281 ' foot
square meter (m?) 10.765 square foot .
square meter per second (m’/s) .. 645.9,. square foot per minute iy i
meter per second (m/s) . 196 850 foot per minute -
micrometer (um) - =3.94 x 107 inch R
millimeter - . ~.0.0394 inch '
part per million -
Pascal (Pa) ‘1.45 < 10* pound-force per
square inch

Pascal second (Pa*s) 100 - poise

0.2642 gallons per minute

standard liter per minute (slpm)’

“In this report the term standard means a measurement taken at a temperature of 0 degree

Celsius and atmospheric pressure of 101.3 klloPascals

TU is tritium unit and comesponds to one *H atom per 10'® atoms of hydrogen.

Temperature is degrees Celsius (°C) may be converted to degrees Fahrenhext (°F) as follows:

°F=(1.8x°C)+32

The permeability equations-use degrees Kelvin. To convert degrees Kelvin (K) to degrees
Fahrenheit (°F) use the following formula: °F = 9/5(K) - 459.67

Sea level: In this report “sea level” refers to the National Geodetic Vertical Datum of 1929
(NGVD of 1929)-- a geodetic datum derived from a general adjustment of the first-order level
nets of both the United States and Canada, formerly called Sea Level Datum of 1929.
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List of acronyms used in this report

. DLS-
DOE
DTN
ESF -
GDF
GTB
MF |
NAD

NDR

NGDFA

PDB -
. pmc

ppm

. Tptpmn
USGS

-YMP

-detailed line survey

Depalﬁment of Ehergy
data tracking number

Exploratory Studies Facility

.Ghost Dance Fault

geothermal borehole

majdr fault

: morthern access drift

TR

- northern drill room
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FESE o LR M

ndrﬂ_iqth Ghost Dance Fault alcove -

-percent modem cérbon -

-_'-i parts per million '

tritium units

- United States Geological. Survey

Yucca Mountain Project

. PeeDee Belemnite Formation of North Carolina
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Results from Geothermal Loggmg, Air and Core-Water Chemistry Samplmg, Alr-Injectnon
Testing and Tracer Testmg in the northern Ghost Dance Fault, Yucca Mountam, Nevada,

November 1996 to August 1998

by Gary D. LeCain, Lawrence O. Anna, and Michael F. Fahy

ABSTRACT -

Geothenhal_!ggé‘igg, air and core-water chemistry sampling, 'air-.injqe;t._.ig_jgg %estiug, and
tracer testing were ‘c.lbrie-'in the n’o;'them Ghost Danee Fault at Yucca Mouniéiﬁ;;Nevada, from
November 1996 tu August 1998. The study was done by tue U.S. Geologicainslurvey, in
cooperation with the Us. D_epanmcut of Energy. The fault-testing drill room and iest boreholes
were located in the crys'tz;l-poor. middle nonlithophysal zone of the Topopah Spﬁng Tuff, atuff
deposit of Miocene age. The drill room is located off the Yucca Mountain underground
Exploratory Studies Faeility at zil?out 230 meters below ground surface. Borehole geothermal
logging identified a temperature decrease of 0.1 degree Celsius near the Ghost Dance Fault. The
temperature decrease could inuicate movement of cooler air or water, or both, down the fault, or
it may be due tu drilling-in_duced evaporative or adiabatic cooling. In-situ pneuulutic pressure
mon‘itoring indicat.ed that i)arometﬁe pressure changes were transmitted from th.e ground sur.face
to-depth through the Ghost Dauce Fault. Values of carbon dioxide and delta carbon-13 from gas
samples indicated thut air from the underground d;-ill room had penetrated the tuff, supporting the
concept of a well-developed fracture ’system. Uncorrected carbon-14-age estimates from gas
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samples ranged from 2,400 to'4,500 years. Tritium levels in borehole core water indiCated that
- the fault may have been a condmt for the transport of water from the ground surface to depth

" during the last 100 years.

Air-injection testing identified three zones that had different permeability and porosity
values. 'm_e three zor;e's corresponded to the structural umts foot wall, fault zorie,' and hanging
~“wall. The fault zone is a high permeability zone associated thh the main trace of the Ghost
Dance Fault. Type-curve ana.lysxs indicated that the arithmetic mean of permeabxllty values and
‘of porosny;.values from the three structural units are: footwall 8 -7«-><:10"2.meter squared, and

0.04; fault Zone18.1 x 10‘u meter squared, and 0.13; hangmg wall 5 0 x 10‘2 meter squared, and
. 0. 04 The three mdlvxdual zones were homogeneous and i xsotroplc Numencal analysis using the
..U.S. .Geologlca] Survey AIR3D computer code mdlcated tha;.the permegbxhty and porosity

values were: footwall 10.0 x 10" meter squared, and 0.07;-fdulf zone 26.0 x 102 meter squared, -
and 0.26; hanging wall 5.0 x-10°*? meter squared, and 0.05. Ana}yéis using a discrete-feature-
network model successfully matched the pressure responses ﬁ'om me tests in the footwall and in
the hanging wall .but not in the fault zone. The discrete-feature-network model replicated the
fracture ne_eworks and pf:mieability in the footwall and hénging wall but the fault zone was too
broken to be ehalyzed using a discrete'-featm‘e model. Results ﬁom the discméte;feature'model
indicated that it may be possible to increase the scale of the diserete-feanxre simulatio'ns to
predict pressure responses at-larger dimensions for areas that have fracture networks similar to

the fracture networks in the footwall and hanging wall of the Ghost Dance Fault. -
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Cross-hole convergent-tracer tests had advective travel times that ranged from 0.011 to

1.110 days Longltudmal-dxspersmty values ranged from 0.06 to 2 63 meters. Tracer tests done
in the footwall of the Ghost Dance Fault had transport-porosity values that ranged from 0.003 to
0.032 and had an average of 0.013. Tracer tests done in the fault'zone had transport-porosity
values that ranged from l).004 t0 0.034 and had an average of 0.014. Tracer tests done in the
hangmg wall had transport-poros:ty values that ranged from 0. 001 t0 0.070 and had an average
of 0.013. The wide range in transport-porosxty values may mdtcate that the test scale was smaller
than the representative elementary volume. The tracer tests did not identify any directional
contro'l'islow and fast txacer-tmnsport pathways occur in the sar;le direction and plunge Particle
trackmg usmg the discrete-feature model identified flow paths that were as much as six times
: longer than the linear distance. The long ﬂow paths are a partxal explanatxon of the large
tmnsport-porosny values. Results from the discrete-feature model mdlcated that it may be
possible tp increase the scale of the discrete-feature axmulatlons to predict travel times at larger
dimen_slons for areas that have fracture networks similar to the footwall and hanging wall of the

Ghost Dance Fault.

INTRODUCTION

The Yucca Mountain Project (YMP) is a scientific study by the U.S. Department of
Energy (DOE) to evaluate the potential for geologic disposal of high-level radioactive waste in
an unsaturated-zone desert environment. The potential repository site at Yucca Mountain is

14



g located approximately 130 kilometers (km) northiwest of: Las Vegas; Nevada near the DOE

g 'Ne_vada‘ Test Site (fig. 1). The U.S. Geological 'Suwgy (USGS) has bc;en condl;cting geologic and
ﬁydrologic studies of the potential repository si.te‘ fof the DOE. These studies are to quantify the

gebldgic and hydrolbgic characteristics of Yucca Mouniain and to. conceptualize and model gas

and liquid flow at the potential repository site.-- - . -
Figure 1 near here

- L Geothermal logging, air and core-waterc}memxstxy sampling, air-injection testing, and R ,

e ﬁatfertcsting were done at Yucca Mountain m‘thénorthem Ghost Dance Fault (GDF). The GDF
o was ;ccessed through the Ndﬁhem' Ghost _Dapcv'g:l;:.n;it.Alcove (NGDFA) that was constructed off

" the Yucca Mouﬁtain undgrground .ExplcSrator.y"_S'__'t__i.'lc:’l‘ig.s. Facility (ESF). The goals of the faqlt 3
testing were to quantify the permeability valuéé,’éc;roisity values, tracer-transport characteristics

: (an porosity and longitudinal dispersivity);"énd fluid ages of water in the GDF and the.
vplcanic rocks (tuff) of the footivall and _thg hangmg wall. .Th; :permeability, porosity, and tracer- '
txanSpbrt characteristics of these tuffs control the rﬁovemer;t of fluids in Yucca Mountain. Siudy
of the;c p@etcﬁ provides a conéeptu’al -understahding of fluid ﬁow in the unsaturated zone at
Yucca Mountain. Quantified values of t.hes.t.: pg;améte;s cén be used in numerical modeliﬁg of the

 unsatuirated zone to estimate fluid flux and transport through the mountain. Potential fluid
movement in Yucca Mountain includes the t;ansmission of water from the surface to the

- potential repository horizon, and below the horizon, and the_ transmission of gases from the -

* - potential Tepository horizon to the ground surface. Knowledge of the spatial and directional
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variability of the permeability and tracer-transport characteristics of the GbF is needed to

- formulate conceptual models and is needed as inpu_t to flow and transport mc;dels that attempt to cood
represent the flow system at Yucca Mountain. This report presents the results from geothermal

logging, gas and core-water chemistry sampling, a;ir-injection testing, and tracer testing done in

the NGDFA from November 1996 through August 1998. The location of the NGDFA ;and its

relation to the potential repository are shown in figure 2.

Figure 2 near here

et
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"~ Data presented in this report is clusfﬁéa'ag.ﬁuMiw assured and non-quality assured. The : “-—-~
_qﬁality assured designation indicates that the datawas collected following a YMP approved e
quality msu;'c_mce program. The non-quality assured d;signation does not reflect on the accur:a_cy . _
or validity of the data but does indicate that the data may not have been collected under a YMP
approved quality assurance program. As a part of the YMP quality assurance program the data
presented in this report are identified by data tracking numbers (DTN). A summary of the dat_a,
the DTN, and the data quality-assurance status is included at the end of this report. All data

presented in this report, with the exception of the tritium data, are classified quality assured.
NORTHERN GHOST DANCE FAULT ALCOVE AND BOREHOLE CONSTRUCTION

The NGDFA was constructed in the YMP ESF during the second half of 1996 and the
first half of 1997. The NGDFA consists of two sections, the northern GDF Access Drift (NAD),

16



which provided access to the northern GDl’ Dr_ill Room (NDR), which intern provided a drllling
and test room where test boreholes could be dnlled mto the fault (fig. 3). The NAD is located

3 737 m into the ESF (measured from the north entrance) and is about 230 m below the ground
surface. The NAD and the NDR were excavated usrng a mechamcal mmer The NAD was
initially constructed ata heading of due east (ﬁg 3)toa depth of 105 m (measured from the ESF
centerlme) From the face of the NAD borehole NAD GTB#la was dnlled honzontally, at a
headrng of due east, toa depth of. 60 m and peneuated the GDF at a depth of about 49 m. A

downhole v1deo log was run on November l 1996 and a geothermal log on November 7 1996

134.4 m, eliminating the upper 29 4 mof borehole NAD-GTB#la Geothermal logglng,'f.— SRR

hydrochemtstry samphng, and arr-mjectnon tesung were done in the remarmng sectron of the
borehole. After the testmg was completed constructxon of the NAD continued toa depth of 174

m. The NAD intersected the GDF ata depth of 152 1 to 152.7 m.
Figure 3 near here

Following construction of the NAD and the NDR .(May 1997), three horizontal boreholes
were drilled from the NDR into the GDF. The boreholes were parallel a_nd in a triangular S
configuration (fig. 3). The boreholes were dry-drilled and cored. A tracer gas of 1.0 parts per
million (ppm) sulfur hexaﬂuoride (SF, ) was added to the drilling air. The borehole diarneter was
10 cm "and the core diameter was 6.2 cm. The locations, elevations, inclinations, bearings, and
depths of the three Major Faults (MF) boreholes are presented in table 1.

17



Table 1. Locations, elevations, inclinations, bearings, and depths of the Exploratory Studies

Facility No&hern Drill Room Major Faults Boreholes #1, #2 and #3

Borehole Elevation Inclination Bearing -Depth
(meters) . . (meters)

MF #1 1072.0 +00°39'58" | N 271° 14' 08" 30.5

MF #2 1072.0 +00°27'44" | N 270°49' 41" 30.6

MF #3 1075.3 +01°42' 07" | N 271°29' 02" 344

18



Boreholes MF#1 and MF#2 viére drilled in May and June, 1997. Borehole MF#3 was drilled in
'Oct'obe‘r, 1997. F'ollc')wi.ng the completion of each borehole, downhole video and caliper logs

were run.

GEOLOGY OF THE NORTHERN GHOST DANCE FAULT ALCOVE

The NGDFA and the MF boreholes are located in the crystal-poor, middle nonlithophysal
zone, Topopah Spri‘rié‘-.’l’uﬁ' (T ptpxrm) of Miocene age. Borehole NAD-éiﬁ#la was drilled from_
‘the hangmg wa]l of the GDF through the fault and into the footwall. The xmnal -geologic
: mterpretanons of thc fault and the broken zone (mterval of intense ﬁacturmg) were based on
‘video and caliper lggs from borehole NAD-‘GTB#la (DTN LARQS314225Q97.0_01); -:'l.'he :
video logs idemiﬁed ihe fault location at approximately 154 m from theESF and identified a 12
* m wide broken zone. The 12-m-broken zone extended from 143 to 155 ‘m,,Was vé;iably < -.
brecciated and co‘xlsii;té_d of ﬁ-&ctliréd rock that had matrix- and clast-'.sgpéorted. breccia zones.
Folloi\rfng NAD e;c'-cava.tion through the fault, geologic mapping identiﬁed the GDF as being
located between stations 152.1 and 152.7 m on the right wall at spring line.. "Ifhe exposed
brecciated zone is 2 0.6- to lm thick matrix-supported, uricemented fault breccia thz}t‘is derived
" from the ‘wall rock. The footwall is i.men$ely ﬁactured from 152.7 mto 153.7 m and i; 'sljghtly .
““fractured from 153.7 mto .157.7' m. The hanging wﬁll is moderately t;) intensely fracture@ from
" 142.1mto the falt at 152.1-m. Distinct planés along the hanging wall and the footwall were not
evident, and no slickensides were visible. The GDF is a normal fault with a strike/dip of 180/80
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on the footwall and 175/82 on the hanging wall. The fault offset is approximately three meters.
The fault breccia is 60 percent matrix that consists primarily of clay- to sand-;ize panicle; and 40
percent rotated clasts 'th'at are angular to ;subangular and are as much as 20 c.m m size; Average
clast size is about 5 cm and clasts are derived from the wall rock. No secondary calcite or
silica/opal were visible in the breccia or surrounding rock (G.L.W. Eatman and others, Bureau of

Reclamation, written commun., 1997).

