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CONVERSION TABLE

Multiply metric unit

centimeter (cm) 

cubic meter (mW) 

degree Celsius per 

kilometer (°C/km) 

gram per cubic centimeter 

(&/cM3) 

kilobar (kb) 

kilometer (km) 

liter per second (L/s) 

meter (m) 

meter per cubic meter (m/m3) 

meter per dzy (m/d) 

meter per kilometer (m/km) 

meter squared per day 

(m2/d) 

meter squared per newton 

(m2/N) 

milliequivalent per litir 

(meq/L) 

milligram per liter (mg/L) 

millimeter (mm)

By

0.3937 

35.313 

5.496XlO- 2 

62.422 

1.45OX104 

0.6214 

15.85 

3.2808 

9.291x10-z 

3.2808 

5.2797 

10.76 

6.897x10
3 

1.0 

1.0 

3.937x10- 2

To obtain inch-pound ulit 

inch 

cubic foot 

degree Fahrenheit per 

100 feet 

pound per cubic foot

pound per square inch 

mile 

gallon per minute 

foot 

foot per cubic foot 

foot per day 

foot per mile 

foot squared per day 

inch squared per pound 

equivalent per million 

part per million 

inch



nevton per cubic meter (N/n 3 ) 6.365x10-3 

nevton per meter squared 1.450x10-4 

(N/nEZ) 

pascal (Pa) 2.450x10-4 

reciprocal cubic meter (0-3) 2.832x10-2 

reciprocal meter (a-I) 0.3048 

square kilometer (kiz) 0.3861 

square meter (m2) 10.76

pound per cubic foot 

pound per square inch 

pound per square inch 

reciprocal cubic foot 

reciprocal foot 

square mile 

square foot

Temperature in degrees Celsius (C) can be converted to temperature in 

degrees Fahrenheit (OF) by the following equation: 

°C=5/9(OF-32) .  

Sea level: Altitudes in this report are referenced to the National 

Geodetic Vertical Datum of 1929 (NGVD of 1929)--a Reodetic 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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PRELIMINARY HYDROGEOLOGIC ASSESSMENT OF BOREHOLES UE-25c 01, 

UE-25c #2, AND'UE-25c #3, YUCCA MOUNTAIN, 

NYE COUNTY, NEVADA 

By Arthur L. Geldon 

ABSTRACT 

Boreholes UE-25c 91, UE-25c #2, and UE-25c #3, (collectively called the 

C-holes), each, were drilled to a depth of 914.4 meters at Yucca Mruntain, on 

the Nevada Test Site, in 1983 and 1984 for the purpose of conducting aquifer 

and tracer tests. Each of the boreholes penetrated the Paintbrush Tuff and 

the tuffs and lavas of Calico Hills and bottomed in the Crater Flat Tuff. The 

geologic units penetrated consist of devitrified to vitrophyric, nonwelded to 

densely welded, ash-flow tuff, tuff breccia, ash-fall tuff, and bedded tuff.  

Below the witer table, which occurs at an average depth of 401.6 meters, the 

rocks are argillic and zeolitic. The geologic units at the C-hale complex 

strike N. 2* W. and dip 15* to 20* NE. They are cut by the Paintbrush Canyon 

fault, a normal fault oriented S. 8* W., 52.5* NW. by a splay of this fault, 

and by a strike-slip fault inferred to have an orientation of about S. 460 W., 

620 NW.



The rocks at the C-hole complex are fractured extensively, with most 

fractures oriented approximately perpendicular to the regional least hori

zontal principal stress. In the Crater Flat Tuff and the tuffs and lavas of 

Calico Hills, fractures strike predominantly between S. 200 W. and S. 20* E.  

and secondarily between S. 20* E. and S. 600 E. In the Topopah Spring Member 

of the Paintbrush Tuff, however, southeasterly striking fractures predominate.  

Most fractures are steeply dipping, although shallow-dipping fractures occur 

in nonwelded and reworked tuff intervals of the Crater Flat Tuff. Mineral

filled fractures are common in the tuff breccia zone of the Tram Member of the 

Crater Flat Tuff and predominate in the welded tuff zone of the Bullfrog 

Member of the Crater Flat Tuff. The fracture density of ge~logic units in the 

C-holes was estimated to range from 1.3 to 7.6 fractures per cubic meter. In 

comparison with transect measurements and core data from other boreholes, the 

fracture density of some of these geologic units, particularly in the 

Paintbrush Tuff, probably was underestimated by 0.3 to 1.3 orders of 

magnitude, but density estimates for most geologic units appear to be about 

the correct order of magnitude.



Geophysical data and laboratory analyses were used to determine matrix 

hydrologic properties of the tuffs and lavas of Calico-Hill& and the Crater 

Flat Tuff in the C-holes. The porosity ranged from 12 to 43 percent and, on 

the average, was larger in nonvelded to partially welded and bedded tuff than 

in moderately to densely welded tuff. The p6re-scale horizontal permeability 

of nine samples ranged from 5.7X10-3 to 2.9 millidarcies, and the pore-scale 

vertical permeability of these samples ranged from 3.7X10"3 to 

1.5 millidarcies. Ratios of pore-scale horizontal to vertical permeability 

generally ranged from 0.7 to 2. Although the number of samples was small, 

pore-scale permeability values determined were consistent with samples from 

other boreholes at Yucca Mountain. The specif'c storage of bedded, nonwelded, 

and nonwelded to partially welded tuff was estimated from porosity and elasti

city to be 2xlO-6 per meter, twice the specific storage of moderately to 

densely welded tuff and tuff breccia. The storativity of geologic units, 

based on their average thicknesr (corrected for bedding dip) and specific 

storage, was estimated to range from IXIO-S to 2XO-4.



Ground-wate in the Tertiary rocks of the Yucca Mountain area is not 

stratabound but appears to result from the random intersection of water

bearing fractures and faults. Even at the C-hole complex, an area of only 

1,027 square meters, fluid production zones vary from borehole to borehole.  

In UE-25c #1, water is produced mainly from t]he lower nonwelded to partially 

welded zone of the Bullfrog Hember of the Crater Flat Tuff and secondarily 

from the tuff breccia zone of the Tram Hember of the Crater Flat Tuff. In 

UE-25c #3, water is produced in nearly equal proportions from these two 

intervals and the central moderately to densely welded zone of the Bullfrog 

Member. In UE-25c #2, almost all production comes from the moderately to 

densely welded zone of the Bullfrog Member. Intraborehole teF-.rature surveys 

during pumping tests at the C-hole complex, indicate that water apparently is 

transmitted from the three faults that transect the site, via interconnected 

south-southeasterly to south-southwesterly, southwesterly, and northeasterly 

trending fractures. There appeacs to be no relation between fluid produc

tivity from boreholes and either fracture orientation, lithology, or the 

degree of welding of ash-flow tuffs. In support of this interpretation, 

pumping tests in the C-holes produce drawdown-versus-time curves that are 

characteristic of a fracture-dominated ground-water flow system. These curves 

also indicate that borehole storage commonly affects the drawdown in tested 

intervals during the first 1 to 15 minutes of pumping.  
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Potentiometric head data for the Nevada Test Site and vicinity indicate 

that ground water in the area flows locally from block-faulted mountains to 

intermontane basins and regionally from basin to basin toward Death Valley and 

Alkali Flat. Heads in the C-holes and other boreholes indicate that an upward 

flux from the regional to the local flov systiem exists at Yucca Mountain.  

Hydrochemical data support this interpretation. These data include the 

predominance of sodium and bicarbonate ions in the water, small (pre-1952) 

tritium contents in the water, the "lightness" of the water in deuterium and 

oxygen-18 with respect to modern meteoric water, an apparent carbon-14 age of 

about 15,000 years before present for the water, and elevated ground-water 

temperatures.  

INTRODUCTION 

The U.S. Geological Survey is conducting investigations to determine the 

geologic and hydrologic suitability of Yucca Mountain, Nevada, as a potential 

site for a mined geologic repository for high-level nuclear wastes. These 

investigations are being conducted in cooperation with the U.S. Department of 

Energy, under Interagency Agreement DE-AI08-78ETG4802, as part of the Yucca 

Mountain Site Characterization Project (formerly the Nevada Nuclear Waste 

Storige Investigations Project).



Purpose and Scope

The purpose of this report is to characterize the hydrogeology of 

saturated tuffaceous rocks in boreholes UE-25c #1, UE-25c #2, and UE-25c #3.  

These boreholes are referred to collectively-in this report as the C-holes.  