The three boreh;)les (MF#1, MF#2, and MF#3) intersect’ed the GDF at depths of 13.6,

13.9, and 12.7m ,rt:__:;-qu'c:ﬁvely. Downhole video and caliper logs iden}iﬁeqd_animteqsely fractured
zone that extendeé; from the main trace of the GDF about 1 m into the footwall and 3 m into the
hanging wall. The infensely hc@ed zone is hereby referred to as the “fauit zonef’. Drilling logs
[DTN:LARO831422AQ97.002] describe the footwall core samples as an ash-flow tuff that is
densely welded, devitrified, and pale red, has minor pumice that is light gmy to pale. red; and that_
contained rare felsic and mafic lithic fragments that were 10 by 20 millimeters (mm) thick. The
hanging wall is described as an ash-flow tuff that is gra-lyish-orange pink, has 5 percent or less
pumice that is very light gray, moderately flattened, and generally 10 mm or less in size; and has
rare lithic fragments that are pale red to very light gray, angular to rounded and 2- to 5- mm in
diameter. The footwall had a crushed appearance and tight anastomosing fractures of short
‘length. The rock in the hanging wall is intact; pumice and lithic fragments were clearly visible.
The fractures in the\ hanging wall are long and had various orientatioris. Many of the. fractures in
the hanging wall have measurable apertures (G.L.W. Eatman and others, Bureau of Reclamation,

written commun., 1997).
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TEST AND 'ANALYSIS METHODS

erld testmg of the GDF was done from November 1996 to August 1998 The testing
mcluded l v1deo cahper, and geothermal logging, 2. pneumatlc momtonng, 3. gas and water
chemistry sampling, 4. single and cross-hole air?injection testing, and 5. cross-hole tracer testing.
The gas and water samples were analyzed for CO,, 8"C, '“C, and *H. Air-injection and tracer-

test analysis included analytical and numerical methods. -

T ;'5-5-Geot}1enna'l logging was done in'borehole NAD-G;I'-B# 12-0n November 7, 1996, and on

December 3, 1996 The first geothermal log (November 7) was done when the borehole collar

- was located at 105 m from the ESF centerlme, and the borehole depth was 60 m. The second

: ‘geothermal log was obtamed on December 3 after the NAD had ‘been extended to 134.4 m, and
'the upper 29.4 mof the borehole had been excavated. The downhole-temperature logging tool
consxsted of a thermnstor that had a very low thermal mass and was attached toa thin -
‘(approximately 100-um) copper foil. The sénsor was pressed against the borehole wall by a steel
~'.boWspring. '[he'_temperatm'e resoldtion is approximately one millionthi of a degree Celsius, and
the- t'e'mpera_ture stabilization time is 1 second (John Sass,'US Geological Survey, oral-
_ﬁeonlmunica.t.ion, 1997). The first phase of logging was to insed the temperature logging tool to
the bottom of the borehole and allow the tool to equilihrate for 5 to lb minutes. Following
equilibration, the temperature logging tool was wjthdrawn from the borehole, and a continuous
temperature profile was obtained. To limit heating caused by friction between the sensor ahd the
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borehole wall, the withdrawal speed Was, limited to 1 m per 3 minutes. This slow withdrawal

speed limited the friction heating to 0.01°C or less.
Pneumatic Pressure Monitoring in Borehole NAD-GTB#1a

In-situ pneumatic pressures were monitored in bor_ehole NAD-GTB#1a from December
19, 1996, to January 10, 1997. The downhpie-pneumaﬁc pres.sures were monitored using a 30-m-
long borehc_)le liner and an uphole pressure transducer. The borehole liner is a flexible tube, 0.1 m
in d_i,ag_x}g;gf, that is inverted into the borehole using internal presgure The borehole liner contains
10 a'c'c'e'SS'»pons that are connected to the uphole. borehole collar by smdl-diameter nylon tubes. A
schémat_ig: of the liner, access ports, and tubes is shown .in ﬁgure 4.. Once installed into the
borehplg, the internal pressure of the liner is maintained' at 34 to 6.9 kPa. The internal pressure
forces the liner against the borehole wall isolating the boreholc;, and creating monitor intervals of
about 0.25 m in length that are separated from each o'ther by from 1.5 to 3.0 m. Each isolated-
downhole monitor interval contains an access port that was éonﬁected to a nylon tube that
extended from the access port up the boreholes to the NDR. The nylon-access-port tubes were
then connected to a solenoid valve and pressur'e' transdﬁcer, and the pneumatic pressures in the

isolated-downhole monitor intervals were recorded by a data logger.

Figure 4 near here
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Chemical Sampling in Borehole NAD-GTB#1a . -

Gas-phas'e chemistry samples were (é(;lléc.icje'cl in bor'eh.ole NAD-GTB#ia from December
4, 1996, to January 14, 199.7, using t.he b’oreh‘ole‘liner (fig. 4). To obtain gas samples, the nylon-
access-port tubes were connected to peﬁs'tﬁlticg pumps, and gaS sar;iples were pumped from the
isolated-downhole monitor intewalS.‘Ga§ sémples ..for.carbon-l4 anaiysis wére collected in
moleéular sieves. Gas samples for delta carbon-l 37 .a.rlaiysis were'collected in mylar balloons.
Bef;ore the gas sampling, the rﬁonitor iriterva]s‘ﬁ.rere pumped to evacuate any atmospheric and |

.- - drilling-injected air. Carbon dioxide (CO,) and7§F£ (used as a drilling-air tracer) were monitored . ...

- using a-gas chromatograph throughout the pumpmg period to assess the removal of the | DT
E auﬁosﬁheﬁé and drilling-injected air and to de_@lérm.ine ;vhen thé"gas sample repfesgnted that of
rock gas. Stable CO, concentrations at'lcvcls‘;u};gtantially ‘h:igher than atmospheric air (350
ppm) or alcove air (450 ppm) indicated that the gas being pumped from the borehole was rock
' gas. Low SF, conténtfat@ons' (on the orderof 0.01 ppm) also indicated that the dﬁlling air had
been successfully rémoved from the isolatéd-dox'\.mhole monitor intervals: Water Mples for
tritium analysis were obtained from core from the i)orehole using a vacuum distillation system.
Mos’t.o‘f the tritium analysis were done by the USGS ip Denver, Colorado, and a few samples
" were sent to the University of Miami, Florida. The USGS used a liquid scintillation counter. 'i'he :
University of Miami used enriched samples ,an.d é-’gas-’prop&tional counter; therefore, its results

“had smaller standard deviations..” = :
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... Single-Hole Air-Injection Testing and Analysis in Borehole NAD-GTB#1a

Chemical Sampling in the Northern Drill Room Boreholes .

Gas-phase chemistry samples were collected in boreholes MF#1 and MF#2 from August -
4 to August 20, 1998, using the borehole liner (fig. 4). The gas sampling and analysis were
identical to those done in borehole NAD-GTB#1a. Water samples for tritium analysis were

obtained from core from borehole MF#1 and analyzed at the University of Miami.

Single-hole air-injection testing 'was-c.lone in borehole NAD-GTB#1a from January 15 to

February 23, 1997. A schematic of a single-hole air-injection testing system is shown in figure 5. ., .

The field equipment consisted of the downhole-packer system, the air-injection system, and the
data-acquisition system. Test ir;tcrvals.werc selected from a review of the borehole video lqgs.
Fdllowing the selection of a test ?nterval, two bncumatic paékérs were inserted into the borehofe
and straddled the selected test interval. The packers then ;vert; inﬂate&, using compressed air,
isolating the test interval. After the packers were inflated and the pressure in the test interval had
stabilized. compressed air was injected into the isolated test interval through a nylon tube that |
connected the test intérval to an uphole air éompressor. Sulfur hexafluoride was added to the
injection air as a tracer (10.0 ppm), and the air-injection rate was controlled and monitored by
mass-flow controllers. The absolute pressure and temperature in the test interval were monitored
by a pressure transducer and a thermistor mounted between the downhole packers. All data were
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recorded ona data logger. .The pressure responses measuréd in the test intervals usually showed
an initial pressure mcrease followed by a penod of decreasing pressure. The penod of decreasmg
pressure was due to water redrstnbutlon (LeCam, 1998) ‘Air injection was continued untll the |
test-interval pressure neared steady'.state; approximately 10 minutes. Twelve of the 13 test -

intervals had lengths of 1 m; one test interval had alength of 12 m. -
. Figure 5 near here . SRS

. Initial permeability values were calculated for each test usmg a modrﬁed verswn of the .

- Hvorslev (1951, p.31, case. 8) steady-state soluu0n. The solution is for ellrpucal ﬂow whenthe- S

length of the i m_‘ecuon mterval ~1s substanually greater than the radius of the mjecnon mterval.

- The analysis was developed to evaluate ﬂow in an eqmvalent porous medlurn (gravel and
alluvrum) Application of the method to fractured tuff assumes that the ﬁ'acture-ﬂow svsterrl rs
sufficiently connected and extensive;;o that the fractured tuff could be treated as an equiv__a‘lent

porous medium. The full derivation of equation 1 is presented in LeCain (1997, p. 6 and 7).

L : L,
In (—+. | 1+(— r .
20 Q“' ll n- (2"' \ (2"") ) c P
k= ? 52 @

permeability, irt meters squared; -

==
I

g‘v
I

standard pressure, in pascals;
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Q.. = flow rate at standard conditions, in cubic meters per second;

U = dynamic viscosity, in pascal seconds; -

L = injection-i.r.ltelr'v-al. length, m lr.x;ét.ers;

r, = borehole radius, in meters;’

T = injection air temperature, iﬁ degrees Kelvin;

P,, = pressure at stgady s'tatel,' in pascals;

P, = pressure at time zero, m paﬁcals; and

T, = temperature at standé.rd conditions, in degrees Kelvin.

R LS ey Ll .- ce e '.-»;"t:-a_-..a..:,.v._.-.- R A

To evaluate turbulence, muliipk_:-tests at variable flow rates were done on each test...... ..~ ...
interval. Air-injection rates ranged from 10 to 800 standard liters per minute (sLpm). A more
detailed examination of turbulence in air-injection testing in fractured rock is available in LeCain -

(1998). Ramey (1982). developed the generalized equation,

H =BQ +CQ", )
where,
H, = drawdown, in meters;
B = formation-lc;s' tcr.rﬁ”, iﬁ seconds per meter squared;
= flow rate, in cubic meters;
= well-loss term, units dependent on exponent n; and
n = exponent less than 2.
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The first term on the right of equation 2 represents. laminar flow conditions where
Darcy’é law is valiq. The second term fépi}é§eﬁts. n'oTxAlDarcia'r'l ﬂéw dueto mrbﬁlence in the
borehole or in the ﬁac:tﬁres."l'he d;'awdoWn durmg Darcxan (lammar) ﬂ-ov;! can b.e.reprcs'eﬁted by
the first term only. During nonDarcian flow, the second term ne.eds to be included. Air-inje.ction
testing in fractured rock ge.nerally involves a combiriation of laminar and turbulent fracture flow.

Equanon 2 was: modxﬁed for air-injection testing by substitution of (P -Po’) for

' drawdown -and both sxdes of the equanon were divided by the flow rate (Q,.) to yeild equanon 3,

where - L o T

P’ = steadyfstate prcssure mmd. in pascals squared; and

P,* = pressure squared at time 2ero, in pascals squared.

Assun-ﬁng ﬂx;lf n= 2.0, equation 3 indicates that an arith.meti.c plot of .tlile steady-state
(P, -P,,’)/Q,, values, from mulhplc flow-rate tests, on the y-axis and the Q.. va]ues on the x-axis
givesa y-xmercept equal to.B when Q,. is zero As Q approaches Zero, Darcy s law is valid; that
is there are no turbulent or memal effects. Equatlons l ‘and 3 can then'be combmed in equation 4
to provide a laminar-flow air-injection permeability value that is based on the zero-flow intercept
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NonDarcian flow was identified as a decrease in the calculated permeab.ility v'alues with
increasing flow rates. A check was done by preparing arithmetic and log-log plots that had the
air-injection pressuré squared differences (P, - Py°) on the y-axis and the flow rate (Q) on the x-
axis. Darcian (lammar) flow (H,, = BQ) was indicated by a linear arithmetic plot and a log-log
plot with a slope of ogg*A nonlinear arithmetic plot and a log-log plot tl}glftL}_;?ég$§4§lggezg_£¢§t§;
than one indicated nondarcian flow. A slope of zero would indicate lamiﬁ'aljr'fiﬂqw and a positive
slope would indicaté q\x.rbulence.. The plot was extrapolated to the y intercei)t; and the intercépt
was used in equation 4 to calculate the fractured-rock permeability values prt_zsented in this
ot . :

1

Cross-Hole Air-Injection Testing and Analysis in the Northern Drill Room Boreholes

Test methods

Cross-hole air-injection tests were done between the three NDR boreholes in three phases
from August 1997, to June 1998. Cross-hole testing consisted of injecting air into an isolated
interval of a borehole (injection borehole) and monitoring the pressure response in isolated
monitor intervals in other boreholes (monitor boreholes). The first phase of testing was done
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following the construction of b_oreholes MF#1 and MF#2; the testing consisted of 1 1 tests using
borehole MF#l:as the monitor ‘borehole and borehole MF#2 as the injection borehole. Following
* the construsﬁon of .b'oreh'ollze MF#3, the second phé.{e :of iesﬁng was done; testing sonsisted of 13
tests using boreholes MF#i and MF#2 as monitor boreholes and borehole MF#3 as the injection
borehole'. The third phase of testing consisted of 13 tests usix;g boreholes MF#2 and MF#3 as
monitor boreholes and borehole MF#1 as the injection borehole. The injection borehole was
instrumented thh thé same dual;packer gas-injection syStem used in the single-hoie ais-injection
testing. The monitor boreholes were ea;:h fitted thh 10 1-)ackers &at separsted each monitor
borehole into lO pressure | monitor intervals. A schematic of the NDR cross-hole mr-lnjecnon
testing system is shown in figure 6. The packer lengths for the monitor borcholes ranged from
1.0to 8.0m, and the momtor-mterval lengths rangcd from 0. 6 to 4 0 m. Each packer was
connected to an uphole packer-inflation panel by a 0.5-mm hxgh-pressure-.pylon inflation tube,

. Tht;: backer—iﬁﬂation panel was used to inf:lats the packers and to moniio; the individual packer-.
inflation pr’ess_ures...Each monitor interval was.connected to an uphole pressure-transducer panel

. b-y a 1.0-mm nyl;)n tube. Each monitor-intsrval tube had a dedicated pressure transducer that
measured the absolute pressure in the monitor in.tcrvals. In addition, the tubes could be'
disconnected from the pressure transducers and used for gas sampling or tracer-gas injection. The
air-injection rate for the cmss—hslc testing was 500 sLpm and was monitored and controlled by
mass-flow contro.ll'ers. Air was injected until lﬁe pressure in the injection interval .and in the -

monitor intervals neared steady state; about 3 hours..

Figure 6 near here Drnin hac L ohie



where,
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where,
erfc = complimentary error function;
pP,= aimensionless pressure;
P = p;essure, in Pascals;
P, = initial pressure, in Pascals;
.rp=dimensionless radius;
r.. = well radius, in meters;
r =radius, in meters;
t, = dimensionless time;
k = permeability, in square meters;
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t=time, in séconds;
- @ = porosity, in cubic meters per cubic meters;
i p - gas (iynamic viscosity, ig Pascals seconds;
‘c = average gas compressibility, in Pascal™.
gp = dimensionless flow;

. P,=pressure at standard conditions, in Pascals; -

-Z = gas consiant (assumed to be 1.0), dimensibnlesé;

T = temperature, in degrees Kelvin;;_

q,c gas ﬂow at standard condmons in cubxc meters per sqcond .and

. '..T,c= temperaturc at standard condmons, in degre'e’s Kelvm.' g

A log-log plot of the pressure-squared dnfferences on the y-ax15 and t1me on the x-axis (t

=0at start of the mjecnon test) was overlaid on the type curve deﬁned by equahon 5 and amatch

point was selected. By using the match point vanables, the per;neabxhty value is,

~ and porosity is calculated by,. ., -

E = | TQ:cp'P:c APD

, (10)
2.p2y , -
P P!) r. 1tTu

o=— v an
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‘Analysis of the tests done in the fault zone assumed a radial flow geometry and used a
modified version of the Theis (1935) exponential integral function to estimate the permeability
and porosity values . The solution defines the change, in dimensionless pressure (Earlougher,

1977, p.192) as,

"

| B D
- — Ei (-—— 12
APD 3 i( yy (12)

where,
Ei = exponential integral function.

P L L LN L . e T e o s
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The parax’ﬁétéis-ﬁsed in equation 12 are identical to those defined-for-equation 5 except for,

P ZTg p '
qD = 20 23( (13)
TkhP ‘T -
] "

where,

- h= length of the injection interval, in meters.

A log-log plot of the pressure squared differences on the y-axis and time on the x-axis (t
= 0 at start of the injection test) was overlain on the type curve and a match point was selected.

By using the match point variables, the permeability value is

TQupPu‘ APD
k= . (14)
AP’k T _
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- Porosity is calculated by using the same equation that was used in the spherical flow solution,

eql\lationll.:'.: T SR REET S S AN

7'~>f«_Follo\iring the type-curve analysis, a numerical model of the northern GDF flow system

was developed using the USGS finite-difference model AIR3D (Joss and Baehr, 1995).