The C-holes were drilled to perform multi-well stress (aquifer) tests and 

tracer tests; they comprise the only complex of closely spaced wells in the 

saturated zone at Yucca Mountain. Results of lithologic and geophysical 

logging, fracture analyses, water-level monitoring, temperature and trace

jector surveys, aquifer tests, and hydrochemical sampling completed at the 

C-hole complex as of 1986 are assessed with respect to the regional geologic 

and hydrologic setting. A conceptual model of the site hydrogeology is 

presented to provide a context for quantitatively evaluating hydrologic tests 

performed at the C-bole complex as of 1985, for planning and interpreting 

additional hydrologic tests at the C-hole complex, and for possibly 

re-evaluating hydrologic tests in boreholes other than the C-holes.
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Location of C-Hole Complex 

The C-hole complex is located in Nye. County, Nevada, just east of the 

western boundary of the Nevada Test Site (NTS), approximately 145 km northwest 

S of Las Vegas (fig. 1). Surface positions vit respect to the Nevada State w Mn} 

Central Zone Coordinate System, surface altitudes, and total depths of the 

-0- C-holes are listed in table 1. The C-holes are located in an ephemeral, 

easterly draining valley that cuts across Bow Ridge, which is just east of 

Yucca Mountain and is separated from it by high-angle faults. Bow Ridge and 

Yucca Mountain are in the southern Basin and Range physiographic province 

(Frizzell and Shulters, 1990).
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Table 1.--Location data for boreholes UZ-25c #1, UK-25c #2, 

aW Uff25c #3 

Surface altitude, Total 

Nevada State Central in meters above depth, 

Borehole Zone Coordinates, in National Geaodetic in 

meters, at the surface Vertical Datm meters 

of 1929 

UE-25c #1 N 230,762.8 1,130.6 914.4 

E 173,638.6 

UE-25c 02 N 230,687.5 1,132.2 914.4 

E 173,624.4 

UE-25c #3 N 230,706.1 1,132.3 914.4 

E 173,600.3
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C-HOLE COMPLEX DEVELOPHENT AND INVESTnGATIONS

Boreholes UE-25c #I, UE-25c #2, and UE-25c #3 are 30.4 to 76.6 a apart 

at the surface. Lines connecting the boreholes delineate a triangle 1,027 m2 
FIG. ;.  
- in area (fig. 2). Boreholes UE-25c #2 and UE-25c #3 were situated with 

nlew here) 
respect to UE-25c #1 on the basis of the assumed hydraulic conductivity 

tensor at the site and the anticipated spread of the cone of depression 

during planned pumping tests (Devin Galloway, U.S. Geological Survey, written 

cosmun., 1989). UE-25c #2 vas located with respect to UE-25c #1 along the 

inferred major axis of hydraulic conductivity, and UE-25c 03 was located along 

the inferred minimum axis, based upon the dominant structural trtid in the 

vicinity of the C-hole complex.
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Well Construction

Boreholes UE-25c #1, UE-25c #2, and UE-25c #3, each, were rotary-drilled 

to a total depth of 914.4 a using air-foam, a mixture of compressed air, 

soap, and water. Borehole UE-25c #1 was started August 13, 1983, and com

pleted September 18, 1983; borehole UE-25c #2 was started January 23, 1984, 

and completed February 27, 1984; borehole UE-25c #3 was started March 27, 

1984, and completed April 26, 1984.  

All three of the C-holes were telescoped downward. Boreholes UE-25c #1 

and UE-2Sc #2 were drilled with a 91.4-cm-diameter bit from la;.d surface to 

depths of 9 and 12 m, respectively; borehole UE-25c #3 was drilled with a 

10 121.9-cm-diameter bit from land surface to 12 m (fig. 3). A 61.0-ro-diameter 

bit was used to extend UE-25c 01 to 112 a, UE-25c #2 to 98 m, and UE-25c #3 to 

96 m. A 37.5-cm-diameter bit then was used to extend UE-2Sc #1 to 462 a and 

the other boreholes to 463 w. Boreholes UE-25c #2 and UE-2Sc #3 were 

completed with a 25.1-cm-diameter bit; borehole UE-25c #1 was extended to 

911 m with a 25.1-cm-diameter bit and completed with a 22.2-cm-diameter bit.  

In the uppe: part of all three of the C-holes (above 417 a), casing was set 

and grouted before changing to a smaller drill bit, in order tc prevent 

washing out of the borehole and to facilitate the circuilation of drilling 

fluid and the return of cuttings. The lower part of each borehole was left 

uncased to make AS much of the saturated zone as possible available for 

aquifer test! and to accommodate the 31.5 L/S submersible pump that was 

planned for use during these tests.
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Gyroscopic surveys made at 15-a intervals after the total depth was 

IG reached revealed that all three of the C-holes drifted substantially 

S- (fig. 4), most likely as a result of the drilling technique and equipment.  
towe heee) 

Borehole UE-25c 01 drifted east-northeast for the first 68.6 a, 

approximately north for the next 68.6 m, north-northeast for the next 83.8 a, 

northeast for the next 495.3 a, northwest for 83.8 m, and finally 

south-southwest for 76.2 a and presumably to the bottom of the hole. The 

S. cumulative departure from the measured depth was 0.12 a (fig. 5). Borehole 
rnnr hefe) 

UE-25c #2 drifted east-southeast for the first 312.4 a, east-northeast for the 

next 304.8 m, and approximately west for the bottom 297.2 a. The cumulative 

departure from the measured depth was 0.09 m. Borehole UE-25c #3 drifted 

south-southwest for the first 182.9 n, southeast for the next 419.1 m, and 

southwest for the bottom 320.0 m. The cumulative departure from the measured 

depth was 0.16 m. The principal effect of the borehole drift was in the 

determination of the orientatiou of stratigraphic and structural planes and 

the hydraulic gradient between the boreholes; measured depths on litnologic 

and geophysical logs and measured water levels were not affected appreciably 

by the drift.  
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Caliper logs indicate that all three of the C-holes contain thick 

intervals where the borehole diameter exceeded that of the drill bit and no 

intervals where the borehole diameter was less than that of the drill bit 

FIG. 6 
.. )P (fig. 6). About 70 percent of the upper 366 m in all three boreholes was 

tnew hte) 
enlarged 5 to 32 cm beyond the diameter of tfe drill bit. In borehole 

UE-25c #1, this enlargement continued to a depth of 460 m. Below 460 m, 

borehole diameters generally were close to that of the drill bit, except for 

three discrete zones between 460 and 550 a, 625 and 675 m, and 725 and 865 a.  

The consistent patterns of enlargement among the three C-holes are indicative 

of lithologic and structural controls. The enlarged intervals correspond to 

fractured, faulted, or nonwelded to partially weldcd intervals within the 

bedrock that were recorded on other geophysical logs and on lithologic logs.  

Sample Collection 

Samples of water were collected for chemical analyses of major, minor, 

and trace elements, stable isotopes (deuterium, oxygen-18, and carbon-13), and 

radioactive elements (tritium and carbon-14). The carbon-14 concentration was 

determined for calculation of the apparent age of the water. Measurements of 

the pH, specific conductance, bicarbonate concentration, and temperature were 

made in the field and compared against laboratory determinations of these 

properties. Samples were analyzed by the U.S. Geological Survey Central 

Laboratory in Arvada, Colo., according to methods described by Skougstad and 

others (1979). All samples were collected from open boreholes after the final 

pumping tests in each borehole.
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As a check against contaJination of the samples by drilling fluid, a 

lithium chloride tracer was added to the drilling fluid during the 

completion and testing of the C-holes. The lithium chloride tracer was 

selected because the background concentration of lithium in the water from 

well J-13, the well used to supply water during the drilling and testing of 

the C-holes, was known to be 0.040 mg/L (Benson and Hc]inley, 1985). Samples 

considered to be representative of uncontaminated ground water in the C-holes 

were not collected until lithium concentrations were at or near background 

levels.  

Lithium concentrations in fluids added &a au~d discharged from the C-holes 

r? during drilling, as determined by the drilling contractor, REECO, are shown 

-- 3 0 in figure 7. These samples were collected every 9.1 m as the drilling 

" progressed. Initial lithium concentrations ranged from 13. to 26 mg/L, but 

significant reductions began occurring in UE-25c #1 and UE-25c #2 at the water 

table and in UE-25c #3 about 129 a above the water table. In the first two 

boreholes, the reduction in lithium easily can be attributed to dilution by ground 

water in the saturated zone. In UE-25c #3, however, either a zone of perched 

water was encountered, or the borehole intercepted downward percolating water 

from the discharge pit for UE-25c #2, which had been located at a site near where 

UE-25c #3 was drilled.  
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Rock bit cuttings were collected continuously during the drilling of all 

three C-holes. The method used for collecting the cuttings consisted of 

installing a 5- by 5-cm piece of angle iron in the center and about 0.3 m from 

the end of the discharge line. All cuttings hitting the angle iron were 

deflected down into a bucket positioned undee'the discharge line. Every time 

the borehole was advanced 3 a, the bucked was dumped, and a representative sample 

of the cuttings in the bucket was collected for initial descriptions onsite.  

Additional samples were saved for later, more detailed analyses by U.S.  

Geological Survey personnel.  

The drilling was periodically interrupted to collect samplks of core 

that, when compiled, would be representative of all geologic intervals 

encountered in the C-holes. The core was obtained using a 10.2-cm-diameter, 

diamond-tipped core bit and barrel. Cored intervals generally were 3 or 6 a 

long, but one 9-m-long interval was drilled. A total of 114.3 m of core was 

collected for geologic descriptions and hydrologic analyses (fig. 8).  

Selected pieces of core were preserved for later determination of the 

pore-water saturation and chemistry.

Lithologic and Geophysical Logs

Lithologic logs of the C-holes were prepared by the Geologic Division of 

the U.S. Geological Survey and were made available for this report by Richard 

W. Spengler (written commun., 1989). The logs were prepared from visual 

inspections of the drill cuttings and core, petrographic analyses of thin 

sections, and television-camera tapes.  

35-
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Geophysical logs were run in the C-holes to: (1) Refine lithologic 

contacts; (2) correlate geologic units among boreholes; (3) establish the 

depths of fracture and fault zones; (4) determine the strike and dip of 

fractures, faults, and bedding; (5) determine the physical properties of 

rocks; (6) locate permeable or water-bearinr intervals; and (7) provide 

TABLE 4 details on borehole completion. All of the geophysical logs that were run 

.- Im are listed in table 2.  
In"& rtefei 

Only geophysical logging techniques that were used for geological or 

hydrological interpretation are described further. These include caliper, 

resistivity, epithermal-neutron, borehole-compensated gaina-Ima, borehole

compensated acoustic, temperature, acoustic-televiewer, and television-camera 

logging. These logging techniques and most others listed in table 6 are 

de3cribed thoroughly by Keys (1988).  

Caliper tools measure the diameter of boreholes. In holes latger than 

10 cm in diameter, such as the C-holes, a six-arm tool is used at Yucca 

Mountain (Muller and Kibler, 1984). This tool measures three equiangular 

diameters and the average diameter. Data from the caliper log were used to 

calculate borehole volumes for cementing casing, to identify unstable zones 

where the borehole it washed out or caved, to identify fractured intervals, 

to indicate the roughness of the borehole walls, to interpret tracejector 

surveys, and to correct for borehole effects on data measured with other 

logging tools.  
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Table 2.--Geophysical logs run In bormoles UZ-25c #1, UZ-25c #2, and US-25c #3 

Depth interval, 

Geophysical log Primary uses of log in meters 1 

- UE-25c #1 UE-25c #2 UZ-25c #3

BOREHOL CONSTRUCTION

Gyroscopic 

Caliper 

Nuclear 

annulus 

Nuclear 

cement top 

locator 

3-D velocity

Deviation from vertical 0 to 914 

Borehole diameter, fracture zones 12 to 914 

Locating channels in cement None

Top of lowermost seal 

Interpreting nuclear annulus 

logs

366 to 415

0 to 914 

12 to 912 

305 to 414

None 332 to 402

302 to 419 304 to 413 331 to 401

FORMATION CHARACTERISTICS

Temperature 

Fluid density 

Spontaneous 

potential 

Resistivity, 

induction

Thermal gradient and fluid in

flow zones 

Location of water table 31 

Lithology, shale content, water 3S 

quality 

Effective porosity, water I 

quality

0 to 911 2 to 914 2 to 914

to 420 

to 909

321 to 408 

417 to 912

10 to 909 13 to 913

387 to 411 

417 to 913 

13 to 913

324

0 to 914 

12 to 914 

296 to 426



Table 2. -- eopgsical logs 1unm in borholeos us-25c #1, UE-25c #2, 

and UX-25c #3--Continued

Depth interval, 

Geophysical log Primary uses of log in meters1 

UE-25c #1 UE-25c #2 UE-25c #3

FORMATION CHARACTERISTICS--Continued

Resistivity, 

focus 

Resistivity, 

dielectric 

Dielectric 

constant 

Gama ray 

Spectral 

gamma 

Gamms-gamma, 

borehole 

compensated 

Density, dual 

proximity 

Epithermal 

neutron

Effective porosity, water 

quality 

Effective porosity, water 

quality 

Effective porosity, lithology 

Distinguishes sandstone from 

shale 

Radionuclides 

Bulk density, total porosity, 

storativity 

iotal porosity in unsaturated 

zone 

Total porosity, moisture 

content

405 to 909 

112 to 913 

112 to 913

417 to 911 407 to 913

98 co 913 95 to 914 

98 to 9!3 95 to 914

9 to 908 12 to 913 12 to 912 

0 to 914 2 to 914 2 to 914

112 to 907 98 to 914 97 to 914

3 to 110 6 to 96 3 to 95 

8 to 912 12 to 914 96 to 914
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Table 2.--Goophysical logs rnm In borbholos Us-25c #1, UK-25c #2, 

and UZ-25c #3--Continued

Depth interval, 

Geophysical log Primary uses of log in meters' 

UE-25c #1 UE-25c #2 UE-25c #3 

FORHATION CHARACTERISTICS--Continued 

Acoustic, Total porosity, lithology, 418 to 914 417 to 910 501 to 914 

compres- storativity 

sional, 

borehole 

compensated 

Acoustic, Elasticity 468 to 908 None None 

shear 

Seismic iulk density 0 to 908 0 to 910 0 to 911 

velocity 

(geophone) 

Acoustic Location of fractures 400 to 910 416 to 910 None 

fr-clog, 

borehole 

compensated 

Acoustic Location and orientation of 416 to 903 416 to 913 417 to 914 

televiever fractures 

Television Location and strike of 399 to 903 401 to 852 None 

camera fractures 

1 For many logs, the depth interval indicated is a composite of two to five 

segment runs.



Resistivity is a measure of the resistance of the rocks around a borehole 

to the transmission of an electric current through the rocks. Standard 

induction tools transmit an alternating current at a frequency of about 

20 kilohertz, which induces an electromagnetic flux that is inversely 

proportional to the resistivity of the rocks. Focused resistivity is measured 

with a tool that directs a sheet-like current perpendicular to the borehole.  

This current results in a voltage drop between two electrodes that is 

proportional to the resistivity. The induction-restivity tool used at Yucca 

Mountain has a 152-cm radius of investigation; the focus-resistivity tool has 

an 81-cm radius of invcstigation. For rocks with large resistivity, a third 

resistivity measurement, dielectric resistivicy, was made in the C-holes.  

Dielectric resistivity is measured concurrently with dielectric permittivity 

with a tool that induces an electric current into the rocks at a frequency of 

47 megahertz (Muller and Kibler, 1984). The dielectric permittivity is used 

to calculate the dielectric cotstant. Because the minerals in most rocks 

present at Yucca Mountain are insulators, electric current there is trans

mitted mainly by fluids in the pores and fractures within the rock. Thus, the 

resistivity logs are particularly sensitive to permeable, water-bearing zones 

and primarily indicate changes in effective porosity. However, because 

borehole geometry, drilling fluids, the presence of zeolites, clays, or 

metallic minerals in % rock, and changes in rock type also can affect 

resistivity, the resistivity logs were compared with the gamma-gamma, 

epithernal-neutron, acoustic, and caliper logs to interpret anomalies 

identified on the resistivity logs.



Three logs primarily used to determine porosity are the epithermal

neutron log, the borehole-compensated gamma-gama log, and the borehole

compensated acoustic log. According to Keys (1988), the epithermal-neutron 

and gsa-gama loss indicate total primary and secondary porosity, whereas 

the acoustic log indicates total primary porosity (it is not sensitive to 

fractures). Additionally, the Samma-gama and acoustic logs can be used to 

calculate the bulk modulus of elasticity (Huller and Kibler, 1984), a property 

that can be used to calculate the storativity.  

Epithermal-neutron logs are produced by bombarding the formation with 

neutrons from a radioactive source, such as a mixture of plutonium-239 and 

beryllium-9 or a mixture of americium-2
4 l and beryllium-9, and counting the 

back-scattered, high-energy neutrons arriving at a detector some distance away 

from the source. The tool is attached to the sidewall to minimizi. borehole 

effects. The primary scattering mechanism is the collision of neutrons with 

hydrosen iotar in the formation water. Thus, the tool responds primarily to 

porosity. Assuming that the siliceous volcanic rocks at Yucca Mountain have 

the same density as quartz sandstone (2.65 g/cm3 ), it is possible to convert 

the epiLhermal-neutron log trace to show porosity values directly (Huller and 

Kibler, 1983).



The borehole-compensated gamna-Same log measures electron density but is 

calibrated to read bulk density. The density tool bombards the formation with 

gamma rays from a cesium-137 or cobalt-60 source and counts gama rays 

backscattered from collisions with electrons at two detectors located at 

various distances from the source (Huller ana Kibler, 1983; 1984). The 

gama-gama tool, like the epithermal-neutron tool, is a sidewall tool 

designed to minimize borehole effects. Changes in density primarily are due 

to changes in porosity and water content, but they also can be caused by rock 

alteration. Hence, the gamma-amia logs were compared with the epithermal

neutron, acoustic, and resistivity lots to interpret anomalies. Porosity was 

calculated from the gama-gammn log assuming the Zrain density to be that of 

sandstone. For each of the C-holes, porosity determined from the epithermal

neutron log was plotted alongside porosity determined from the gaina-gama log 

to substantiate the determined porosity values.  