\

'Comp}ner code AIR3D adapts the ground-water flow simulator MODFLOW (McDonald and

. Harbaugh, 1988) for use with t}xree-dimensional _air ﬂow in imsaturated flow systems. A finite-

e -;dxfference numencal model of the footwall fault zone -and hanging wall was developed The

numencal model was based on the geologlcal mterpretatxons of the NAD and the NDR (G.L. W
‘Eatman'and others, Bureau of Reelamauon, wntten commun 1997), the borehole video logs, . |
:.and personal inspection of the NAD' footwall fault zone and hangmg wall. 'I'he model used an

R equivalent continuum approach that hada gnd of 40 layers, 25 columns, and 25 rows. The model
fayers had a‘constant 2-m dimension, whereas the .eolumn and row dimensions ranged'from 0.1
m at 1he.ccmer of the grid to as much as iO m at.the ooundaﬁes.- The dimensions Wwere selected to

- ensure boundary effects would‘not affect the model results. The _mOdel assumed a heterogeneous
= flow sygterd that had three homogeneous-isotropic zones. The three zones corresponded to the
- footwall, fault zone and hanging wall. The model was scaled, and the grid nodes were identified
:‘that ' matched the air-injection and monito'r intervals in o.r’déf‘to replicate the three-dimensional
. cross-hole air-injection field testin_g?’l‘he tr'lodel was run using air-injection grid nodes and mass-
flow rates that replicated selected field tests. At the completion of the model rud, plots of the
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grid-node pressure responses, which represented monitor intervals, were visually compared to the
field-test pressure responses. By using these comparisons, the model permeability and porosity
values Qere adjusted, and the model was rerun. The rerun pressure responses again were
compared to the field preseure responses. This iterative process was repeated using different
permeability and porosity values, different air-injection grid nodes, and different menitor-interva]
grid nodes until a satisfact‘ory match between the quel pressure respolnses and the field pressure

responses were obtained.

- Following the analytical and the numerical analysxs a dlscrete-feamre network (DFN)

model was developed using the computer code FRACMAN (Dershow1tz and others, 1994). The

'_ objective of the DFN modeling was to develop a fracture-flow model that represents the GDF
" fracture system more accurately than the equivale_rif .porous-medium models. A better
understanding of the fracture-flow process may be valueble 'for predicting flow and transport at
other locations and at different scales. The DFN analysis used the forward modeling approach of
FRACMAN to develop a three-dimensional DFN moelel. The-geometry and spatial distﬁbuﬁons
| for the fracture systems in the model were based on the detailed line survey (DLS) fracture data
from the NAD and NDR. The DLS fracture mapping mapped only fractures with trace lengths
greater than 30 cm (DTN: LAR0970808314224.014). Fracture lengths ranged from 30 cm to 22
m.
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The DLS fracture data were analyzed usmg CLUSTRAN fracture-analysis software and
visual inspections of equal-area Schmxdt plots Fracture-distnbution types and fracture amounts -
- were defined for orientation, size, intensity, and dispersion. Fracture intensity was based on the
_scale-independent ratio of fracture area to rock volume. The fracturesvwere classified into
fracture sets based on their dip and stnke The fracture-set lengths were analyzed to determine a -
mean, standard deviation; and distnbutlon type. The fracture data were used to estimate an
effectwe fracture radius (or size) from 'the trace length distribution using the FRACMAN-‘

- .. . FRACSYS module. e I

Fracture size is related to fracture area per rock volume and is a direct mput parameter. . |
into the three-dxmensnonal DFN model The FRACSYS algorithm allows an initial estimate of |
the fracture size distribution and snmulates a length dlst.nbunon. The initial estimate was -
changed by optimization algorithms unt:il the simulated length distribution matched the mapped |
length distribution from the DLS. The optimized estimate then was used as the fracture size
~ distribution for the DFN model. This proeess was used to analyze each fracture subunit of the .
network. The process eliminates censoring and truncation bias. To minimize ﬁacture-orientation

| bias, more than one orientation of tunnel segments were used; the orientations were normalized
to the number of fractures and included into one orientation distnbution pool Mapped fault data
were included exactly as mapped in the NAD and NDR. Physxca] features, such as boreholes and

tunnels, were replicated to the scale and.location of the measured field boundaries.
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" The DFN model was calibrated by the generation of 10 DFN simulated fracture systems -
" based on the CLUSTRAN fracture dz&a base. The fracture characteristics of the 10 simulated
fracture systems then were comparéd to the DLS field data. When the simulated DLS numb.er of
fractures per meter was within one stahdard deviation of the field DLS the fracture component of
the DFN model was c.onsidered calibrated. Following the model calibration, transmissivity
values for fractures were assigned to the fracture systems. The DFN transmissivity values were
based on the results of the single-h.ole‘and the cross'-.hole air-injection testing. The single-hoie
and cross-hole tests from the field used pneumafic conditions; however, the FRACMAN
modeling code simulated hydraul.it;:g:@)'.qgtit'iqr.ls. As a result, pneumatic parameters of pressureand 3
flow rates were converted to hydrauli'c' parameters in the DFN model. The DFN model then.
simulated the cross-hole air-injection ﬁéld tests. The simulatéd pressure responses then were
compared to the field-measured prcss.ure responses. This iterative process was repeated' until the
model results matched the field results, indicating that the geomem'c; hydraulic, and spatialu |
properties were acceptable. Three cross-hole air-injection tests were simulated - tests 25, .32_, z_md
36. The injection intervals of the three tests were located in borehole MF#1. The i.njection.
interval for test 25 was located in the hanging wall, the injection interval for test 32 was located
in the fault zone, and the injection interval for test 36 was located in the footwall. The monitor

intervals were located in boreholes MF#2 and MF#3 and were located throughout the footwall,

the fault zone, and the hanging wall.
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Cross-Hole Tracer Testing and Analysis in the Northern Drill Room Boreholes
Test methods

Cross-hole convergent-tracer tests were done between intérvals that had cross-hole
pneumatic connections. Convergent-txacer testing used the same equipment as the cross-hole alr-
injection testing (fig. 6) er(ceot that the air compressor was replaced with avacuum hump. The
interval isolated by the dual packer assembly was pumped at about 30 stm, creatmg a
pneumatic gradlent toward the pumped mterval When the flow system . reached steady state, a
slug of SF (0 3100.6 I>of 10 percent SF,) and a slug of helium (He) (0.3 1006 Lof10 percent
- He) were released i in momtor intervalsina dxﬁ'erent borehole The txacers <flowed along the
 pneumatic gradlent to the pumped mterval where the tracer coneentratlons ;vere nreasmed using
a gas chromatograph for the SFsand a mass spectrometer for the He. The pumpmg rate was
- controlled by mass-flow eohtrollers; the'pﬁeumatic gradient was monitored by pressure
transducers. Tracer-release concentrations were selected so'that the peak concentration at the
pumped interval approached 35 ppxrx. Because the zone of decreased pressure‘ around the oumped
interval was small, limited by the pumping rate, the linear distances between' the tracer release

: interval and the pumped interval were generally limited to less than Tm A total of 21 cross-hole
tracer tests were done in three phases from November 1997 to June 1998. The three phases of
convergent-tracer testmg followed the three phases of the cross-hole air-injection testing. Tests 1
through 8 used borehole MF#2 as the purhped borehole, andﬁlsolated intervals in borehole MF#l

were used for tracer release. During tests 1 through 8, the He and the SF, tracers were released
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simultaneously in the same isolated interval .in borehole MF#I._ During tests 9 through. 16,
borehole MF#3 was the pm‘nped borehole, and the He tracer was released in isoiated intervals in
borehole MF#2, anti tﬁe S-I'T6 traéer was released in isolated intervals in bor;zhol-e MF#I. D;lﬁng
tests 17 through 21, borehole MF#1 was the pumped borehole, and the. He tracer was released in

isolated intervals in borehole MF#3, and the SF, tracer was released in isolated intervals in

borehole MF#2. . . .

Th_e cross-hole tracer tests were analyzed using type curves (Moencﬁ, 1995) The method |
assumes that th;: fractpre system can be treated as an equivalent porous mediux_rjl and is based_ on
mass conservation and Figk;s law. Solute' transport is described by the adv;:ctic;n-disp;:}s;ion
equation. The details of this derivation are beyond the scope of this report but are givenin Bear.
(1979, starfing on p.239). The solution was used with air and gas tracers and assumes tﬁa_t gas
compression effects are miﬁimal; this is a reasonable assumi)tion because thé tracer-test pressure
gradients were less than 15.0 kPa ( 16.7 percent of atmosphere). The dual porosity radial-flow
analytical solution (Moench, 1995. p.1824) was used to solve the porqus;medium, advection-

dispersion equation:

19 ac oc __ ac
— = (D, ) v == =R—= (13

where,
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'r = radial distance, in meters; - S

D, = lohgitudinal pneumatic dispersion, in squafe meters per second;

C =v‘ -frzicer concentration, in kifograms per cub'i:rr:llc.:ters.;'

v = veiocity, in meters per second; - T
R =. tracer retardation, d_imension]ess;qu

t = time, in seconds.

Type curves were generated for a range of Peclet numbers using ihe analytical solution
for rzid\ig}b_{:ggqugggt. ﬂ_qw for a single-porosity system. Theglqgle-porosxty type curves are

log-ldg-plots of dimensionless concentration (C,) as a function ‘of-dimensionless time (t,) whgrei

Cﬂ‘(pr (r ?.-fj) |

C, = T s ""‘-~' a1e)-
and ‘
t
‘D - T ’ -l (17) .
where, t
h = length of tracer release interval, in meters;

@r = transport porosity, in cubic meters per cubic meters;
r,. = well radius, in meters;
M = mass of released ﬁﬁééf, in kilograkns; \
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t, = advective travel time, in seconds.

The tracer test data were plotted as log-log plots of normalized concentration as a

function of time,
c-c,
. (18)
c -C
max b
\}«rhere, '
.+ z.2:Cs . = background tracer concentration, in kilograms per cubic meters;
i Cra =

- maximum pumped tracer concentration, in kilograms per cubic meters.

"The ﬁsing portion of the data curves were matched to thé.type curves. Matching only the
rising porﬁcfﬁ of thé curves ignored the diffusion process becausé 1t was assumed that the effect
of diffusion is minimal on the risiné limb of the breakthrough curve. The normalized tracer
curves and c_urv'e matching provided estimates of the advective uﬁQel time (time to the center of

mass ) and the Peclet numbers.

The Peclet number is defined as,

Pe ' (19

1
Rl

where,

a= longitudinal dispersivity, in meters.
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- ‘The transport porosity was determined by,

(g ) _
(n ‘h-(r?;frj)) .’ S

. (20)

4

ST g = gas pump rate, in cubic meter per second.

~

A limitation of the type curve aua'ly's_‘i.i wasthat the sufutidh assumed an idealized radial-

.. flow geometry while the field flow geometry was a combination of spherical and leaky radial

- flow. . To.compensate for the nonideal flpw. gqunetry.the analysis assumed that the tracer release

~.1r1'te'rual eéutﬁonent (h) of equationvt9 was a constant 80 u;~"eﬁ'e6ﬁue']ength". The “effective
‘length" was based on an estimated 8 Om maxxmum zone of.- mﬂuence (measurable pressure
drawdown) that extendmg out from the pumped mterva] durmg tracer testing. Use of an

" the nonradial flow components. 'l"he calculated txanﬁport porosity (sometimes called effective
porosity) is a composite of the physical factors that iuﬂuence the movement of the tracer from
the release point to the pumped interval. These pMetem include, but are not limited to, the

, r.fractune-ﬂow path lcngth the number of fractures, the fracture-aperture distribution, the rugosity '

.__\

of the fracture walls the tortuosity of the flow path -matrix interaction, and sorption. No attempts
were made to estimate the diffusion coefﬁcnents because of the dlfﬁculty of defining an

equivalent radlus-m a fracture-flow system that is nonuniform. .- .~ ..~
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Discrete-feature analysis using MAFIC

The MAFIC code (Miller-and others, 1994), in combination §viﬂ1 the DFN model

' developed in FRACMAN, was used to analyze the gas-tracer-transport tests. The MAFIC code

ﬁses the solute-transport equation in one dimension as described by Bear (1972, p.617) and

presented in equation 21.

P g 4 4
?;[(dl. V) *D;A] V-;;*C"Q’—a‘-

-where; - :

V =. Darcian velocity, in meters per second;

d, = longi{udinal dispersivity, in meters;

21)

i

- D = coefficient of molecular difﬁxsio.n, in square meters per second;
x = length, in meters;
¢ = the solute concentration, in kilograms per cubic meters;
t = time, in seconds;
O = external source, in seconds™;
Cs =

concentration of tracer at external source, in kilograms per cubic meters.

The solute transport was simulated using a particle-tracking method. The method

represents the concentration of solutes in the'solvent using a finite number of discrete particles of

N\
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equal mass. Each particle represents a fraction of the total solqt:e. Initial conditions imply that" -

' all particles are initially located in tf;e f'ra_;turés. At each._tirne step, particles are'-moved

K ac-:cording to a deterministic advéct;ve. component and ;cl stochastic dispe;rsive component.

Particles were introduced at a source ('tlage'r-réléase‘ interval) in the ﬁrs} 200 seconds of the -

simulation and were removed at a specified sink (pumped interval). Average concentrations and

total particle mass were calculated "a.t the end of each time step. The advective component wa._c,. .

proportional and parallel to the velocxty ;/et_‘;tor ‘at the current particle location. The dispersive . ..

component was proportional to the squg;é toot of the advective component (Miller and others, |

. 1994). Mass transfer between the matrix find fractures was ignored. o
The DFN model simulation that best fnatch_ed the'cross-ho]e air-injection tests 25, 3?:, and I

36 was used to model the Uacét-txéiisp;).n field tests. 'Thre.e tracer field tests were modeled: . o

tracer-test number 17, where the pumped lit.l.tei"val'was 1dcéted in the hanging v;all; txacer'-:t‘t':_.st:r o

number 21, where the pumped interval was located in the footwall; and tracer-test number 15, .

where the pumped interval was located in the fault zone. For all tests, the sink (pumped intex;Vais) N

was located in borehole MF#3 aﬁd the source (ﬁacer release intervals) were located in MF#1 é.nd

MF#2. . . . R
. TESTRESULTS . -~ . =~ &.uobano o
'~ Caliper and video logging were successful in borehole NAD GTB#1a and in boreholes

- NDR MF#1,2 and 3. The caliper and video logs were used to identify geologic features, and to
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_ sampling, and single-hole air-injection testing were successfuliy done in borehole NAD GTB#la.. ..

locate test intervals. Geothermal logging, pneumatic monitoring, gas and water chemistry -

- Gas and water chemistry sampiing, single and crosshole air-injection testing, and cross-hole gas-

' GTB#1a (DTN: GS970383 122410 005) are shown in ﬁgure 7. Both logs showed near surface

tracer testing were successfully done in the NDR boreholes.

Results from Geothermal Logging in Borehole NAD-GTB#1a

The geothermal logs from November 7 and December 3, 1996, from borehole NAD- o

-\..«\o

temperature gradients that indicated ventilation effects to depths of 3 to 5 m. The geotherrnalu_.loga e

from November 7, 1996, completed when the NAD face was at 105 m from the ESF cenieilixie -. o

identified a 0.1°C temperature decrease throughout the 38 to 50 m 12-m-broken zone (143 to 155.
m from the ESF centerline) that had been identified in the video log. The temperature decrease

could indicate movement of cool air, or water, or both, down the 12-m-broken zone. The

barometric pressure was rising on November 6 and 7, 1996, and supports the concept of cool,

shallow air moving down the 12-m-broken zone. The geothermal log from December 3, 1996,
eompleted when the NAD face was at 134.4 m from the ESF centerline, did not show the :
previously recerded temperature drop in the 12-m-broken zone but identiﬁed a 0.05°C
temperature increase at or near the main trace of the fault (;19 m in the borehole, and 154 m frdm
the ESF centerline). The barometric pressure was decreasing on' December 2 and 3, 1996, and
supports the concept ot; deep, warm air moving up the main trace of the GDF. The stabilizatiun
of the temperature in the 12-m-broken zone between November and Deceu1ber indicated that the
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November température drop may have been due to drilling-indu_ced evaporative cooling or gas-
- expansion adiabatic coolmg Other temperature ﬂuctuanons may bedue to dnllmg effects or
possibly due to the vanable borehole dlameter A more through understandmg of the effect of
barometric pressure on the tem‘peratute in the GDF and the 12-m-broken zone requires-
~geotl_1ermal logging during a range of baroimetric pteSSure fluctuations. - -

~

" Figure 7 near here - - -~ . .-

....