-'•"415



Acoustic logs are obtained by measuring the time interval for sound waves 

to travel a known distance along the borehole wall parallel to the borehole 

axis. This distance is divided by the elapsed time to determine the velocity 

of the formation (Muller and Kibler, 1984). The logging tool has two traces: 

Compressional waves and shear waves. The compressional wave is the fastest 

wave traveling through the rock and is detected automatically by the logging 

tool as the first signal to arrive at the receiver. The shear wave arrives 

later and is interpreted by examining displays of the full wave train.  

Borehole-compensated acoustic tools use two transmitters and two receivers.  

Travel times between each transmitter and receiver are averaged in calculating 

acoustic velocities. These velocities are sensi'tive to variations in the 

density of rock and, hence, can be used to detect changes in the degree of 

welding and the presence of lithophysal cavities. In this study, the acoustic 

logs .were used only to calculate the bulk modulus of elasticity and 

storativity.  

Temperature logs were prepared by lowering a thermistor down the borehole 

under pumping and nonpumping conditions. Temperature logs routinely are used 

to determine thermal gradients in boreholes. However, during pumping or 

static conditions, deflections in the temperature-versus-depth profile can 

indicate where water is flowing into or out of a borehole and the direction 

the water is moving within the borehole (Erickson and Waddell, 1985). Thus, 

in this study, the temperature logs also were used, in conjunction with 

tracejector (borehole-flow) surveys, to identify the productive zones in the 

C-holes.



The acoustic televiewer and television camera are used to detect 

fractures. The acoustic televiewer scans the surface of the borehole by 

moving a horizontally rotatine transducer along the borehole axis. The device 

is oriented to magnetic north, making it possible to determine the strike and 

dip of fractures intersected by the borehole.- The amplitude of the reflected 

signal is displayed as a photograph, on which the fractures show up as 

-*" sinusoidal curves (fig. 9). A Levenberg-Harquardt routine (INfSL, 1982) was -M hoeu) 
applied to a digitized televiewer trace of each fracture to determine its 

strike and dip.  

The television camera is an underwater vidco cazera fitted with a 

compass for orientation and a light for illumination. A fish-eye lens 

provides a 360* view of the borehole walls. A videotape record is made as 

the camera is moved vertically along the borehole axis. The quality of the 

videotape depends on the turbidity of the fluid in the borehole, the intensity 

and contrast oz the lighting, the smoothness of the borehole walls (abundant 

lithophysae or rough texture, for example, can obscure fractures), and the 

straightness of the borehole (in a skewed borehole, the camera is forced to 

one side, which causes part of the borehole to be poorly illuminated or 

omitted from view). Strike and dip azimuths can be estimated from the 

videotapes, but the dip angle cannot be determined quantitatively. In 

general, more fractures can be detected on television-camera tapes than on 

acoustic-televiewer logs.
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FRACT~ 

MAGNETIC CRtEMTATION 

riqure --Three-dimensional view of a fracture intersectinq a borehole 
and appearance of the same fracture on an aC0UstIC-tel~vI~ver log.  
0 12 the borehole diam ..t~r, and H 12i the length of the fracture 
intercept in the borehol~e ( rr-r Key,v1Ws



Water-Level Measurements

Boreholes UE-25c #1, UE-25c #2, and UE-25c #3 were drilled to determine 

the hydraulic characteristics of the rocks within the saturated zone at Yucca 

Mountain and, as such, were not completed ideally as piezometers (Robison and 

others, 1988). During much of their existence, these boreholes have had 

equipment or packers installed for testing that made monitoring of water 

levels unfeasible. However, it has been possible intermittently to monitor 

water levels in the C-holes, using either steel tapes, a single-conductor, 

armored cable (referred to as an "Iron Horse"), or a four-conductor, armored 

cable. The single-conductor cable is equipped with an electri-al float switch 

to detect the water level; the four-conductor cable has been equipped with 

either a float switch or a pressure transducer to detect the water level. All 

of the water-level monitoring devices are calibrated routinely, and correction 

factors relating measured depths to water to actual depths are given by 

Robison and others (1988).  

Prior to March 1985, the C-holes were open from the bottom of the casing 

or cement to total depth, and measured water levels were a compozite of the 

heads throughout the open interval. In March and April 1985, dual-element, 

straddle packers were installed in UE-25c #1 between depths of 796 and 799 m 

and in UE-25c #3 between depths of 751 and 754 m, and a bridge plug was placed 

in UE-25c 02 between depths of 756 and 758 m. Measurements of head in 

UE-25c #1 and UE-25c #3 have been made periodically since 1985 above and below 

the packers to determine if a vertical head gradient exists at the C-hole 

complex.



Tracelector Surveys

Tracejector surveys were run in the C-holes during pumping tests to 

determine which intervals in the well were producing water and the relative 

contributions of each. As described by Blankennagel (1967), a tracejector 

survey involves lowering a logging device below the pumping water level, 

injecting a slug of radioactive iodine-131 into the well and monitoring the 

movement of the centroid of the slug between the lower and upper detectors on 

the logging device. The velocity of flow for the interval between the lower 

and upper detectors is calculated by dividing the distance between the 

detectors by the time required for the centroid of the slug to travel from the 

lower to the upper detector. This velocity is then multiplied by the average 

cross-sectional area of the test interval, as recorded on the celiper log, to 

determine a flow rate for the interval. The logging device then is lowered 

down the borehole, and the test is repeated until the entire borehole below 

the pumping water level has been covered. The percentage of flow contributed 

by each test interval is calculated by dividing the test interval flow rate by 

the sum of the flow rates for all of the test intervals in the well.  

Tracejector surveys were run in UE-25c #1 between depths of 463 and 879 m, in 

UE-25c (#2 between depths of 457 and 767 m, and in UE-25c #3 Letween depths of 

469 and 874 a. Pumping rates during the three tests, respectively, were 14.1, 

16.9, and 26.5 L/s.

A
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Static Tracer Tests 

Although tracejector surveys during pumping tests yield information about 

the distribution of water production zones as an aquifer is being stressed, 

these tests cannot provide information on rafes and directions of water 

movement in an undisturbed aquifer. Static (nonpumping) tests involving the 

injection of an iodine-131 tracer can provide information about water movement 

in an undisturbed aquifer (Erickson and Waddell, 1985).  

Two types of static tracer tests were run in the C-holes, point tracer 

tests and interval tracer tests. In the point tracer tests, a small quantity 

(approximately I mCi/mL) of iodine-131 was ejected at a selected depth, and 

the position of the centroid of the slug in the borehole, as indicated by a 

gai=a-ray detector, was recorded during repeated logging runs over the course 

of one to several hours. In the interval tracer tests, a continuous stream of 

iodine-131 wts ejected into a selected interval as the logging tool was 

lowered through it. Repeated logging runs then were made through the test 

interval for a period of 0.5 to 3 days. Changei in the position and shape of 

the logs from these tests were used to indicate points of fluid egress or 

ingress, intra-borehole-flow directions, and rates of fluid movement in the 

C-holes.  
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Static tracer tests were conducted in UE-2Sc #1 and UE-25c #3 above and 

below the packers. These tests were run in UE-25c 02 only in the interval 

above the bridge plug. A total of 6 interval tracer teats and 13 point tracer 

tests were run in the C-holes, as indicated in figure 8. The results of 

these tests and the nonpumping temperature surveys indicate a complex pattern 

of undisturbed Sround-water movement at the C-hole complex. These tests are 

not discussed further in this report, although a separate report is planneA 

to address the subject.  

Core Analyses 

Laboratory analyses were made on nine core samples from the tuffs and 

lavas of Calico Hills and the Prow Pass, Bullfrog, and Tram Member.. of the 

Crater Flat Tuff in borehole UE-25c #1. The analyses were done by Holmes and 

Narver, Inc., a contractor for the U.S. Department of Energy. Plugs of core 

sent for testing were analyzed for bulk density, moisture content, porosity,

grain density, saturated horizontal and vertical permeability, moisture 

tension, and saturation. The analyzed bulk density and moisture content were 

used to calculate dry bulk density. Porosity was calculated from the grain 

dencity and dry bulk density and also was determined by helium injection.  

Unsaturated vertical hydgaulic conductivity was determined from the moisture 

tension, saturation, and saturated vertical permeability.  
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The laboratory analyses followed standard procedures of the American 

Society for Testing and Materials (ASTM) and the American Petroleum Institute 

(API). Bulk density was determined according to ASTH procedures DI188-71 and 

D2216-71 (American Society for Testing and Haterials, 1971). Hoisture content 

was determined according to ASTH procedure DZ216-71. Grain density and helium 

porosity were determined according to API procedure RP4O (American Petroleum 

Institute, 1960).  