Results from Pneumatlcl’ressure Momtonng in Borehole NAD-GTB#la
A schematic diegratm'of boreliole NAD-GTB#1a and the locations o'fthe' islated-

.downhole monitor mtervals used for pneumauc momtonng are shown in ﬁgure 8. The liner wa;s '
installed to maxxmme the number of monitor intervals that intersected the 12-m-broken zoue '
‘(143t0 155m mwsured from the ESF centerline) that had been identified in the borehole video
log. The barometric | pressure and the downhole-momtor mterval pressures for December 26to
31,1996 (DTN: GS970283122410. 003) are shown in figure 9 The downhole-momtor interval
prcssures identified limited barometric pressure attenuation end small time lags.'.Corr_xpanson of
the downhole monitor intervals pressure fluctuations (0.56 to 0.83' kPe) to the barbtnetric o
pressure fluctuation (.l .O;I kPa) indicated that the permeability of the rock is relatively hi_éh. |
Monitor intervals 2, 3, ar.ld 7 had the smallest attenuations. Monitor'intervels 4,6,8,and 9 had
the largest attenuations, and monitor intervals 1, 5, and 10 had intermediate attenuations.
Pressure mornitoring showed no correlation betweén the amount of pres'sure.attenuation and the
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distance from the NAD ahd no correlation between pressure attenuation artd the distance from
the main trace of the GDF. The amount of attenuation showe no pattern and may be random. The
randomness may be due .tc-) the small size of the downhole monitor intervals (hdrehole-shrf;aee;
contact area of approximately 0.07 m?). The small mpnitor interval area may result in the
downhole monitor intervals contacting the borehole at locations that do not have fractures, and
therefore, are not well connected to the fracture system. A poor connection to the fracture system
may explain why monitdr'interval 1, which was closest to the NAD, had a.iarger attehuation than
monitor intervals 2 and 3, which are at greater distances from the NAD and would be expected to
have larger pressure attenmuatxq'ns Momtor interval 10 was the farthest from the NAD and,
therefore, would be expected to ha_ve the largest attenuation of the NAD barometric pressure *
change. The intermediete :etttentxation measured in monitor interval 10 may indicéte' that the
barometric pressure changes were transmitted from the ground surface through the GDP to depth.
The larger attentxatlon meaeured in monitor interval 9, which was'also close to the main trace of

the fault, may be due to the small monitor interval area and to a poor connection to the fracture

system. The noise recorded in monitor interval 5 was probably due to a faulty solenoid valve.

Figure 8 near here

Figure 9 near here
Results from Chemical Sampling in Borehole NAD-GTB#1a

The results of the chemical analysis of the gas-phase samples from borehole NAD-
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GTB#laare presented in tablé 2. (DTN: GS9702§312'2410.002) During the drilling of borehole
NAD- GTB#la, an error in the operation of theé SF¢ tracer-gas-m_]ectron system occurred On .
November 1 1996 at the dnllmg depth of 160.5 t0 161.5 m, the valve on the SF tracer-gas
cyl.inder was ooened and about 800 liters (L) of 10 percent SF, was purnped into the borehole.
The presarnpliné pumping period was extended"in an attempt to remove the excess SF. Final SF,
concentrations in 7 of the 10 momtor mtervals were less than .01 ppm (table 2) mdlcatmg that
the presample' oumpmg removed most of the dnllmg air. The higher SF6 concentxatrons m
monitor mtervals 6,9, and 10 (0.058, 0.815, and 0.030 ppm), may.be assocrated w1th the large V'
pneumatrc attenuatrons measured in momtor mtervals 6 and 9 The elevated SF6 values may be

- due to restricted. presamphng pumpmg rates due to poor connectlons to the ﬁacture system and
low tuff matnx permeabrhty, or may be due to sorptron of SE5 by the tuff matrix or fault breccia.
Monitor mterval 10 had a residual SF, concentration of 0. 030 but unhke momtor mtervals 6 and
9. monitor mterval 10 had-an intermediate pressure attenuatron and does not ﬁt the model.
Although monitor'interval' 9'had the largest SF,,;.'concentrati:on, it also had the.lightest 8':3C ratio (-
16.18) and the oldest HC age (4,500 years) (table 2.). The carbon values indicated that the

presampling purrtping had removed most of the drilling air from monitor interval 9.
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Table 2. Results of the chemical analysis of the gas-phase samples from borehole NAD-GTB#1a

[ppm, parts per million; %., parts per thousand; pmc, percent modern carbon; %, percent]

Monitor Depth SF, Cco, 8PC “C HCage '"Cage

interval (nieters') (ppm) (ppm) (%) {pmc) (years) +/-(%)

(standard
is PDB)

1 . 1390 0001 7130 -1418 69 3,000 1.0
2441422 0000 6600 141l 75 2,400% 12
3 1437 0000 7110 -1417 72 2800 18
41452 0001 9250 1510 64 3700 03
s a6 0004 9960 1546 67 33000 10
6 1483 0058 9760 -1539 68 3200 14
7 1498 0000 10750 -1558 71 2900, 13
§ . .1513 0008 10790 -1481 61 4000 038
9 1529 0815 11750 -1618 58 4500 10

* —t
(=

1559 0.030 1067.0 -15.89 66 3,400 0.7
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5 | Gas;phase CO, concenuations ranged lrnm 660 to 1,.l7§ ppm (table 2). The CO, values
. Increased with distance from the NAD (r = 0.89). The correlation indicated that NAD air had
mpved;}rnlmmum of 139m into the tuff.. M.ouit.or intervals 'l, 2, and 3 had the lowest CO,

- ~';eencenuaﬁons and slightly heavier §1°C ratios indicating the highest component of NAD gas.
Both the low CO, and the slightly heavier 81C ratios are probably due. to the close location of
o momtor intervals 1,2, and 3 to the NAD and to the subsequent muung of the rock gas with NAD
| :alr As dlscussed in the pneumatic momtonng secuon, momtor mtervals 2 and 3 had minimal

g pressure attenuation, supporting the concept of a well developed fracture connection to the NAD.

- .Gas-phase 8'3C values decreased thh distance from the NAD (r 0 84) agaxn indicating that air

-f»m’} .,., j;- 1..

" from the NADhas penetrated the tuff.
| Uncorrected “C-age esumates from gas samples ranged frorn 2 400 to 4, 500 years (table
| 25 Monitor intervals 2,3,and 7, whxch had the minimum pressure attenuatlons had "C-age
N esumates pf 2,_490, 2,800, and 2,900 years. Monitor rntervals 1, 5, and 10, which had
I int_ermediate pressure attenuations, llad "C-age.estin{a't'e:siqf 3,000, 3,300, and 3,400 years.
.Menitor intervals 4, 6, 8, and 9, which had the max-imurn:pressure attenuations, had HC-age
estimates of 3,700, 3200, 4,000, and 4,500 years. The "C-age estimates of the monitor intervals
are directly correlated to the amount of pressure attenuation measured durmg pneumatic
- momtonng (r = 6.75, ranked 1 to 10 with 1 the smallest pkssure attenuation). The
age/attenuation correlation indicated lhat air from the NAD had penetrated the tuff through the

fracture system.
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The results of the tritium analysis of water. distilléd ﬁ'ox_r_l core samples from borehole
NAD-GTB#1a (DTN: GS970283122410.002, and DTN: GS990183122410.00.1) are listed in
. iagle 3. Th.é'table 3 tritium analysis results are classified non-quali'ty assured. Eight samples at
six depths had tritium levels that were significant at nv6 standard deviations. The eight samples
each has a 95.4 percent probability of being greater than zero and, t.her.efore, positive for tritium.
Assuming that the': tritium levels are not due.to contamination, the presence of measurable tritium
,indicates that water has been transported from the grqﬁnd surface to the depth of the NGDFA

during the last about 100 years (8 half-lives).
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. Table 3. Results of the tritium a'palysis. of core-water samples from borehole NAD-GTB#1a

(This data is classified as non-quality assured)

Distance from Triiium units Standard Deviation Tritium units
Exploratory Studies (TU) . K minus two Standard
Facility centerline . Deviations
;"(meters) _
13531 14 0.4 0.6
142.1 L oas gt g
1424 12”’ T o4 S Qg
143'.1 | 12__* S 04 . 04 i
1435~ - s2% . - 30 (N
14as a4l 29 0 y
14491 08 07 .0 A
145.4 03 3.0 0
146.2 02" - ' 44 0
147.5 03 . 04 0
148.3 1 3.0 0
148.9 , 1.1 ) 4.1 29
14892 8.6 = 4.1 0.4
1499 06 . . 30 0
1504 . s4 . 39 0
151.1 63 , 4.0 0
151.7 43 | 4.0 0
152.0 6.3 4.1 0
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152.0 - 2.4
154.4 ' 9.2
154.9 5.1
155.0 C 13
155.0 222
155.2 122
155.22 14.4
156.4 " 08

! Analysis by the University of Miami, Miami, Florida.

L U

2 Replicate sample.

33 .

4.1..

4.1
4.0
4.0
4.0
4.2
4.2
0.5

3.8
6.0
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. There are few reliable esﬁmatq§ of the natural m”tiuml levels in the atmosphere before the
1952 advent of atmospheric thgrfnopgc!eia{ testing greatly ipc_:;eased gle trmum background
. levels. Best estimates of tritium leyejs mpre-l 952 ﬁreci’p‘ita}t'iopl vary with lqcation and season
but are in the range of 4 to'ZS_Tdtitgr‘l Umts (I'U) (Frltz and For}tt_:_s, 192%(')‘,' p.22.).l By usmg a. |
conservative assumption that p{e:l‘észlpyégi\pitgtigg at YUFC@ ‘Mpuntgi‘i-rx had a trmum content of
25 TU, and by using a tritium half-life of 123 years, the 1997 tritium content of core water from
borehole GTB#1a that was d‘e;jiyc_d: from 1952 é:e_qui@;iop would be 2.Q TU Thgrefq;g, some
component of the water in core-water samples, which had tritium levels greater than 2.0 'i'U, had
some contact with the atmosphere m 1hclast 45yeaxs (post-1952 atg‘npsphgr_icv:,tuherr_pvqnu;c:lear
- testing). Three core-water sam'plesvgzt twodepthshad 'tritium va_lgesr greater than 20 TU.a}.two
. standard deviations table 3. These ttium valuesindcatedthat vater had traveled from the
| ground surface to the depth of l_h_g .borcéql:e in the last 45 years. The prpxirpiﬁy of th? el?\»'atbe;d
iium samples o th maln tace ofthe GDF and o the 12-m-broken zone (fgare ) indicatd
that the fault is a conduit for thetransportof water from the gﬁzund surfg;e through the -
nonwelded tuff of the Paimbnixsh._G;éug and down to the Tptpmn. A less conseryat?yc approach
-assumes that the pre-1952 Qx:e“cip.itgtipp at ,Yucchéup_tgin hgd a trmum content of 4 ’I'U By
using z; pvrie-lf9v52 tnuum lcvél of 4TU,lhc :1 997tnt1um content of core w‘atgr,frg’m _:bqrgholg
' GTB#la that was d'eﬁygd from 1 Qszihpgccipi}a}ign would be 0.32 TU. Thls i¢s§ cqn»g.gn»/ati.yc‘
spproschindicated that th ight core-wter samples that were posive for tfi%il%rfz at two.
standard deviatons (able 3) have 2 companent of post-1952 water. However, inerprtation of
tritium levels as low as 041t01.0 ’I'U\necdsto .c’o:;nsi_c,l‘t.:r t}}e possxbxlxtythat @e ‘s,gmplgs'ng:'e;
contaminated during drilling, core logging, or packagix'lg and shipping. As tritium levels
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decrease and significance is assigned, the effect of even short periods of atmospheric exposure
and small am;mnts‘of conﬁmination becomes larger. The actual tritium levels from pre-1952
precipitaﬁon ét Yucca Mountain probably are between 4 and 25 'I'U and vary with the seasons.
In summary, the core-water tritium data 'from borehole NAD-GTB#1a indicated that the fault is a

conduit for the rapid transport (< 100 years) of water from the ground surface to the Tptpmn.
“Results from Chemical Sampling in the Northern Drill Room Boreholes

_ .,.,jf;r;Iht:.rgsults of the chemical analysis of the gas-phé.s;etégﬁlples_ t.‘rorh-_borehole MF#] are
listed in"table 4. Gas-phase CO,_concentrations in borehole MF#1 (DTN GS9812831 22410.006)
raﬁged from 741 to 913 ppm. Gas-phase §"’C values rangé%l ﬁ:om -14.79 to -13.81 per mil. Gas-
phase C ages ranged from 2,500 to 3,600 years. There was no correlation between the
paraxheters and depth. The monitor interval centered at 12.5 m was located in the footwall and
the monitor intervals centered at 18.6, 21.6, and 24.7 m are located in the hanging wall. The
monitor interval éentered at 15.5 m was located in the fault_ zone; The data indicate that the gas
mples are a mixture of NGDFA air and rock gas. Monitor interval 15.5 m had the lowest CO, ,
largest 8'3C, and youngest "“C age, all indicating that the gas sample from the fault zone had the -
greatest mixing with NéDFA air. The mixing was probably due to: (1) The high permeability of
the fault zone, as identified in the air-injection testing; (2) the NAD penetration of thé fault,
providing a short flow path; and (3) the 17 months that elapsed between the NAD penetration of

the fault in March 1997 and gas sampling in August 1998.

55



Table 4. Results of the chetmcal analysis of gas-phase samples from borehole NDR-MF#1

* [ppm, parts per mllllon, %o, parts per thousand; pmc, percent modern carbon %, percem]

"Depth €O, ~ &C T MC
(meters)’  (ppm) (%) (pmo)

‘(standard

“¥Cage

:()'ehi;s) -

HC age

+- (%)

12.5 : 870 .- -1428 . . - TR .