Values of saturated permeability were calculated from helium-injection 

and water-injection tests. The helium-injection test consisted of injecting 

helium into the sample in pressure increments of 6.896xlO4 Pa, starting at 

6.896x104 Pa, and increasing to 6.896x10s Pa, and measuring the gas-flow rate 

through the sample. Permeability at each injection pressure was calculated 

from the pressure gradient across the sample, the gas-flow rate, and the 

dimensions of the sample. A linear regression analysis then was made using 

permeability as the dependent variable and the inverse of the injection 

pressure as the independent variable. The y-intercept of the regression plot 

was taken to be the permeability of the sample. Anomalous values believed to 

be caused ty a switch in the meter used to measure the gas-flow rate were 

omitted from the regression analyses. For six samples, measurement errors 

prevented determination pf a single value of permeability, and a range in 

possible values (determined by dividing the data into two sets and performing 

separate regresaions on each set) was obtained.  

g-7/



Saturated water-injection tests were done on the same core samples used 

for the helium-injection tests. The analytical procedure for the water

injection tests was identical to the procedure for the helium-injection tests, 

with the exception that water was substituted for helium. For the water

injection tests, the values of permeability ditermined at the different 

injection pressures were averaged, even though linear trends in permeability 

with pressure were obtained for three of the samples and could indicate a 

problem with the analytical technique.  

In general, permeability values determined by the water-injection tests 

consistently were smaller than those determined by the helium-injection tests.  

One possible explanation for this phenomenon is the presence of swelling clays 

in the sample that would tend to decrease permeability in the prcsence of 

water. If this is true, then the water-injection tests provided more accurate 

results than the helium-injection tests under conditions that would be present 

in the saturated zone.



Permeability is a scale-dependent hydrologic property and can differ by 

orders of magnitude depending upon whether it is determined by laboratory 

tests, field tests, or numerical modeling (Dagan, 1986). The reason for 

these differences is interpreted to be the volume of rock encompassed by each 

analytical method. Because values of permeability given in this report 

either are laboratory-determined or correlate with laboratory-determined 

values, they are what Dagan (1986) termed pore-scale permeability. According 

to Dagan (1986) pore-scale permeability values are relevant only at distances 

of less than a meter from the boreholes (or outcrops) from which analyzed 

samples were obtained. In contrast, permeability values obtained by field 

tests (local-scale permeability) are applicaole on the scale of formation 

thicknesses (typically 10 to 100 a), and permeability values obtained by 

numerical modeling are applicable on a regional scale.



Unsaturated hydraulic conductivity van determined by mercury-injection 

(porosimetry) tests. The mercury-injection tests involved placing a sample in 

a porosimeter chamber, evacuating the air from the chamber, and injecting 

mercury into the sample at fixed pressure increments. Using equations given 

by Weeks and Wilson (1984), the moisture teniion and saturation of the sample 

were calculated and plotted against each other. For three of the samples, 

these plots were insufficient to determine unsaturated hydraulic conductivity.  

For the remaining six samples, relative unsaturated hydraulic conductivity vas 

calculated by a method described by Brooks and Corey (1964, 1966) and modified 

by Muales (1976). Plots of the relation between effective unsaturated 

vertical hydraulic conductivity and moisture tension in the Crater Flat Tuff, 

based on the values of relative unsaturated hydraulic conductivity determined 
FIG. 1O 
.*P- for the samples from UE-25c 01, are shown in figure 10. This information is 

- - presented without further elaboration because this report deals mainly with 

the saturated zone.  
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FIGURE 10 - RELATION OF UNSATURATE) VERTICAL HYDRAULIC CONDUCTIVITY TO 
MOISTURE TENSION IN CORE SAMPLES FROM THE CRATER FLAT TUFF IN UE-25 C #1
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Aquifer Tests 

Pumping tests and packer-injection tests were conducted in the C-holes to 

develop them as wells, identify productive zones, and determine hydrologic 

properties of the geologic units that were penetrated. These tests had not 

been analyzed completely by the time this report was written (1989). However, 

sumary information for these tests is given in this report, and the drawdown 

curves are used qualitatively to support the conceptual model of the ground

water flow system presented herein.  

A pumping test was conducted in each of tee C-holes imediately after 

drilling of the borehole was completed. In September 1983, UE-25c #1 was 

pumped at 15.5 L/s for about 10 main, which lowered the water level in the 

borehole to near that of the pump intake, after which the pumping rate was 

decreased to 10.7 L/s, and the borehole was pumped for about 1.25 days with 

very little additional drawdown. Figure 11 is a plot of drawdown versus time 

during the pumping test. The interval tested, 416 to 914 m, included all 

geologic units from the tuffs and lavas of Calico Hills down to the Tram 

Member of the Crater Flat Tuff (Geologic units present at the C-hole complex 

are summarized in figure 8 and discussed later in this report).

FIG. i
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FIGURE 11 - DRAWDOWN VERSUS 11ME IN BOREHOLE UE-25 C#1, SEPTEMBER 1983
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A pumping test in UE-25c #2 was conducted in March 1984, using UE-25c #1 

as an observation well. A dual-element, straddle packer was placed in 

UE-25c 01 between depths of 769 and 791 m (in the Bullfrog Member), and the 

borehole was monitored above, between, and below the packers. The pumped 

veil, UE-25c #2, was open from 416 to 914 a; the open interval extended from 

the tuffs and lavas of Calico Hills down to the Tram Member of the Crater Flat 

Tuff. The pumping rate during the test was 15.5 L/s, and the pumping period 

was about 7 days. Drawdown versus time in the pumped and observation wells 

S.during the test is shown in figure 12.  

fftear here) 

A pumping test in UE-25c #3 was conducted in November 19^4, using 

UE-25c 01 and UE-25c #2 as observation wells. For this test, the packers 

placed in UE-25c #1 during the March 1984 pumping test were left in place, and 

water levels in UE-25c 01 were monitored above, between, and below the packers. 'T 

A dual-element, straddle packer was placed in UE-25c #2 betveen depths of 720 

and 754 m (in the Bullfrog Member), and water levels in UE-25c #2 were 

monitored above and between the packers (d malfunctioning transducer prevented 

water-level monitoring below the packers). The pumped well, UE-25c #3 was open 

from 417 to 914 m, from the tuffs and lavas of Calico Hills to the Tram Member 

of the Crater Flat Tuff. The pumping rate during the test was 26.5 L/s, and 

the pumping continued for about 2 weeks. Drawdown in the pumped and obser

FIG.1319 
_)m4 vatioc wells during the test is shown in figures 13 and 14.  

•nm here)
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FIGURE 12 - DRAWDOWN VERSUS TIME IN BOREHOLES UE-25 C#1 AND 
UE-25 C#2, PUMPING TEST IN UE-25 C#2, MARCH 1984 
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Eighteen falling-head, packer-injection tests were done in UE-25c #1 in 

October 1983. Heads were monitored with a transducer suspended in the riser 

pipe. The injection tests were made with a 213.4-m head above static water 

level, which my have opened fractures during the tests and allowed the head 

to fall faster than under natural conditions: Measuring error also may have 

been caused by locating the pressure transducer in the riser pipe. Between 35 

and 40 percent of the head loss recorded by the transducer may have been 

caused by pipe friction. Hodeling indicates that frictional head losses 

probably occurred primarily during the initial period df each test (Devin 

Galloway, U.S. Geological Survey, written commun., 1989). Recovery curves for 

* 17 of the 18 falling-head tests are shown in figure 15.  
rtnear here) 

A constant-head packer injection test was performed in UE-25c #2 in the 

interval between the packers placed in the hole for the November 1984 pumpis gT 

test in UE-25c #3. Head was monitored above and between the packers in 

UE-25c #2; above, between, and below the packers in UE-25c #1; and .in 

UE-25c #3 below the casing. An average head of 237.2 a was maintained between 

the packers in UE-25c #2 for 87 minutes with an injection flow rate of 
lG. I (o 

-*- 10.5 LIs. Plots of head versus time are shown in figure 16 for all monitored 
tper here) 

intervals in UE-25c #1 and UE-25c #3. Monitored intervals in UF.-25c #2 are 

not shown in figure 15 because they provided no interpretable information.



TESTI 

TEST2 

*~~~-< ~TEST 3 

0.8 TEST4 0.8 TEST6 

\t\\ \\~~Y *TEST7 

00.6-TElO I TEST 10 

lotTEST15 
0.4 TEST16 

TE.ST17, 

TEST18 

0.2- TEST19 

TEST20 

* TEST21 

0-1 
n I 1 10 100 1000

TIME !N MINUTES 
Fifr/t.~L ~v~'ii ~w0 A/4cp'e- "IijecfIvn ftsitJ.  

Cut-lutitc i I6creloole- U-IS r- $1 , . a'2Cte6er 19Si3

1 1 2 1 -i -1 .; **)



(

rI•E '-1HEAD IN OBSERVATION WELLS, CONSTANT-HEAD INJECTION 
TEST IN UE-25 C #2, NOVEMBER 1984

�..a .- - � I -

EXPLANATION
0 
A

UE-25 C IL, 416-769 METERS 
UE-25 C #1j 769 -791 METERS ---------2 ..c.•,•.s-.. ....T...S..  