155 741 -1381 . T3

s -4e4 70 280

216 . 013 L1479 64

- 2,700 - -
: 2500

3,600

13
25
2.1
14
2.0

C2470 a3 v 436 T 7000
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The results of the chemical analysis of the gas pha-se samples from boreholé MF#2 are
listed in table 5. Gas-phase CO, concentrations in borehole MF#2 (DTN: GS9§ 1283122410.006)
ranged from 711 to 896 ppm. Gas-phase 8"*C values ranged from -15.04 to -13.45 per mil. Gas-
phase l“-C ages ranged from 2,600 to 3,500 years. There is no correlation between the parameters
and depth. The monito.r interval centered at 12.2 m was located in the footwall and the monitor
intervals centered at 18.3, 21.3, and 24.4 m are loqated in the hanging wgll. The monitor interval
centered at 15.2 m was located in the fault zone. The datz:1 ind.icated that the gas samples are a
mixture of NGDFA air and rock gas. Monitor interva} 15.2 m had the lowest CO, , secqnd largest
31C, and largest PMC, all indig:ating that thgd_g__g§ :§axnple from the fault zone had the greatest.-
mixing with NGDFA air. The mixing was probably due‘to:'(l) The lﬁgh permeability of the f"ault
zone, as identified in the air-injection testing’; (:2) the NAD pene,tmtio_n of the fault, providing a
short flo'w path; and (3) the 17 months that elapsed between NAD penetration of the fault in

March 1997 and gas sampling in August 1998.
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Table 5. Results of the chemical analysis‘of gas-phase samples from borehole NDR-MF#2

[:ppm; parts per million; %, parts per thousand; pmc, percent modern carbon; %, percent] - -

Depth . CO,  &°C  “C “Cage -

U o@eter  Gpm ) Gmo e

i

©MC age

C T (%)

122 4 U6 - 13457 o T2 2,600
. l.eAS2 oM. .. A13.82

Adbelor v e B

213 836 <1504 ... T2 . 2,600

S 730 2,600
183 77 -412 . 65 3500

- 08
.16

. 1.4 N

1.9

Chaat e asti e U Uasw

s
S el -



The results of the tritium analy'sis done by the University of Miami of core-water samples
from borehole MF#1 (DTN: GS99018312241(.).O‘04) are listed in table 6. The table 6 tritil:lm_
analysis results are classified as no.n-qualitly assured The monitor interval centered at 13.8 m was
located ip the footwall, an& the monitor interval centered at 15.2 m was located in the fault zone.
Both samples had tritium le;/els that were significant at two standard deviations and have 95.4
percent probabilities of being greater than zero, and positive for tritium. Assuming that the
tritium levels are x;ot due to contamination, the presence of measurable tritium indicates that
water has been transported from the grdund surface to the borehole in the last about 100 years (8
half-lives). By using the conéérygtive assumption that pre-1952 precipitation at Yucca M_q_untain
had a tritium content of 25 TU the data does not indicate post-1952 water. By using a pfe=l952 .
tritium level 0}4 TU the data ‘in_dicated that bc.n“}';.bbrehole MF#1 'core--water éampleg havé a
component of post-1952 water. In summary, thé core-water sample tritium values from bq_rehole

MF#1 indicated that the fault is a conduit for the rapid transport (< 100 years) of water from the

ground surface through the nonwelded tuff of the Paintbrush Group and down to the Tptpmn.
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Table 6. Results of the University of Miami tritium analysis of core-water samples from

borehole NDR-MF#1 (This data is classified as non-quality assured)

Depth "Tritium units *~ Standard deviation  Tritium units minus
(metersy =~ (@U) ‘two Standard |
, ' Deﬁé'fiéns‘_',_ o
138 - S = T I 05 . 06T
152 22 - 06 - . 10"
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Results from Single-Hole Air-Injection Testing in Borehole. NAD-GTB#1a

The pem;eability values from single-hole air-injection testing in borehole NAD-GTB#1a
(DTN: GS970383122410.004) are bresented in table 7. Air-injection testing identified three
zones that had different permeability values. The three zones correspond to the structural units:
foot wall, hanging wall, and a high permeability fault zone similar to that identified in the NDR
boreholes. The fault zone in GTB#la is a subsection of the 12-m-broken zone. The fault zone
extends from lS_o.O to 18.4 m and is composed of a brecciated zone associated With the main trace
of the fault and the adjacent intensely fractured hanging wall. Penneabi]jiy values from the
hanging wall ranged from 0.1 to 2.5 x 10" m? and had an arithmetic mcan of 1.1 x 10 m?and a
geometric mean of 0.5 x 10"'* m”. The fault zone permeability values ranged from 8l.5 'to 11.1 x
10 m* and ha§ arithmetic and geometric means of 10.0.x 10> m? . The permeability values of
the footwall ranged'from 0.2t0 2.1 x 10" m® and had an arithmetic mean of 1.0 x 10> m? and a
geometric mean of 0.7-;< 10" m’. The permeability value of the 12 m long test interval that
straddled the hanging wall, fault zone, and footwall was 5.7 x 1072 m2 The mean éermeability
values of the Tptpm from the surface-based air-injection testing @ged from 0.37 t0 2.7 x 102
m* (LeCain, 1997, p.23). Comparison of the permeability values from borehole GTB#la to the -
surface-based values indicated that the permeability values for the hanging wall and the footwall
are in the surface-based range while the fault zone permeability values are several fac.tors larger.
The most probable explanation for the increased permeability in the fault zone is increased

fracturing associated with the GDF.
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Table 7. Permeability values 'ﬁ-om.'air-injection tesﬁng in borehole NAD-GTB#1a (These tests
were done whg_n the northern access drift face was located at 134.4 m from the .E,SF) .

[Permeability values are x 102 meter squared]

Depth , Structural Permeability -

(meters) © °  wmit 7 values't
19297 . HangingWall > .- - 01
2838.., - HaghgWal . 0§
6.577.5 HangingWall Ol R

8393 Hanging Wall 25

13241425 HangingWall 7 237 7 Es
© 150160777 -HangingWall . ¢ 1Ll T

S | (fault zoné) ¢ o
158168 . HengingWall .. 85 .

. o (faultzone) . . ... .
'17.{4-18_.4 o B;e'cciatedvlpng_. . 10.5

S Gahny
187197  Footwall - 21
196206 - Footwall ** S g

2112210 7 Footwall i SRR
223232 0 Footwall .. . . 02
87207 .  HangingWalll - 57

- Brecciated Zone-

Footwall
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Results from Cross-Hole Air-Injection Testing in the Northern Drill Room Boreholes

-

Analysis using type curves

The initial éxamination of the pressure responses in the monitor intervals identified three
zones that had different pressure responses. These three zones correspond to the structural units:
footwall, fault zone, and hanging wall. The normalized pressure responses and theoretical type
CUI;VCS for monitor intervals located in the footwall, fault_ zone, and hanging wall are shown in
figures 10, 11, and 12. In a homogeneous and isotropic mgdipm the normalized pressure plots
would form a single curve. In a heterogeneous medium the pressure data from monitor intervals
located in highly permeable zones will have an early t/r-z résponse, and the less permeable zones
will have a delayed t/r*response. Directional effects unld be identified as pressure variability
increasing in the direction of lower permeability. Although the curves in ﬁg&es 10,11, and 12
are not perfectly matched they are very similar and with a few exceptions the pressure responses
are within a factor of two; the pressure variability may indicate that the test scale was smaller
than tl;e representative elementary volume. The normalized pressure responses indicated no.
correlation between pressure response and direction. The identification of three zones with

|
different pneumatic characteristics and the absence of directional effects indicated that the
non}{em GDF test area was heterogencous. with three zones of different permeability and that the

three zones were isotropic.

Figures 10, 11, 12 near here
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' Following the initial examinations, the pressure réspbnsés of the monitor intervals were -
: analyzed using spherical- and radial-ﬂo.w‘type c@es.~ The gx__mlysis a.ssumed. that the matrix was
-‘ v;;te.r' ﬁlled; thxs is reasonable because no dcléyed sto*ag“e cbmponentQ were identified in the
3 pfesstxre respon;esl Tests (ione in the footwall and 'hangiﬁg ‘wall best matched the spherical-flow
- model. Tests done in the fault zone best matched a radial-flow model; the data also indicated
: sghe leakage.' The radial flow mode] best ma.tched the fault zone because the hfgher permeability
o fleaul_t zone was bounded by the lower permeability footWal_l -and hanging wall which restricted the
gas flow to a leaky-radial flow geometry. The per'meabil_ity'ax}d porosity vaiues from the type-
: ¢curve a_;ialysis are presented in tables 8 through 12. Stansﬂcal summa'ries_of.' the permeability and
~"f%';p6ro°sity values ;tay structural unit are presented in tables'_l§ -and 14. The pressure responses and
': : :. igcagions of 'the r;lqnitor inter\./als for the individdal ctb%;;i;(;le';ir-inje;tiqﬁ tests are available in
N the YMP data pacl;aggs DTN: GS9801 83 1 22410001 andGS981 _18}1222110.005;
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Table 8. Permeability and porosity values from cross-hole air-injection testing using borehole

NDR-MF#2 for injection and borehole NDR-MF#1 for monitoring

'Permeability values are x 10-2 meter squared; porosity is in .parentheses; --, no data; FZ, fault
ty

zone; PFZ, partial fault zone, defined as a monitor interval located in the fault zone and footwall]

Permeability and porosity values from monitor

intervals located in borehole NDR-MF#1

T -

10 .?_ ._-..': .

Hanging wall FZ_ PFZ Footwall
Test Injection Injection T2 3 4 5 6 7 8 9 -
number intervai interval
depth struc;ural
(meters) unit
1 25.9-30.6  Hanging wall 51 59 63 - - - - - - -
(03) (O07) (06) - - - - - - -
2 25.9-28.9  Hanging wall 54 .70 65 - - - - - - -
(.03) . (.65) 05) - - - - - - -
3 22.8-259 Hangingwall 38 37 33 47 - - - - - -
(01) - (01) (02) (06) - - - - - - -
4 213243 Hangingwall 20 15 13 12 - - - - - -
(o1y (o1) (o1 (06) . -~ - - - - -
5 19.2-22.2  Hanging wall 14 og 07 07 13 - - - - -
(0 - (01) (02) (04) (O - - - - -
6 15.2-18.3 Fa;xlt zone - - - 09 07 92 181 - - -
- - - (03 (02 1% I - - -
7 11.6-14.6 Partial fault - - - - 132 sl 94 172 - -
- - - - (14 (05) (I (18 - -

zone
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10

11

8.8-11.9
52-82

' 3.7-6.7

- - -1.54.5

" Footwall

Footwall

' Footwall

Footwall -

03

- (03)

144

06y

105

(04)

94

: N (‘06)

1.1

02) -

(:05)

120

(04)

62

(05)°
54
(.64)'
98

(.05)

10.7°

- (03)

5.1

(05)

43

(o)

62

(.03)

108
)
64
(05
55
(.06)
89 .

05)

il . T
Pt T
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Table 9. Permeability and porosity values from cross-hole air-injection testing using borehole

NDR-MF#3 for injection and borehole NDR-MF#1 for monitoring
[Permeability values are x 1012 meter squared; porosity is in parentheses; --, no data; FZ, fault

zone; PFZ, partial fault zone, defined as a monitor interval located in the fault zone and footwall]

Permeability and porosity values from monitor °

intervals located in borehole NDR-MF#1

!

Hanging wall FZ_ PFZ _ Footwall
Test  Injection .-Injection 1 2 3 4 5 6 7 -89 10
number interval " interval - CmeT.
depth stﬁctuml i
(meters) " unit
12 26.4-343 Hangingwall 62 80 54 80 - - - - - -
(04) (06) (04) (06 - - - - - -
16 12.3-17.3 Fault zone - - - 253 153 7.0 132. 22 197 -
. - - @D () 09 (18 () (18 -
17 3.5-8.5 Footwall - - - - - 132 93 99 70 81
- - - - - (05) (03) (04) (03) (03)
19 24.5-26.5  Hangingwall 57 61 36 57 124 - - - - -
' (03) (03) (03) (06) (02) =~ = =" = o=
21 18.5-20.5  Hangingwall S+ 60 38 - 35 219 - - - -
(02) (03) (02) - (03) (40) -~ .~ . - -
22 8.7-10.7 Footwall - - = < - 93 101 159 118 136

- - - - - . (05) (07 (12) (07) (.05)
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Table 10. Permeability and porosity values from cross-hole air-injection testing using borehole
NDR-MF#3 for. injection and borehole NDR-MF#2 for monitoring
[Permeability values are x 10°'? meter squared; porosity is in parentheses; --, no data; FZ, fault

zone; PFZ, partial fault zone, defined as a monitor interval located in the fault zone and footwall]

Permeability and porosity-values from monitor

intervals located in borehole NDR-MF#2

emF Hanging wall KZ - B'E_:Z:. Footwall
Test  Injection . Injection 1M 12 13 14 15 16 17 18 19 20
numbér interval interval
depth structural
(meters) ~ unit
12 26.4-343  Hangingwall 7.5 53 49 128 - - - - - -
(06) (08) (03) (07 ~ - .- - - -
16 12.3-17.3 Fault zone - - -~ 200 104 66 IS5 133 - -
- - - (23) (09 (05) (05) (06) - -
17 3.5-8.5 Footwall - - - - - 120 54 55 53 -
‘ - = = - - () (O (0 (02 -
19 24.5-26.5 Hangingwall 80 59 27 14 132 - - - - -
' (09 (09) (02 (05) (05) - @~ - - -
21 18.5-20.5 Hanging wall 8.0 6.0 42 - 33 200 - - - -
0 (05 (0 - () (2 - - - -
22 8.7-10.7 Footwall - - - - 127 84 52 6.3 6.9 -

- - - - (10) (02) (02) (02) (02) -
23 3.2-5.2 Footwall - - - - - 133 82 19 17 34l

- - - - -~ (03 (02) (03) (03) (.10)
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" Table'11." Permeability and porosxty values from cross-hole axr-m_;ectxon testing using borchole
NDR-MF#I for m_]ecuon and borehole NDR-MF#3 for momtormg

" \'

[Permeability values are x-10""2 meter squared; porosxty isin parentheseS' -, no data; FZ, fault

“~zone; PFZ, partial fault zone, defined as a monitor interval located in the fault zone and Afootwall]

“o 27 Ticw .70 - Permeability and porosity values from monitor

‘‘‘‘‘‘‘‘

“Test -"5.-'§§ihjé&ioh"-.i “Injection 12 3 ‘4 s“‘<67 8 9 10
number” "-‘iﬁterﬁral "~ interval ‘ o T i

:‘”‘.--Qe.pth . 's-in':ctural '

‘ (x;:été}s) imit

25 1258278 - Hangingwall 51 40 49 31 vEuriL. - o o -
- T e Lol (08 ) (0D =, = = = =

32 © " 13.3-153 °  Faultzone - - -  314. 122 .261- 213 . 90 153 -
S - e - Uy W8 O D 08 (0D <

36 - 5575 - Footwall - = = = = 155162, 99 100 =

.. - - - - - (05) ° (200 (05) (06) -~
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Table 12. Permeability and porosity values from cross-hole air-injection testing using borehole

" NDR-MF#1 for injection and borehole NDR-MF#2 for monitoring

[Permeability values are x 10-'2 meter squared; porosity is in parentheses; --, no data; FZ, fault

zone; PFZ, partial fault zone, defined as 2 monitor interval located in the fault zone and footwall] _

Permeability and porosity values from monitor

intervals located in borehole NDR-MF#2

Hanging wall FZ PFZ Footwall

<= Test ‘Injection "Injection 11 12 13 “=14- 15 16 17 18 19 20
‘number interval interval T
depth structural
(meters) unit
" 25 25.8-27.8  Hanging wall 538 40 22 61 172 - - - - -
(04 (0 (o1 (03) (100 - - - - -
32 13.3-153 Fauft zone - - - 208 379 273 1.5 157 165 -
-, - - (19) (27) (08) (08) (06) (06) -~
36 5.5-7.5 Footwall - - - - 236 ILT 96 88 93 -

- - - - - C(16)  (06) (04) (04) (04)
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. Table 13. Statistical summary of permeability values from tﬁe_.typercuwe analytical solutions of

~~scross-hole air-injection testing of the northem Ghost Dance Fault [Permeability values are x 102

meter squared]
Structural Unit Permeability Values Permeability Values Permeability Values
Arithfnéti; Mean Range Geometric Mean
- -Hangingwall - 5.0 £+ -0.7-12.8 - -4l
Fault zone 18.1 7.037.9 14.6
... Footwall 87 11341 7.8
'.g?-;-:a,-\ . Ces N . TEE T o een
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Table 14. Statistical summary of porosity values from the type-curve analytical solutions of

cross-hole air-injection testing of the northern Ghost Dance Fault

Structural unit Arithmetic mean Arithmetic range Geometric mean
(m*/m?3) (m*m?) - (m’/m®)
Hanging wall 0.04 0.01-0.09 0.03
Fault zone 013 0.05-0.27 0.10
Footwall 004 001012 0.03
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n S :analynca] solutions of cross-hole axr-mjecnon testmg are lxsted in tab]es 13and 14. The = - < &b 3

... 1 hE type-curve analysis identified a he;egogengons ﬂ_ows}stem’ that had three different -

wall Companson of the NDR cross-hole permeablhty values to the single-hole pexmeabxhty

Statlstlcal summaries of the permeabllny and porosxty values from the type-curve -
}

: anthmetxc mean penneablllty and por051ty values of the three structural umts are: footwall 8.7 x

102 m?, and 0.04.; fault zone e 18.1 x 10 m? ,and 0.13; hanging wall 5.0 x 10> m? , and 0.04.
The type-curve analysis indicated that the permeability and porosity values of the three -

individual structural units were independent of direction. The analysis identified boundary effects

“when the monitor interval and the air-injection interval were located in different structural units, -7

. and when a monitor interval was located immediately adjacent to an adjoining structural unit.

i ':rhomogeneous 1sotropxc structural units correspondmg to the footwall, fault zone, and hangmg T

™\

values from borehole NAD-GTB#la mdlcates resonable agreement between the anthmehc

means for the fault zone (values within a factor of two) but dxﬁ'erences approachmg a factor of 5 A S

.in the hanging wall and almost an order nﬂmagnitﬁde in the footwall. The permeability - -

differences may be real or they may be a scale effect due to the smaller test scale of the singlef

hole GTB#la testing. Overall, the NGDFA cross-hole perméability values for the Tptpmn are B

larger than the range of the surface-based penneability valués for the Tptpmn (0.37 t0 2.7 x 101

- m?) ( LeCain, 1997, p.23). The increased p'er'meabil'ity-is'probably.du_e to increaseci fracturing

associated with the GDF. Although the t'noni'tor' interval press&re responses did not indicate a

dual porosity system, and the analysis assumed that the matrix was water filled, the porosity

~ values were greater than expected and indicate'a porosity component in addition to the fracture

- porosity. Fracture porosity generally ranges from 102 to 10 (Freeze, 1979 p.408). Visual
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examinations in the NAD indicated that the fault zone fracture porosity may be larger than 1072
Possible explanations of the additional porosity include air-filled lithophysal cavities and/or air-

filled matrix pores in direct contact with the fractures.