UE-25 Ci•79l-914 METERS 

UE'-25 C 3,41.7-914 ME.TRS ,&.AA,, A''' 
A'

i 30

23

26

24 

22 

20

18" 

16 

14 

12 

10

6

4

2 

0 

-2

-4 

-s 

21

INJECTION PERIOD

INJECTION INTERVAL UE-25 C j2. 721-754 METERS 

X,'r.RACE HrEAD OF 237.U4 METERS MAINTAINED AT FLDW 
RATE Or 10.5 UTERS PER SECOND

�rr
10

RECOVERY PERIOD

100

TIME, IN MINUTES

1 i " ; 4 i J4 /

(

'1
( -1

I-'.

UI 

z

f

01\

1000
I)

A"'

r

I00



VOLOGY

Rocks of Proterozoic to Pleistocene (?) age blanketed by Tertiary and 

Quaternary alluvium crop out at the surface in the vicinity of Yucca 

Mountain and the C-hole complex (Cornwall andlZleinhaul, 1961; Christiansen 

and Lipman, 1965; Lipman and McKay, 1965; Scott and Bonk, 1984; Maldonado, 

1985; Frizzell and Shulters, 1990). Proterozoic gneiss, schist, and granite 

probably underlie the oldest exposed rocks (Frizzell and Shulters, 1990).  

The oldest known rocks at the Nevada Test Site are quartzite, sandstone, 

and siltstone of the Proterozoic to Lover Cambrian Johnnie For.ý.tion, 

Stirling Quartzite, Wood Canyon Formation, Zabriskie Quartzite, and lover -• 

Carrara Formation. According to Frizzell and Shulters (1990), there rocks 

are about 2,800 * thick. They are overlain by a sequence of predominantly 

carbonate rocks belonging to the Middle Cambrian to Mississippian upper 

Carrara Formation, Bonanza King Formation, Nopah Formation, Pogonip Group, 

Eureka Quartzite, Ely Springs Dolomite, Devils Gate Limestone, and unnased 

units, that is about 5,200 a thick (Frizzell and Shulters, 1990). Devonian 

and Mississippian carbonate rocks from northern Yucca Mountain ard the Calico 

Hills grade northward and westward into the Eleana Formation, a 2,350 m thick 

sequence of argillite, siltstone, and sparse quartzite and conglomerate (U.S.  

Geological Survey, 1984, p. 21-22). The Eleana Formation formed by erosion 

of highlands that. rose vest of the area during the Antler orogeny (Frizzell 

and Shulters, 19S0). North and east of Yucca Mountain, Mississippian rocks 

are overlain by the Pennsylvanian and Permian Tippipah Limestone, vhich is 

about 1,060 a thick (Frizzell and Shulters, 1990).



The Proterozoic and Paleozoic rocks were rearranged extensively into & 

chaotic assemblage of fault blocks during the late Mesozoic Sevier orogeny 

and subsequent tectonic events (Frizzell and Shulters, 1990). During the 

Tertiary period, the Proterozoic and Paleozoic rocks in northern and western 

TABLE 3 parts of the Nevada Test site vere covered by voluminous eruptions of silicic 
- -9 ash-flov and ash-fall tuffs (table 3) from several caldera complexes of the 

southvestern Nevada volcanic field (Frizzell and Shulters, 1990). Faulting 

continued during and after eruption of the tuffs that underlie Yucca Mountain 

)p.. (fig. 17). The youngest volcanic features in the area are Pliocene and 

possibly Pleistocene (A cinder cone 10 km northwest of Amargosa Valley may be 

as young as 15 thousand years, according to Frizzell and Shul.ers (1990), and 

Quaternary fault scarps, such as that of the Rock Valley fault, have been .  

mapped in the area (Dockery and others, 1985)]. Intermontane valleys within 

and near the Nevada Test Site, such as Oasis Valley, Yucca Flat, Frenchman 

Flat, Jackass Flats, and Crater Flat, may contain as much as 600 n of Miocene 

to Holocene alluvium (Frizzell and Shulters, 1990).
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The principal structures affecting the Yucca Nountain area are a series 

of high-angle, south-southwesterly to south-southeasterly trending faults [by 

convention, as in Barton and others (1989), the strike azimuth is calculated 

by subtracting 90O from the dip azimuth], including from east to vest, the 

Fran Ridge, Paintbrush Canyon, Bow Ridge, GhoSt Dance, Solitario Canyon, 

Fatigue Wash, and Windy Wash faults (Scott and Bonk, 1984). These faults can 

have as such as several hundred meters of displacement, which typically 

decreases northvard (Carr, 1988). Host fractures encountered in traverses of 

FIG. IS 
-]- outcrops are aligned with the predominant fault set (fig. 18). The principal 

tnew here) 

faults that transect Yucca Mountain have been interpreted by Scott and Whitney 

(1987) as listric - normal faults that merge xnto a detachmen' fault.  

Alternatively, Snyder and Carr (1984) interpreted the principal faults cutting 

Yucca Mountain as step faults bounding a caldera centered in Crater Flat.  

69,



116-2730-

I

ROSE DIAGRAMSI OF THE STRIKES OF FRACTURES ittouNTEREID 
7,4A.S w-k&.5 

/0 7-- 14, /%7 V~ cc .,V 7Y1 /A/ 

70.

. 1ý



Less prominent than the south-easterly to south-southwesterly trending 

faults, but also prevalent in the vicinity of Yucca Mountain, is a set of 

southeasterly trending faults and shear zones. The most prominent of these 

structures are the Las Vegas Valley shear zone and the Furnace Creek-Death 

Valley fault zone, which locally demarcate thi boundaries of the regionally 

FIG. Iq 
-)P extensive Walker Lane belt (fig. 19). Southeasterly trending faults mapped by 

Scott and Bonk (1984) in Yucca, Sever, and Drill Hole Washes (fig. 18) at 

Yucca Mountain are believed to be part of the Walker Lane structural trend.  

Associated with the southeasterly treading faults, but of secondary importance 

in the Walker Lane belt, are conjugate southwesterly trending faults, such as 

those shown in figure 19. As indicated later in this report, one of these -

faults is believed to transect the C-hole complex. Faults within the Walker 

Lane belt have predominantly right-lateral, strike-slip motion. Although 

displacements on individual faults may be only a few to several tens of 

meters, total right-lateral displacement on the Walker Lane belt may be 130 to 

190 km (U.S. Geological Survey, 1984).  

The principal effect of the various faults mapped at Yucca Mountain is 

to divide the mountain into 7 blocks characterized by distinct variations in 

the d4.p of strata and the intensity and orientation of fractures and faults 

(U.S. Geological Survey, 1984). For example, in the block potentially 

designated to house the high-level nuclear waste repository, the central 

block, beds dip uniformly 5° to 10° eastward, and faults are scarce. In 

contrast, in the block where the C-hole complex is located, the eastern block, 

beds dip 150 to 500 eastward and several prominent south-southeasterly to 

south-southwesterly striking faults are present.
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C-hole Complex Stratisraphy and Structure

Each of the C-holes penetrated the Paintbrush Tuff, the tuffs and lavas 

of Calico Hills and the Prow Pass and Bullfrog Members of the Crater Flat Tuff TABLE LI 

-P- and bottomed in the Tram Mlember of the CratereFlat Tuff (table 4). The 
[meal nve) 

tuffaceous rocks below the vitrophyre zone near the bottom of the Topopah 

Spring Member of the Paintbrush Tuff are partly altered to clay and zeolite 

minerals. The top of the zone of alteration corresponds approximately to the 

water table, which occurs at an average depth of 401.6 m (730.1 a above the 

NGVD of 1929) in the C-holes.  

73.
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The geologic units penetrated in the C-holes have been affected sub

stantially by depositional thickening and thinning, erosion, and faulting.  

In the Crater Flat Tuff, the lower (lithic tuff) zone of the Tram Member is 

missing from UE-25c #3, possibly because of fault truncation, and the upper 

part of the Tram member has been brecciated "'here it is intersected by faults.  