Numerical analysis using AIR3D

By using geologic information from the DLS, geologic mapping, visual inspe’ciion of the
NAD and NDR, and borehole video logs, a numerical model of the northern GDF flow system
was developed L'lsing,the USGS-ﬁnite—difference model AIR3D (Joss and Bacehr, lQ?S).-.T};e"
numerical model grid was 40 l'ayc;.rs, 25 columns, and 25 rows. The model layer thickness was a
constant 2 m, “.lhile the column and row widths ranged from 0.1 m, at the central nodes,upto
10.0 m at the outer boundaries. The X, Y, Z scalé of the mode} was 76.1 by 76.1 by 80.0 m,
res.pectively. The lower boundary was no flow (representing the water table) and the other 5
boundaries were constant head. To minimize boundary effects the model scale was lgrge :
compared to the field tesiing scale. Tﬁe footwall was assigned layers 1 through 20; the fault zone

layers 21 and 22, and the hanging wall layers 23 through 40. The relative locations of the model -

* air-injection and monitor intervals were selected to match the field tests. The initial model run

used the arithmetic-mean permeability and porosity values from the type-curve analysis for the
footwall, fault zone, and hanging wall. Pressure responses from the numerical model were

visually compared to the pressure responses from field testing. By using these comparisons, the

permeability and porosity values of the model were adjusted and the model was rerun; the model

pressure responses again were compared to the pressure responses from the field. This iterative
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process was repeated until a qu;lrmﬁ\;e best match between the pressure responses from the
model and the pressure responses from the f eld tesung ‘were obtained. The pressure responses .
from three monitor intervals of field test 16 and the AIR3D numerical model predicted pressure
response are presented in ﬁgure 13. The three monitor intervals were l_ocated in the fau]t zone at
distances of 4.4, 4.-5‘and 4.1 rneters from the air-injecrion interval. The numerical model
predicted pressure response is for alinear dxstance of 4 5 m. The numerical model used a fault
zone pérmeability value of 20 X”IO 2 m? and porosrty value of 0.20, which were ultxmately |

- selected as the values providing the’ quahtatxve_ best match.

Figure 13 nearhere C el - . o . ' e S

| The AIR3D numerica!_}rnodel permeab.ility and porosity values tﬁ_at best matched the . -

observed field test pressure rcsponses are footvw./all 10.0 x 102 m?, and 0.67; fault zone 20.0'x
10?2 m?, and 0.20; hanging wall 50 x 10" m?, and 0.05. These values are very sirniiar to the
type-curve values.and indicate cidse agreement between the two methods; however, there are
additional considerations.‘flhe’pressure responses from the numerical model replicated.the field
o data from the fanlt_zone more aee.ura_telyfthan the data from the footwall and the hanging wall.
The ezrrly-time field data (< 100 seconds) frorn'the footwall are.a closer match wnen the model-

footwall penneaoility and porosity.values are 5.0 x:10"2 m? and 0.05. The same is true for the
“hanging wall where permeability and porosity values of 3.0 x 10> m?, and 003 provide a better

fitto'the early-time field data. However, the late-time field data (>:100 seconds) indicated a

- higher permeability and porosity; therefore, the best match permeability and porosity values are a
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compromise to best fit both the early- and late-time data. An alternative model wéuld use the
lower Permeability values for the hanging wall and the footwall and would assume a constant-
head boundary, such as a large fracture, to account for the late-time rapid stabilization of the
pressure responses. Becaus;e the ﬁela work (geologic mapping, fracture m'apping, bdrehole
logging, and air-injection testing) does not indicate any physical feature that could act as a
constant-head boun;iary, a compromise needs to be made and, therefore, the best match
permeability and porosity values are a reasonable match to the field data. Other possible
interpretations inélu;le a high permeabiiity connection of the fracture system to the NDR and the
NDR is the constant head boundary or po;sibly the footwall and hanging wall would be better
represented using a d@ porosity model. As already noted, the pressure responses did not
indicate a dual porosity systém (no delayed storage), however, the large porosity values indicate;

that the assumption of a water saturated matrix may be questionable.
Di e lysis using FRACMAN

The CLUSTRAN analysis identified six statistically significant fracture groups in the
NGDFA. The strike and dip of the fracture planes in degrees are: 059/88, 075/84, 125/84, and
332/63; minor sut.>s'ets are at 192/87 and 199/63. The fractures are moderately to steeply
inclined, trend in a northerly and in a northwesterly di.rection, and have nonuniform spacing.
There was no apparent correlation between length and orientation, even though fractures that
parallel the NGDFA had a greater probability of having long lengths. The analysis indicated that
the fracture lengths follow lognormal, power law, and exponential distributions. The six fracture
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sets, and their statistical pa’rameters were used as input to the FRACSYS algorithm of the
FRACMAN code to generate a statistiea.l ffacture system that represented the NGﬁFA. "I"en
stochastic DFN realxzatrons were generated and the fracture charactenstlcs of the srmulated
fracture systems then were compared to the DLS ﬁeld data from the NGDFA When the
stochastically generated DFN fracture data was wrthm one standard devratron of the DLS field
data the DFN model was caltbrated 'I'he mput parameters for the six fracture sets used to -
genetate the DFN model are llsted in table 15. An addmonal 3 ﬁacture sets that were ‘applied to
the mtensely fractured 4-meter—wxde fault zone are. ltsted in table 16 The addmonal three ﬁacture
sets are based ona vrsual ~mspectton of the fault zone and were mcluded to compensate for the

high densrty of fractu_res wrth trace lengths less than 0.3 m that were not mcluded ini'the DLS.

g o
to o,
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Table 15. Input parameters of the six fracture sets used to produce the FRACMAN discrete-features model

[--, not applicable]

Oricntation Size
Fuc(m:e Model Strike/dip Pole orlentation Distribution Dispersion Equlvalent Distribution Mean/SD Max/Min  Intensity
sel type (degrees) Trend/plunge type (k) radius type (meters) (meters)  (m¥m’)
. (degrees) (meters)
| Bacecher 059/88 329/02 Fisher © 50 - Truncated . 0.614/0.27  0.3/150.0 0.17 -
\ f: Lognoﬁnaf'- _ |
2 Baccher  075/84 345/06 Fisher 35 ~ i Troncated . 06218  0.3/1500 022
;i Lognomal . .
3 Baecher 125/84 035/06 Fisher 25 -- - Truncated 0.97/2.06  0.3/150.0 2'.0_;7
| Lognormal )
4 Baecher 332/63 242/21 Fisher 25 - Truncated 0.56/0.8 0.3/150.0 0.08
Lognormal
5 Baecher 192/87 - 099/03 Fisher 36 0.277 Truncated 2.5 0.3/150/0 2.56
. Power Law
6 Baccher 199/63 109/27 Fisher 20 = Truncated 0.54 0.3/150.0  0.11
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Table 16. Input parameters of the three additional fracture sets used in the f_':_lullt Zone ﬁg produce the FRACMAN discrete-featqrés

model [--, not applicable] - - o ; ; ’ o
Oricntation 4 | _ - Size
Fracture Model Strike/Dip Pole orlentstion Dlslrl-bmlon Dispersion’ Equh'rilen.l :. Distribution  Mean/SD - Max/Min Inténsltz
et type {degrees) trendlﬁlunze . type - (x radius " type . (meters) ~~ (mét_ers) “ (m*/m")
 (degrees) (meters) : o '
I Warzone  035/90 125/00 Fisher 50 - Truncated 0510 0120 . 00002
Lognormal N ‘. o _
.2 Werzone 000190 090/00 Fisher 50 - Truncated 0;5(1.0 0120 . 00002
. . Lognormal . : : '
3 Warzone  315/90 045/00 -Fisher 50 - Truncated of;n.o . 0dno 0.0002
Lognonnal : . 2

-\
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Following the development of the fracture systerr;, transmissivity values were assigned to
the fractures. _,’I'he initial transmissivity values were derived fr_ém the permeabili.ty values fr;>m -
the type-curve analysis of the cross-hole air-injection tests. The transr;lissivi.ty distributions and
the equivalent permeability values for the FRACMAN-DFN model footwall, fault zone, and
hanging wall that best matched the cross-hole pneumatic testing field data are listed in table 17.

The transmissivity values are based on an interval length of 2 m.

81



\

. Table 17. Transmissivity distributions and equivalent permeability values for the discrete-

feature model .

i}

‘Structural - Distribution - ' Transmissivity" © Transmissivity '~ Pérmeability

o h"i‘ ©oe type ~.mean. : - . standard deviation ©; . . mean

S R Yy L. (m¥) L ()

Footwall  Lognormal 9\.06;19“"" " 230x10"4 45.3x10™

Fault zone Lognormal 9.06x10° ¢ 230xk10%  453x10 -

' Hangmg wall - Lognomal
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The permeability values from the DFN model are larger but generally in close agreement
- with the permeability values from the type curve and the AIR3D analysis. The steady-state
bressure responses from cross-hole air-injection test 25 and the simulated steady-state pressure
responses from the DFN m.odel are presented in figure 14'1. The injection interval for test 25 and
monitor intervals 1, 2, 3,4, 5, 11, 12, 13, and 14 were located in the hanging wall of the GDF.
Monitor intervals 6, 7, 15, and 16 were located iri'the fault zone and monitor inte.rvals 8,9,10,
17,18, 19, and 20 were located in the footwall. The simulated pressure respbnses from the DFN

model were similar to the field testing bressure responses and indicated that the DFN model had

reﬁlicated the fracture network and fracture permeability of the hanging wall. The steady-state

pressure responses from the cross-hole air-injection'test 36 and the DFN model simulated steady-" "

state pressure responses are pre:sénted in ﬁgﬁre 15 ﬁe- injecfion interval for test 36 was located
in the footwall of the GDF. The monitor intervals were the same as in test 25. The simulated
pressure responses were similar to the field pressure responses and indicated that the DFN model
had replicated the fracture network and the fra'cture permeability of the footwall. Thé steady-state
pressure responses from the cross-hole air-inje.ction test 32 and the DFN model simulated steady-
state pressure responses are presented in figure 16. The injection interval for test 32 was located
in the fault zone. The monitér intervals were the same as in tests 25 and 36. The simulated |
pressure responses from the DFN model were ggnerally higher than the field pressure responses
by a factor of three. To correct this discrepancy, the fracture intensity and transmissivity values
for the DFN fault zone were increased as much as an order of magnitude. However, the changes
did not have a substantial effect on the simulated pressure responses. A dual-porosity model was
run to determine if matrix porosity, associated with the breccia located in the fault zone, had any
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effect on the simulated pressure responses; the simulated pressure responses decreased slightly,
but did not change substantially. Only matﬁx porosity values of 50 percent decreased the DFN
model simulated pressure responses to field test values. Although core aua]ysis from oorehole
MF#3 indicated rubble zones and dense fracturing in the fault zone, a 50 percent air-filled

- porosity was considered too large to be realistic. -

Figures 14, 15, 16 nearhere "= ="'+

The DFN model indicated that cfoss-hole air-injection tests done in the oDF.-héhg'ing
wall and footwall can be aecurately modeled usmg the DLS fracture mappmg data and because
" the model is based on real ﬁactune data the DFN will produce a more realistic fracture ﬂow :
- model. The DFN model of the fault zone was not as successful because the i mtense fracturmg of
the fault zone was not adequately represented in the DLS fracture data. The DLS ﬁaeture
mapping was limited to fractures with trace lengths greater than 0.3 meters; most of -thefracture,s. B
in the fault zone, although .nume.rous, llad trace lengths less than 0.3 m and were not'mapped nor
were they adequately represented by the three additional fracture sets: The AlRBD numerical
modeling indicated that due to the highi fracture density the fracture zone is probably beﬁer
modeled as an equxvalent porous medxum Because the DFN provides a model of the footwall
and hanging wall that is closer to reality it may be possxb]e to increase the scale of the DFN
simulations to predict pressure 'responses at larger dimensions for areas that have similar fracture

systems as the GDF hanging wall and footwall.

84



Results ffom Cross-Hole Tracer Testing in the Northern Drill Room Boreholes .

Analysis using type curves

r

The cross-hole tracer tests were analyzed using type curves (Moench, 1995). The results
of the tracer-test type-curve analysis are listed in table 18. Several tracer tests were gnsuccessﬁll_
because of equipment failure or othq unforeseen problems. A plot of a typical tracer test and
type-curve match is presented in figure 17. Peclet numbers ranged from 3 to 22 except for a
single test that resulted m.Ecélqgkgumbers of 80 (table 18). Advective travel ﬁmgg;réégggjom,. B
0.011 to 1.110 days. Transport:porosity values ranged from 0.001 to 0.070. Longitudinal-—- - -
dispersivity values rahged from‘ 0.06 m to 2.63 m. Tracer te#s 1 through 8 general.ly. héd similar
traéer arrival plots for He and SF,. The similar plots indicated that the small He mplec.:ple}did not
diffuse more readily in to the small matrix pores and that the larger SFs molecule Was not
adsorbed on to tuff materials as it has been shown to do (Rattray, 1995); or thé effects are small

and of the same order of magnitude.

Figure 17 near here
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Table 18. Results of tracer-test analysis by\'ty'pe curves [He, helium; SF,,sulfur héxaﬂouﬁde; -,

no data]
Test. Structural -Linear - Advective Peclet Lpngitqdin'al Transport
nun):ber unit - distance travel time number  dispersivity porosit.y
and o - (m) - (days) * * (meters) (m*/m?)
'tracer ) e
' 1He - .Foowall =~ - 481 ' 0212 8 060 0,019
1SF,  Feowall  ~ 481 0235 6 080 - 0032
'2He . Faultzone - 478 Coass 1 043 10,014
2SF, Failtzone . 478 . 0130 - 8 060 - 0012
3 He' " "'-zﬁéné?ﬁ‘gwan“""' “a3s 0 oo - s UHERE T osm
3SF, - ';"Han_gmgyvgll, 478 0032 8 006 0002
" 4He ‘fﬁziri'g'ihgwal'l' sa8 o366 12 T o0ds "0.018
4sF, - AHangmgwall 5.48 - L L
SHe - Hangmgwall 602 0062 . 9 _--067 . 0005
'SSF,  Hanging wall 602 - 0129 9 067 | " 0.004
"6 He ﬁaﬁgingwan s20 0600 . 11 - 048 0.030
6 SF, Hangingwall 529 " 0575 5 106 0029
“9He - Footwall . 461 - 0028 3 7 154 "~ 0.003
" 7SF, ‘Footwall a61 70028 3 14 " 0.003
© 8He “Footwall - 457 ‘0218 .3 “091° 0023
8 SF, Footwall 4.57 - - . - -
9 He g;ngmgmll 637 0.580 9 S 071 . o018
9SF, - Hanging wall 630 0.570 - - 0.018
10He  Hanging wall 497 0.077 6 0.83 0.005
10 SF, Hanging wall 6.04 . 0.083 22 027 ~0.003
11He - Hanging wall 7.90 1.110 3 2.63 0.015
11SF,  Hanging wall 8.78 0.334 22 0.40 0.003
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12 He
12 SF,
13 He
13 SF,
14 He
14 SF,
15 He

15SF,

16 He
16 SF,
17 He
17 SF,

17SF, -

18 He

I8SF,

19 He
19.SF,
20 He
20 SF,
21 He
21 SF,
21 SF,

Hanging wall’
Hanging wall.
Footwall ‘
Footwall
F<'>otwall
Footwall
Fault zone
Fault zone
Fault zone
Fault zone

Hanging wall

v Hanging wall ~ -

- Hanging wall

Hanging wall
Hanging wall

" Fault zone

Fault zone

Fault zone

Fault zone
Hanging wall
Hanging wall
Hanging wall

5.06
4.32
4.23
4.65
6.60
6.52
4.88
4.13
6.89
5.39
7.03
538
5.38
6.53
8.75
4.30
5.19
5.02
525
421
5.04

5.04

0.137
0.208
0.251
0.066

0.453
0.142

0.433 .