A fault between depths of 820.8 and 821.8 a in UE-25c 02 juxtaposes ash-fall 

tuff against reworked tuff in the bedded zone of the Bullfrog Member of the 

Crater Flat Tuff and probably has increased the drilled thickness of this zone 

by 7 to 8 a in UE-25c #2. Most zones within the Bullfrog Member have similar 

thicknesses among the C-holes, but a prominent parting between the Prow Pass 

and Bullfrog Members (visible on videotapes of UE-25c #1 an! UE-25c #2) 

indicates that some erosion of the Bullfrog Member may have preceded .  

deposition of the Prow Pass Member. In the Prow Pass Member, zones thicken 

and thin at the expense of each other, and the entire member thickens 

southwestward, from a drilleGt thickness of 140.6 a in UE-25c #1 and 142.1 m in 

UE-25c 02 to 146.3 s in UE-25c #3. Combined with a thinning of the tuffs and 

lavas of Calico Hills from 109.7 m in UX-25c 01 and 108.5 a in UE-25c #2 to 

100.6 m in UE-25c #3 and the existence of a prominent parting at the Calico 

Hills-Prow Pass contact (visible on videotapes of UE-25c 01 and UE-25c #2), it 

would appear that the top of the Prow Pass Member was eroded following its 

eruption, and that the tuffs and lavas of Calico Hills were deposited over 

irregularities on the surface of the older unit. In the Paintbrush Tuff, all 

zones except for the interval from the bottom of the lower lithophysal zone to 

the top of the upper lithophysal zone of the Topopah Spring Member thicken and 

thin at the expense of each other. The uppermost member of the Paintbrush 

Tuff at Yucca Mountain, the Tiva Canyon Member, was eroded and covered by 

alluvium.



True thicknesses of moat of the formal geologic units (formations and 

members) and informal geologic units (zcnes) penetrated in the C-holes can be 

calculated by correcting for the strike and dip, as determined from the 

orientations of stratigraphic horizons interpreted to be relatively unaffected 

by depositional thickening or thinning, erosfon, or faulting. As shown in 
FIG O 
-*P- figure 20, three-point solutions using the tops of uniformly thick intervals 

froar bn) 

in the Crater Flat and Paintbrush Tuffs indicate that geologic units present 

at the C-hole complex strike between north and N. 40 W. (averaging N. 20 W.).  

The dip of these geologic units apparently increases domnward in the section 

from about 15* to about 210 NE at a gradient of 0.0066 /m. True thicknesses 
TABLE 5 

01 of most of the geologic units in the C-holes are iisted in table 5.  
nma he",
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Table 5.--ThIcbrnessea of geologic units in the C-holes 

corrected for dip of bedding

Geologic Dip angle, Correcied thickness, in meters 

unit in degrees' IU-25c #1 DK-25c #2 UE-25c #3 Average 

Paintbrush Tuff 390.5 365.0 359.5 371.6 

Tiva Canyon Heaber 92.7 6".7 61.8 73.1 

Welded zone 15.0 76.5 53.0 42.7 57.4 

Columnar zone 15.5 13.3 1)1.3 8.8 10.8 

Bedded zone 15.6 2.9 1.4 10.3 4.9 

Topopah Spring Member 297.8 303.3 297.7 298.5 

Nonvelded zone 15.6 2.3 7.9 1.4 3.9 

Vitrophyre and caprock 15.6 5.0 11.8 7.3 8.0 

Upper welded zone 15.6 26.5 19.6 23.5 23.2 

Lithophysal zone 2  15.8 186.8 185.7 184.7 185.7 

Lover welded zone 17.1 45.2 43.4 49.5 46.0 

Lover vitrophyre 17.4 18.9 15.6 16.8 17.1 

Vitric zone 17.5 6.1 8.5 5.8 6.8 

Basal zone 17.6 7.0 7.8 8.7 7.8 

Tuffs and lavas of 

Calico Hills 104.5 103.4 95.8 101.2 

Nonwelded zone 17.6 75.9 73.8 75.6 75.1 

Bedded zone 18.1 28.6 29.6 20.2 26.1



Table 5. -- rhicknesses of geologic units in the C-holes 

corrocted for dip of beddizW-Continued 

Geologic Dip angle, Corrected thickness, in meters 

unit in degrees1 UE-25c #1 UE-25c #2 UE-25c #3 Average 

Crater Flat Tuaf >311.7 >309.1 >336.5 >319.2 

Prow Pass Member 133.2 134.7 138.7 135.5 

Upper flow zone 18.3 42.2 40.0 43.4 41.9 

Central flow zone 18.6 6.4 8.6 14.5 9.8 

Lower flow zone 18.7 74.8 77.9 73.6 75.4 

Bedded zone 19.2 9.8 8.2 7.2 8.4 

Bullfrog Member 161.6 161.3 160.7 161.3 

Upper flow zone 19.3 30.8 ;9.4 28.8 29.7 

Central flow zone 19.5 63.2 63.2 63.2 63.2 

Lover flow zone 19.9 61.6 61.6 63.0 62.1 

Bedded zone 20.4 6.0 37.1 5.7 6.3 

Tram Member >16.9 >13.1 >37.1 >22.4 

Upper zone 20.4 16.9 13.1 37.1 22.4 

1 Based on a difference in dip of 3.7 degrees in the 557.4 meters between 

the top of the upper lithophysal zone in the Topopah Spring Nember and the 

top of the central flow zone in the Bullfrog Member, a gradient of 

0.0066 degrees per meter.  

2 1ncludes upper lithophysal zone, middle welded zone, and lower 

lithophysal zone.  

'Corrected for faulting in borehole.

r
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10- As interpreted in figure 21, the fault cutting the Tram Member in 
e) 

UE-25c #1 between depths of 849.5 and 850.1 a is the Paintbrush Canyon fault 

mapped by Scott and Bonk (1984). Another fault mapped by Scott and Bonk 

(1984) between the C-holes and the Paintbrush Canyon fault is interpreted in 

figure 21 to be a splay of the Paintbrush Canyon fault. The apparent dip of 

the Paintbrush Canyon fault, determined by connecting the fault zone in 

UE-25c #1 to a fault in UE-25p #1 that cuts out the columnar and bedded zones 

of the Tiva Canyon Member and the nonvelded and caprock zones of the Topopah 

Spring Member (Carr and others, 1986a), is 520. Based on an angle of about 

700 between the geologic section shown in figure 21 and the surface trace of 

the Paintbrush Canyon fault, the true dip of this fault would be ab;ut 54e.  

This is consistent with a three-point solution using UE-25c #1, UE-25c 92, and 

here)UE-25p #1 as the plotted points (fig. 22), that indicates the orientation of 

the Paintbrush Canyon fault to be S. 80 V., 52.5° NW. If figures 21 and 22 

are correct interpretations of the structure at and near the C-hole complex, 

then the surface trace of the Paintbrush Canyon fault beneath the alluvium is 

about 26 m east of where Scott and Bonk (1984) mapped it. Considering the 

uncertainties in the graphical solutions and in predicting the location of a 

concealed fault, the difference between the location of the surface trace of 

the Paintbrush Canyon fault shown by Scott and Bonk (1984) and that shown in 

figure 21 is considered trivial. The graphical solutions discussed in this 

section overwhelmingly support the interpretation that the Paintbrush Canyon 

fault intersects boreholes UE-25c #1 and UE-25c #2. As indicated in figure 

21, vertical displacement on the Paintbrush Canyon fault at the C-hole complex 

ranges from 160 to 225 m and increases with depth along the fault. The fault 

cuts out the central (partially to moderately welded) zone and most of the 

lower (lithic tuff) zone of the Tram Member at UE-25c 01.
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Ample evidence exists that the fault penetrated by UE-25c #3 (table 4) 

is different from the one penetrated by UE-25c #1 and UE-25c #2. Firstly, if 

a plane were drawn connecting the fault penetrated by UE-25c #3 with the 

fault penetrated by the other two C-holes, the dip of the fault would be only 

about 70, and its orientation would not correspond with any other faults 

known to be in the area. In other words, the fault penetrated by UE-25c #3 

occurs too high in the borehole to be a reasonable extension of the fault 

penetrated by the other two C-holes. Secondly, the fault penetrated by 

UE-25c #3 has a completely different character than the fault penetrated by 

UE-25c #1 and UE-25c #2. Whereas the fault zone in UE-25c #3 is about 6 m 

thick and contains bands of brecciated rock, the xault zones in the other two 

C-holes are less than 1 a thick and lack bands of breccia (Richard Spengler, 

U.S. Geological Survey, written comun., 1989). Finally, fractures associated 

with the fault penetrated by UE-25c #3 are oriented differently than those 

associated with the fault penetrated by the other C-holes. Fractures detected 

on the scoustic-televiewer log of UE-25c #3 within and adjacent to the fault 

penetrated by UE-25c #3 all strike between S. 350 and 5 6 e W. and dip between 

540 and 660 SW, whereas fault-related fractures detected on acoustic 

televiewer logs of the other two C-holes strike between S. 70 E. and S. 230 W.  

and dip between 470 and 71* mostly to the northwest. Based on the average 

orientation of fault-related fractures on acoustic-televiewer logs, one might 

conclude that th- fault penetrating UE-25c #3 is oriented approximately 

S. 460 W., 620 NW, whereas the fault penetrating the other C-holes is oriented 

approximately S. 9° W., 600 NW.



The orientation of the fault penetrating U-25c #3, as interpreted from 

fracture data, is consistent with the fault being a conjugate fault of the 

Walker Lane belt. The lack of offset of beds in UE-25c #3 with respect to 

the other two C-holes implies that the fault penetrating UE-25c #3 is a 

strike-slip fault, which also is consistent with the fault being part of the 

Walker Lane belt. Extension of the fault penetrating UE-25c #3 along its 

presumed strike indicates that it probably intersects the fault penetrating 

UE-25c #1 and UE-25c #2 at or just east of UE-25c #1.  