0.195
0.100
0.159

0219

0.050

. 0.092

0.172
0.060

0.011

11

1

22

1.01
0.39
1.41
0.42

0.44
0.37
‘138

0.88

231,08
.---0.49
- 1.09

054

0.56

0.84
1.01

0.23

0.070
0.017
0.003
0.005

0.034
0.018
0.011

0.004

40005

" 0.008,
0.006

0.004

0.006

0.019
0.004

0.001
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A staUSncal summary of the northern GDF transpbrt-porosity and longitudinal- .~ "

' dlspersmty values by geologic structure are listed in table 19 Tracer tests done in the footwall of
the GDF had transport-porosxty values that ranged from 0.003 to 0.032 with an average value of
0. 013 . Tracer tests done in the fault zone had uanspon-borésity values that ranged from 0.004 to

_ 0 034 wnh an average value of 0.014. Tracer tests done in the hangmg wa]l had transport- .
porosxty vaJues that ranged from 0. 001 to 0 070 wn‘.h an average value of 0 013. Tracer tests done
in: the footwall of the GDF had longltudmal-dlspersmty values that ranged from 042101 S4m

' wnh an average of 1.03 m. Tests done i in the fault zone had longltudmal-dlsperswny values that

: _:ranged from 0. 37 10 1.38 m with an averagc of 0. 62 m. Tests done in the hangmg wall had

lqngltudlnal-dlspersxwty values that ranged from 0.06 tp‘2.‘§3 Tirwithan average of 0.76 m.



Table 19. Statistical summary of the northern Ghost Daﬁce Fault transport-porosity and

longitudinal-dispersivity values by geologic structure -

Geologic structure Transport- porosity range Longitudinal-dispersivity range
(arithmetic mean) _ (arithmetic mean)
(m’/m?) (meters)
Footwall 0.003-0.032 ' 042-1.54
(0.013) (1.03)
Fault Zone ~0.004-0.034 . 0.37-1.38
(0.014) _ (0.62)
- f U Hanging Wall 0.001-0.070 ° " 0.06 - 2.63
(0.013) (0.76)

89



< ...Figure 18 near here’ L LA i e

* rock tracer test programs, including the NGDFA tracer testing, is shown in.ﬁgure, 19. The ploi_t, .

The wide range of transport-porosity and longitudinai-’dispersivity values may indicate

- that the test scale was smaller than the rep;gscptative .e1¢memary volume. Figure 18 is a lower el
- hemisphere plot showihg the direction and i)lmge éf the fraéer tests and the ca}culated transpbrt-

- porosity values. The plot does not indicate any directional control; slow and fast tracer transport
' 'pathvéays occur in the same direction and plunge. The tracer data énd locations of the pumped
and tracer release intervals for the individual .;:;ossshole tracer tests are available in the YMP data _.

‘packages DTN: GS980283122410.003 and GS981183122410.005. -

' A plot of the Iongitudinal-_iiispersiﬁ;y values with test scale for several NTS ﬁ-acmrcd'-t.

"' indicated that the longitudinal-dispersi-w"itj' values increé;e with test scale. The data for the "

' -~Amafgosa Tracer site are from G'elhar'a.nd others ( 1992) and the C-wells data are »fr'om'Fahy .

(1997)..
© Figure 19 nearhere = - -+ Ui i eeeee o1

© .77 «iThe MAFIC computer code (Miller and others, 1994) was used to simulate tracer flow in.

the DFN model 'develc;'ped using FRACMAN. The MAFIC code uses a'three-dimensional ::,
network of triangular finite elements for either a single or a dual-porosity mode. The MAFIC
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code simulates solute uansport using an advective particle-tracking approach. Solute dispersion
was simulated stochastically using orthogonal normally distributed, longitudinal and transverse --
dispersion vectors. Because of the small scale (<10 m) and the short transport times (<200
minutes) diffusion was assumed to be negligible. The DFN-MAFIC model was set up to model
tht; SF, convergent-tracer tests 15, 17, and 21. The simulations used the same pumping rates used
in the field testing, about 5.0 x 10 m*/s (30.0 sLpm) and a fluid viscosity of 1.8 X 10°% Pa-s. The
MAFIC code limits the number of tracer particles to less than 1,000; therefore, the number of -

tracer particles ranged from 927 to 995. The simulations used a longitudinal-dispersivity value of

" . 1.0 m, derived from the type-curve analysis,:and assumed that the transverse dispersivity wale_,: e

- percent of the longitudinal value (0.1 m). -~~~ =- e

A normalized simulated-téaccr-arrival curve anq the normalized field data from tracer test Iz
17 is presented in figure 20. Ba;:kground SF, concentrations during tracer tests 15, 17, and 21
were low, generally less than 0.1 ppm witha maximum of less than 1.0 ppm, and therefore were .
not compensated for in the analysis. During tracer test 17, the Si% tracer-release interval and t.he :
pumped interval were located in the hanging wall. The peak arrival time was 200 minutes. The
early-time simulated values were a closel match to the field data except for the simulated values :
near 60 to 80 minutes. The spikes in the s_irpulated curve may be because of 'the limited nm&r
of tracer particles or because there was not a sufficient number of time steps to smoo£h the curve.
Generally, the simulated tracer arrival was a closel match to the field data; therefore, the DFN

model had replicated the fracture flow and transport in the GDF hanging wall.
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Figure 20 near here

- A normalized simtﬂatcd-pacerfarﬁya] curve and the normalized field data from tracer tc§.t
21 are presented in ﬁgure‘z.l.. .Du.rin'g ﬁ'écér test 21; the SF tracer-release interva;ﬂ an:c.i:.ﬂle |
pumped interval were located in the footwall. Thé simulated peak-arrival time was 55 minutes.
-The ﬁeak arrival time during the ﬁeld test was 95 minutes. The shapes of the two curves are
similar including curve spreadmg and tailing; first and last arrival times also are similar. The ‘
spikes in the simulated curve may be bccause of the limited number of tracer pamcles o.r because -
the number of time steps was insufficient to smooth the c curve. The 40-.mmute ‘dlﬁ_'er.en'ce between
peak arrival times may in.c.i'icaxte that't'hé.simulated fractures have better connectiohs from source __
(tracer release mterval) fo smk (pumped mterval) than the true fracture network. Although the
peak-arrival times are dlffetem the DFN model provxdes a more realistic numencal
'understgndmg of fractu;'c ﬂow_ gnd transport in the footwall than the cqmyalent_fcggt}p};u;q

- approach. :

Figufe 21 near here
: The travel times measured durmg the fault zone tracer testmg did not mdlcate that the
transport porosity of the fault zone was higher than the footwall nor the hanging wall, despite the
“increased fracturing in the fault zone: A normalized sxmulated-tracer-amval curve and the
normalized field data from test 15 are presented in figure 22. During tracer test 15, the SF;
 tracer-release interval and the pumped interval were located in the fault zone. The simulated
tracer test was not a closel match to the field data. The peak-arrival time for the simulated test
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was 50 minutes. The peak-arrival time of test 15 was 190 -minutes. A dual-porosity model was
run to determine if an increase in the total porosi_ty would produce a peak~arriva.] timt? tha; was
more consistent with the field data. Simulated tracer-arrival times that apprbached the field-
arrival times were accomplisliwd only when matrix porosities were increased to 50 percent.
Although core analysis from borehole MF#3 indicated ml;ble zones and dense ﬁ’acturipg in the
fault zone, a 50 percent air-filled porosity was considered too large to be realistic. Representative
fracture geometry is Qiﬁicult to extract from these broken zones .and the fault zone intense - -

fracturing was not captured in the DLS. As was concluded from the cross-hole air-injqc_:t_ibh

testihg analysis the DFN ,mo_‘d_el:.did not adequately represent the fault zone ﬁactMQ§&:$igm; o
Figure 22 near here . .. )

The flow paths of two .particles during the DFN simulation of tracer test 17 are ;;resented
in figure 23. A particle tracker was used to visualize the flow path from the source (tracer release
interval) to the sink (pump;d interval). The tracking indicated that the particles _followe_ci a

-tortuous and indirect route. The flow paths indicated that the travel distances of the tracked
particles were up to six times longer than the linear distance. The long tortuous flow paths are a
partial explanation for the high uanspprt-porosity values (up to 0.070) compared to the true
fracture porosity that usually range between 102 to 10°* (Freeze and Cherry, 1979, p.408). The
variability in the length of the flow paths also indicated that a drawn-out arrival-time tail may not
necessarily be a result of matrix diffusion but could be a result of a complex, variable, nonlinear
tracer-transport route.
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Figure 23 near here

The DFN model indicat'ed that tracer tests done in the GDF hanging wall and footwall
- canbe a'ccurateiy modeled using data from DLS fracture mépping and, because the DFN model
is based on real fracture data, the DFN approach results in a more realistic txanéport model. The
:*DFN model of the GDF fault zone was not as successful because the intense ﬁacmring was not
+-. adequately reprt;s‘et_lt.éd. by the DLS fracture data and therefore was not-adeq_uately represenfea in
the model. The DLS fracture mapping was limited to fractures with trace lengths greater than 0.3
-, meters; most of the,ﬁactures in the fault zone, although '‘numerous, had @gé_leggths less than
" 0.3 m. The DFN'‘modeling indicated that due to the high fracture density the fracture zone is
probably better iﬁg:cieled as an equivalent porous medium. Because fhc bFI;IImodel is based on
real Tracturg ’daﬁn i;._provides a more accurate model of the footwall and ha;%g'ing wall ﬁactpfé- '
.. flow system, as ‘o‘pposcd to the equivalent porous medium apprc.)é'c.h. Beca'use- the DFN model
provides a model that is closer to reality, it may be possible t§ increase the §ca1e of the DFN
. simulations to predict transpori at larger dimensions for areas that ﬁave fracture systems similar
~to the fracture systems of the GDF t:ootwall and hanginé'Wall; s
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SUMMARY

Geothermal logging, air and core-water chemistry sampling, air-injection testing and
tracer testing were done in.the'northem Ghost Dance Fault (GDF) at Yucca Mountain, Nevada.
The goals of the fault testing were to quantify the permeability values, porosity values, tracer-
transport charagteristics (transport porosity, longitudinal dispersivity), and ﬂuid'ages of the GDF
and the volcanic rocks (tuff) of the footwall, and hanging wall. The GDF testing was part of the
Yucca Mo.untain f’roject (YMP) scienti-ﬁc study done by the US Geological éurvey in
cooperation wnhthe Dépa.rtmént of Energy (DOE) to evaluate the pqtﬂé'_r.l:‘t.ié_l:for_ geologic disposal
of high-level radioactive waste in an unsaturated-zone desert environment.™

The Northern Ghost Dance Fault Alcove (NGDFA) consists of two sg.ctions, the Northem
Ghost Dance Fault Access Drift (NAD) and the Northem Ghost Dance Fa.ult Drill Room (NDR).
The NAD is located 3,737 m into the Exploratory Studies Facility (ESF) (measured from the
ESF north entrance) and is about 230 m be'low the ground surface. 'I_'he NAD was constructed at
a heading of due east and was initially constructed toa depth of 105 m (measured from the ESF
centerline). From the face of the NAD, borehole NAD-GTB#1a was drilled horizontally, at a
heading of due east to a depth of 60 m. Borehole NAD-G'I'B#Ia penetrated the GDF at a depth of
approximately 49 m. A downhole video log was run on Novcmi)er 1, 1996 and a geothermal log
was run on November 7, 1996. After the geothermal logging was completed, excavation of the
NAD was continued to a depth of 134.4 m, eliminating the upper 29.4 m of borehole NAD-
GTB#la. Following the construction, geothermal logging, air-injection testing, and chemistry
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sa'mpling'were done in the‘rcr'r:aining section of borehole NADIdTB#la; After the testing was
completed constructlon of the NAD continued to a depth of 174 m. The NAD intersected the

- -main trace of the GDF at 152 m. Following completion of the NAD, the NDR was excavated at a
heading of due north to a de;_)th of 24 m. Following construction of the NDR, three test
"boreholes were drilled from the NDR into the GDF. The boreho]ee had western headings, were .
near hdﬁzontal, were parallel, were 30.5,30.6 and 34.4 m in :deijth, and were oriented ina

triangular configuration with 4.2-m sides. : -

“+ivs24The NGDFA and the boreholes re located in the érystal-poor, middle nonlithophysal

" zone of the Topopah Spring Tuff' (Tptpmn). Borehole NAD-G’I'B#la was drilled from the B

-.hangmg wall of the GDF through the fault and into the footwall The 1mt1a1 geologlc

: mterpretanons of the fault and the broken zone (zone of mtense ﬁ-actunng) were based on the
vxdeo log from borehole NAD-GTB#1a. The video log ldennﬁed al2m wlde broken zone that

' washariably brecciated, and consisted of fractured rock,that had inatrix; and clast-supported
breccna zones. Excavation through the GDF found no dlstmct planes along the hanging wall and
footwall and no slickensides. The GDF is a normal fault witha stnke/dxp of 180/80 on the " :
footwall dnd 175/82 on the hanging wall.‘ The fa'ult offSet,iS'approximately th;ee meters. No
secondary calcite pf silica/opal were visible in the brecciah'r s_un‘ounding rock. Downhole video
. and Calipcr'loge ‘ddne in boreholes MF#1, MF32, and MF#3 identified an intensely fractured
zone that extended from the main trace of the GDF ebout 1:m into the footwall and 3 m into the

- hanging wall. The intensely fractured zone is hereby referred to as the “fault zone™. : * -
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.The geothermal log from borehole NAD-GTB#1a indicated penetration of the NGDFA
ventilatioh to depths of 3 to 5 m and a 0.1°C temperature d_e.crease throughout the 12-m-broken |
zone. The temperature decrease could indicate movement of cool air or water, or both, down the
12-m-broken zone. A geothermal log done at a later date did not record the previously measured
témperature drop across the 12-m-broken zone but identified a 0.05°C temperature increase at or
near the main trace of the GDF. The temperature increase may indicate deep, warm air moving
-up tll:e main trace of GDF. The stabilization of the temperature of the 12-m-broken zone may
ixidi..c:ate that the eziriier measured temperature drop may have been due to drilling-induced
. .g_\_"{ggg‘rative,_cooling or gas-expansion adiabatic cooling._cher- temperature fluctuations may be
dﬁe to drilling effects or possibly due to the variable borchole'diameter. A more through
s uhdgfs_tanding of the effect of barometric pressure on the iemperature in the fault and 12-m-

- broken zone fequires that geothermal logs be done during a range of barometric pressure

fluctuations.

In-situ pneumatic pressures monitored in borehole NAD-GTB#1a indicated limited
barometric atténuation and small time lags. Comparison of the downhole monitor intervals
pressure fluctuations (0.56 to 0.83 kPa) to the barometric pressure fluctuation (1.07 kPa)
indicated that the permeability of the rock is high. Pressure monitoring showed no correlation

. between the amount of pressure attenuation and the distance from the NAD and no co.rrelation
between pressure attenuation and the distance from the main trace of the GDF. The a;mount of
.attcnuation shows no patten and may be random. The intermediate attenuation measured in
monitor port 10, locat'ed furthest from the NAD, may indicate that the barometric pressure
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- changes were transmitted from the ground surface to depth through the GDF.
_Gas-phase chemistry samples were eolleeted in borehole NAD-GTB#.#la. The gas-phase
'CO, concentrations ranged from 660 to 1,175 ppm. The CO, values increased and the 5"°C values
decreased with increasing distance from the NAD (r = 0.89, and r = 0.84). The CO, and §"°C
~ values indicated that air from the NAD has penetrated the tuff, supporting the concept of a weli-.
' dev‘elopé"d fracture connection to the'NAD.' Uxi'r:bi"reeted 14C-age estimates from gas-sample_s

ranged from 2, 400 to 4,500 years. The I‘C-‘a‘ges from the monitor intervals are directly correlated

(r=0. 75) to the degree of pressure attenuauan that ‘was measured during pneumatlc monitoring. . «

o The age/attenuatlon correlation mdxcated that air ﬁ'om the NAD had penetrated the tuff through ‘
‘ the fracture system Trmum analysrs (classxﬁed as non-quahty assured) on core water identified -
- exght samples at six depths that had muum-!eyels_sxgmﬁcauttat two standard deviations. 'I'hree'of o
the samples, at two depths, indicated that )’w"a‘t‘er had traveled from the ground surfuce td depth_ |
during the last 45 years. The proximity of the elevated tritium values to the main trace of the
GDF indicated that the fault is a conduit for the transport of water from the ground surface
through the noh\\}elded tuff of the Paintbrush Gr’bup".and down to the Tptpmn.

Gas-phase chemistry samples were collected in boreholes MF#1 aud MF#2. The gas- ‘
* phase CO, concentrations ranged from 711 to 913 ppm. Gas-phase 8C-values ranged from -
15.04 to -13.45. Gas-phase C ages ranged from 2',.50'0 to 3,600 years. There was no correlation
-~ between the ‘parameters and depth. The data indicated that the gas samples were a mixture of
NGDFA air and rock gas. A gas-samplé from a monitor interval located in the fault zone had the
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“lowest CO,, largest 8"°C, and youngest "*C age, all indicating mixing with the NGDFA air. The

rmxmg is probably due to: (1) The high permeablhty of the fault zone, as identified in the air- R
mjectlon testing; (2) the NAD penetration of the GDF, provxdmg a short flow path; and (3) the
17 months that elapsed between the NAD fault penetratlon in March 1997 and the gas samphng

in'August 1998. Tritium analysis (classified as non-quality assured) of core water from the two

samples from borehole MF#1 had tritium levels significant at two standard deviations. The NDR

borehole tritium data indicated that the fault is a conduit for the rapid transport (< 100 years) of -

.- water from the ground surface through the ndnw_elded tuff of the Paintbrush Group and down to

. .- the Tptpmn, assuming that the tritium levqls,gfg\nbt due to contamination. ' S R

e v ————e [ . B e R

: Smgle-hole air-injection testing was‘ done.m borehole NAD GTB#la. The permeabllny o

-values of the hanging wall ranged from 0.1 to 2 5 x 10°'2 m® with an arithmetic mean of 1.1 x 10‘

‘-.m' and a geometric mean of 0.5 x 10"3 m-._The fault zone, a zone of increased permeab_lhty L
associated with the GDF,. pemiéability vall.le";:ranged from 8.5 .. to 11.1 x 10" m? and had.
arithmetic and gcometnc means of 10.0 x 10'u m?>. The penneablhty values of the footwall

ranged from 0.2 to 2.1 x 107> m? with an anthmetxc mean of 1.0 x 10" m? and a geomctnc

mean of 0.7 x 10"'> m%, Comparison of the pcrmeabxhty valucs from borehole NAD-GTB#la to

the Tptpmn permeability values from the surface-based testmg program (0.37 t0 2.7 x 102 m?)

indicated that the permeability values for the hanging wall and the footwall are in the same range

. as the surface-based values, while the fault zone permeability values are several factors larger.

The higher permeability values of the faul.t zone may be due to increased fracturing associated
with the GDF.
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Cross-hole air-injection tests were done between the three boreholes drilled from the
NDR. Analysis of the pressure responses .in the monitor intervals identified three zones where the
. monitc;r intervals had differe;n pressure responses. These three zones corresponded to the . -
structural units: footwall, fault zohe‘, and hanging wall; the fault zone coresponds to th; intenseb.r
.fractured zone that extended from the main trace of the GDF 1 m into the footwall and 3 m into
the hanging wall. Pressure responses did not change with direction. The type-curve anglygis -
indicated a heterogeneous flow sys.tem that had three different homogeneous isotropic structural :
units corresponding to the footwé]l, fault zone, and hanging wall. The arithmetic me;n
permeability and porosity valuesofthethree structural units are: footwall 8.7 .10 m’,and .
0.04; fault zonie 18.1 % 102 m?,-and 0:13; hanging wall 5.0 x 102 m?, and 0.04: Comiparison'of - -
the lc‘ross-hole perm;abili'tylva.lucs‘ ﬁ:qm the NDR'to the single-hole permeability va]ues from o
: bc;rehole NAD-GTB#la it;dicated close agreement between the arithmetic means for the fa:ul@ '
zone (values within a factor bf twd) but differences approaching a factor of 5 in tfle hangin=g wall
-and almost an order of magnitude in the footwall. The permeability diﬂ'erenccsimay ,be' real or
© they hay be a scale effect due to _t_he smaller test scale of the single-hole GTB#1a testing. The .
cross-hole permeability value.s fr.om the NDR are larger than the permeability values from the
. surface-based testing of the Tptpmn. The increased permeability is probably due to increased
fracturing associated \;rith.thc_.GDF.,_ e FOOE
A numerical model of the northern GDF flow system was developed using the USGS
finite-difference model AIR3D. The model incorporated the geologic information from the

detailed line survey (DLS), geologic mapping, visual inspection of the NAD and NDR, and.
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borehole video logs. Pressure ré.%ponses from the numérical model were visually comparea to the
-+ pressure responses from the ﬁeld tests. By using these comparisons, the model permeabi}_itygr;d L
porosity values were adjusted; .allld.the.model was rerun and the model pressure response; ég;in |
compareq to the pressure rt;sponses from the field tests. The numerical model estimates of the
_permeability and porosity values were: footwall 10.0 x 102 m?, and 0.07; fault zone 20.0 x 10"
m?, and 0.20; hanging wall} 5.0 x'10"* m? , and 0.05. These values are very similar to the

* analytical type-curve values and indicate agreement between the two methods.

Following the type-curypand the AIR3D numerical analysis, a discrete-feai}l_r‘e‘éggwp;k'..;; ol

- (DFN) model of the NGDFA‘wéé“dcveldped.using the computer code FRACMAN:'Iilé‘DFNs' SRRt
analysis used the .forwgrd m‘odelmg approach of FRACMAN to developa tluee-diméné:i‘o'n';l_'
-DFN model. The apéroac_:h’ df.::rjyed the geometry and spatial distributions of the fracture system.
*used in the xﬁodel from the Df.S and the fracture data from the NAD and NDR. FolloWing the
o development of the fracture s'y#ém, transmissivity values were assigned to the fractures, The |
initial transmissivity values were déerived f;om the permeability. values from the type-cﬁrve and )
- AIR3D analysis of the cross_-ﬁole air-injcctipﬁ tests. The transmissivity values were adjusied and
the model was rerun until the s:irri'ulated pressure responses from the DFN model were similar to
the pressure résponses from the cross-hole aif-injection field tests. The simulated pressure
responses from the DFN model were a close match with the field-test p;essure respohses from
the l_limging wall and footwall but nota close match with the field-test pressure responses _from
the fault zone. The pressure responses in the fault zone from the DFN model were generally .

higher than the pfessuréresbon#es in the fault zone from the field tests; this may be because the
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high fracture density of the fault zone is better modeled as an equivalent porous medium.

. - Cross-hole cc.mvergent-tracer tests \;vere done bgtween intervals that had ;:ross-hole
pneumatic connections. The cross-hole tracer tests were analyzed using type curves. The initial
type-curve analysis ignored the diffusion process because diffusion was assumed to be minimal
on the rising limb of the breakthrough curve. Peclet numbers ranged between 3 and 22 with a
. single test resulting in a Peclet humber of 80. Advective travel time raﬁxge‘d from -().01~l 101.110
days. Transpo;t-pdrosity values ranged from 0.001 to 0.070. Longitudiqa!fdispersivity va;.lues
ranged from 0.0§ 10.2.63 m. Testing indicated no preferential He diifusii?r_;pg_tSFts absorption.
Tracer tests done in the footwall of the GDF had transport-porosity vaiues thgt ranged from 0.003
to 0.032 \;'ith an avérage of ~ 0".01 3. ;Tfacer tests done in the fault zoné.gh_';ld tr.ansppr_i-porosity
'v'alues that ranged from 0.004 to 0.034 with an averagc;t of 0.014.~Tra<.:e:§ teisg done in the hanging
wall had transport-porosity valués that ranged from 0.001 to 0.070 wnh an z;verage of 0.013. The
large range. in transport-porosity values may indicate that the test scale wés smaller than the
representative elerﬁemmy volumc.:. The tracer tests did not indicate any directioﬁal control; slow

and fast tracer transport pathways occur in the same direction and plunge.

The MAFIC computer code, combined with the DFN m'odel, was used to -simulate the
cross-hole tracer lésts. Because of the small test scale (<10 m) and short transport times (<200
minutes) diffusion was assumed to be negligible. As expected, the simulated tracer-arrival plots
were closel matches \'vith the tracer arrival plots from the field tests done ‘in the hanging wall and
the footwall but not in the fault zone. As identified in thé DFN cross-hole air-injection model, the
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intense fracturing in'the fault zone is not adequately represented by the DFN model. Particle
tracking using ﬁe MIC code identified flow paths that were as much as'six tjrﬁes longer than
the linear di:c,tz;nce. The long tortuous flow paths are a pa;rtial explanation for the high transport-
porosity values (up to 0.070) compared to the true fracture porosit); that usually ranges between

‘ 105 to 1072, The variability in the length of the flow paths also indicated that a drawn-out arrival-
tirﬁe tail may not be a result of matrix diffusion but could be thé result of a complex, variable,

“nonlinear tracer-transport route.

Aithough some limitations were identified in dealing with intéh_sé_l}p&actured zones, the
DFN model mdxcated that pressurc tcsts and tracer tests done in the hangmg wall and footwall of
the GDF can be accurately modelcd usmg data from fracture mapping. By usmg the DFN model

it m_ay be possnble to increase the scale of the simulations to determine travel times at larger

dimensions for areas that have similar fracture networks as the fracture networks of the hanging

wall and footwall of the GDF. -
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10.
1L
12.
3.
14.
15,

Computer software identification numbers

Data description

Borehole video and caliper logs

: ,MF#I 2 and3

jBOR Detailed ane Survey of the .-
NAD and NDR

’:Geotherfnal logs GTB#1a
Pneumatic monitoring GTB#la _ o

Gas-phase chemxstry GTB#la ;

Gas-phase chemlstry MF#I
Gas-phase chemlstry MF#Z
Tritium data GTB#l1a (USGS)

£

Trmum data MF#1 (U of Mlarm) o

GTB#la, smgle-hole air-k -
2-D axr-mjectlon tcsts

3-D air-injection tests
;‘z-D ;rac'cf tcés ‘

:37[) tracer tests

RN

‘Borehole video and caliper logs GTB#1a -

LARO831422AQ97.002

ALt Te e

Data Tracking Number .

LARO831422AQ97.001

" GS970808314224.014

GS970383122410.005

GS97qzs3i22410.oo3
- ... GS970283122410.002
" ;36'898128312'2410.006 )

'.GS'981_2831224'10.006 :

- GS970283122410.002 .

G$990183122410.001

GS990183122410.004

GS970383122410.004

| GS980183122410.001

 GS981183122410.005 _

(GS981183122410.005

GS980283122410.003

1. AIR3D, U.S.Geological Survey documented computer code: ESP 22.01

2. CLUSTRAN, Bureau of Reclamation documented computer code: ESP 5.21-
3. FRACMAN, Golder and Associates documented computer code: ESP 14.01
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Figure 1. Locition of the Nevada Test Site and the Exploratory Studies Facility at Yucca
: Mountain. ;
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Figure 7. Temperature plot showing the geothermal logs from borehole NAD-GTB#1a.
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Figure 10. Graph showing pressure response times distance with time divided
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test 22 and type curve for spherical flow.



1000 — CURVES

]
14 100 - ‘
<wn e
,80: o Interval#6« - -
: w 10 -
g T N Interval #15
2= |
. 8 (Lﬁ 1 A lr.ttt.erval.#.16.
< g ~=—=Type Curve
o - .
__ S 0.1 -
X ,
0.01 . ] ¥ ] - ) ] Al
0.01 0.1 1 10 100 1000

SECONDS / METERS SQUARED

Figure 11. Graph soxyi_nQ pr'es'sure‘respohse times distance with time divided by
distance squared measured in the fault zone during cross-hole air-injection test




- KILOPASCALS SQUARED

. .. "CURVES
1000 — 1

100 o -simes - ‘interval # 1
Interval # 2
Interval #3
Interval # 4
Interval # 11
Interval # 12
B Interval # 13
e e L et 1e

o L . -~ | - e=—Type Curve
0.1, —————— : ~
001 - 01 1 - 10 100 " .1000

SECONDS PER METERS SQUARED

10 -

TIMES METERS -

P+ 0 X Dme.

Figure 12. Graph showing pressure responses times
distance with time divided by distance squared measured in’
the hanaina wall durina cross-hole air-iniection test 19 and

- Com ot . Ao e Some et - H =
R IR . Wi PYRVCHH ’
. - . B
T L R AED U .
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Figure 13. Graph showing pressure with time measured during air-injection tests 32 monitor
intervals 6,15, and 16 located at 4.4, 4.5, and 4.1 meters from the injection interval
and the numerical model predicted pressure response at a distance of 4.5 meters from
the injection interval.
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Figure 15. Graph showing pressure changes measured duﬁng cross-hole air-
injection test 36 and the pressure changes simulated by the discrete-feature model.
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Figure 16. Graph showing pressure changes measured during cross-hole air-
.. .injection test 32 and the pressure changes simulated by the discrete-feature model.” -

o



. b b

i
“

1 E T T T T 11
g - :
Z 5 _
.o e -
E i i
(&
. » -
o
(&
.‘-’d .
[44]
é 01 | =
..Q, - -.
m p -
N B |
[ |
g i i
A
'0.01 1 LI I B A I ] 1 N N T
0.01 ‘ 0.1 . : . 1
TIME SINCE INJECTION, IN DAYS

Flgure 17. Graph showlng sulfur hexoﬂuoﬂde tracer-armival plo’r during tracer test 10 and
fype curve match.

IR
e A ol
=
i



. ,.‘,.‘v

0.005 0003 0.018
‘o o © [ 2 -) °
oo7 . 0019 o1y  0.004

WEST

Figure 18. Stefeonet plot showing a lower hemisphere plot of transport porosity values and the
- three-dimenslonal orientation, by bearing and plunge, of the associated tracer tests.
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Fxgure 20. Graph showmg tracer amval plot for tracer test 17 SF6 and tracer
arrival plot predicted by the discrete-feature model. :
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Figure 21. Graph showing tracer-arrival plot for tracer test 21 SF¢ and tracer-

arrival plot predicted by the discrete-feature model.
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_ngure 22. Graph showing tracer-arrival plot for tracer test 15 SF6
* and tracer-arrival plot predicted by the discrete-feature model. =~



b4

METERS
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