.-. s 
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Fracturins in the C-holes

Several lines of evidence from previous borehole investigations indicate 

that ground-water flow at Yucca Mountain may be influenced strongly by the 

presence of fractures. (See, for example, Whitfield and others, 1990).  

Consequently, fracture geometry at the C-hole complex is discussed in some 

detail in this report. The fracture characteristics that are most important 

hydrogeologically are orientation, linear frequency, density, length, 

aperture, and intercoanectivity. These characteristics can be determined 

most accurately by mapping. Barton and Larsen (1985), for example, sapped 

fractures in the Paintbrush Tuff at Yucca Mountain after first clcaring soil 

and vegetation from outcrops. The information obtained from these 

"pavements", however, may not pertain to the saturated zone at the C-bole 

complex because the geologic units below the water table, in particular the 

tuffs and lavas of Calico Hills and the Crater Flat Tuff, may not have 

responded in the same way as the Paintbrush Tuff to the mechanisms that 

fractured the rock, and because fractures teno to close at depth as the 

pressure increases. Another problem in interpretina the C-hole fracture data 

is that the boreholes are not oriented optimally to ascertain fracture 

frequenry and density. Because most of the fractures at Yucca Mountain are 

steeply dipping to vertical, it is possible that in the vertical C-holes, 

specific fracture sets and, consequently, fracture spacing in general could 

be underrepresented. Comparisons with fracture data obtained by pavement 

mapping (Barton and Larsen, 1985; Barton and others, 1989), transects (U.S.  

Geological Survey, 1984), angled and horizontal coring (Spengler and 

Rosenbaum, 1980; Norris and others, 1986), and vertical coring (Scott and 

Castellanos, 1984) were made to substantiate analyses of fracture data from 

the C-holes-W" indicate the margin of error in these analyses.



9%

As noted previously, fracture information for the C-holes was obtained 

exclusively from acoustic televiewer logs and videotapes. The two methods 

are not directly comparable. Strikes recorded by the acoustic televiewer can 

differ slightly to substantially from those recorded for the same fractures 

by the television camera, and the acoustic televiewer can indicate dip 

angles, which the television camera only can do qualitatively. Also, the 

acoustic televiever can indicate the presence of fractures that are not 

visible on the videotapes. Because the television camera provides a direct 

image of the borehole, whereas the acoustic televiever indirectly detects 

fractures, fractures detectable by the acoustic televiewer that are not 

detectable on the videotapes are enigmatic. However, one possible -xplanation 

of these "invisible" fractures (Hike Chornack, U.S. Geological Survey, oral 

commun., 1991) is that they were caused by hydrofracturing between the time 

when the television camera was operated (during and shortly after drilling) 

and the time when the acoustic televiewer was operated (after demobilization 

of the drill rig). Only fractures detectable by the acoustic televiewer that 

also could be seen on videotapes vere used in analyses of the fracture data.



The videotape data, like the acoustic-televiever data, must be used vith 

caution. Although the videotapes of UE-25c #1 generally are good to excellent 

in quality, intervals exist where fractures may be obscured by casing, by foam 

in the borebole, by rough-textured borehole valls (for example, in lithophysal 

or nonwelded tuff zones), or by poor picture clafity. Only the intervals in 

UE-25c #1 where the picture quality was good to excellent were used in 

fracture analyses. For UE-25c #2, the videotapes generally were poor to fair 

in quality, often making it impossible to detect thin ("hairline") or mineral

filled fractures. Consequently fever fractures are visible in UE-25c #2 than 

in UE-25c #1, making the videotape record of UE-25c 02 unreliable for 

determining fracture frequency. Although videotapes of UE-25c #; were 

obtained in 1990, they had not been analyzed at the time of this writing and 

could not be used in the preparation of this report. Interpretationr of 

fracture orientation, frequency, and density in this report, therefore, are 

based largely on videotapes of seiected intervals of UE-25c #1 and might not 

apply much beyond this borehole.  

9,o



jFIG. a& 
0 As indicated in figure 23, videotapes of the Crater Flat Tuft, the tuffs 

and lavas of Calico Hills, and the Paintbrush Tuff in UE-25c #1 indicate that 

fractures at the C-hole complex strike preferentially between 1600 and 2200 

(S. 200 E. to S. 200 W.) and secondarily between 1200 and 1600 (S. 200 E. to 

S. 600 E.). In general, the predominant fracture's are oriented approximately 

perpendicular to the principal directions of Miocene extension (Rehrig, 1986) 

and to the least principal horizontal stress at Yucca Mountain (Stock and 

Healy, 1988). The fewest fractures in ME-25c #1 occur between 200 and 60' 

(N. 200 E. to N. 600 E.) and between 2400 and 3000 (S.. 600 W. to N. 60' W.), 

approximately parallel to the direction of the least principal horizontal 

stress (Stock and Healey, 1988). Although corroborative measurements have not 

been made, fractures oriented perpendicular to the least principal horizontal 

stress would be expected to be the most open, whereas those oriented 

orthogonally would be expected to be the least open.  

_•. *-
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P.

In the Crater Flat Tuff alone, 30 percent of the fractures for which 

strikes could be determined in UE-25c 02 strike between 1600 and 2000 

(S. 20* E. to S. 20* W.). These south-southeasterly to south-southwesterly 

R" striking fractures predominate in all three members (fig. 24). Of secondary 
ar hwe} 

importance in the Tram Member are fractures striKing between 3000 and 3400 

(N. 20" W. and N. 600 W.), whereas fractures striking between 1200 and 1600 

(S. 200 E. and S. 600 Z.) are the secondmost abundant fractures in the 

Bullfrog and Prow Pass Hembers. Most of the fractures in all three members 

are steeply dipping. For 59 fractures recorded by both the acoustic 

televiewer and television camera in UE-25c #1, dips ranged from 160 to 820, 

with medians of 64' in the Tram Member, 760 in the Bullfrog Hembe,, and 700 in 

the Prow Pass Hember. Shallowly-dipping fractures are most abundant in 

nonwelded to partially welded tuff, bedded tuff, and tuff breccia zones.  

Fractures partly or completely filled with minerals are comon in the tuff 

breccia zone of the Tram Hember and predominate in the central, moderately to 

densely welded zone of the Bullfrog Hember.
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The most consistently fractured interval in the Crater Flat Tuff at the 

C-hole complex is the tuff breccia zone of the Tram Member (table 6). The 

fracturing in this zone and possibly in the nonwelded to partially welded 

tuff at the top of the Tram Member probably is related to the faults that 

intersect the Tram Member at the C-hole complex.- The tuff breccia contains 

about 33 percent of the fractures identified on videotapes of the Crater Flat 

Tuff in UE-25c #1, and the observed frequency of these fractures is 1.93 per 

meter. The bedded zone at the base of the Prow Pass Member contains about 

5 percent of the known fractures in UE-25c #1, a frequency of 1.59 per meter, 

but because the bedded zone at the base of the Bullfrog Member could not be 

seen clearly, it cannot be determined if the fracture frequency in the bedded 

zone of the Prow Pass Member is representative of all bedded zones in the 

Crater Flat Tuff at the C-hole complex. Contrary to what might be expected, 

nonvelded to partially welded zones of the Crater Flat Tuff in UE-25c #1 are 

more fractured than moderately to densely welded zones. Nonwelded to 

partially welded zones contain about 47 percent of the observed fractures, an 

average frequency of 0.98 per meter, whereas moderately to densely welded 

zones contain about 15 percent of the observed fractures, an average frequency 

of only 0.68 per meter. If representative of the entire C-hole complex, the 

fracture data for UE-25c #1 indicate that fracture frequency in the Crater 

Flat Tuff is unrelated or inversely related to the degree of welding.

rp
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Table 6. -- Fracture frequency in the Crater Flat ftff 

based on videotapes of bcrebole UZ-25c #1

Number Percent Interval Frequency 

Lithology of 6f thickness (fractures 

fractures total (metsa-s) per meter)

Prow Pass Member 

Upper (nonvelded to partially 

welded) zone 

Central (moderately welded) zone 

Lower (nonwelded to partially 

welded) zone 

Bedded zone 

Bullfrog Henber 

Upper (nonwelded to partially 

welded) zone 

Central (moderately to densely 

welded) zone 

Lower (nonvelded to partially 

welded) zone 

Tram Member 

Upper (nonvelded to partially 

welded) zone 

Tuff breccia zone

50 

14 

29 

17

15.0 

4.2 

8.7 

5.1

18 5.4 

36 10.8 

32 9.6

28 

110 

334

8.4 

32.8 

100.0

V?

"44.5 

6.7 

37.2 

10.7

32.6 

67.1 

29.9 

18.0 

57.0 

303.7

1.13 

2.09 

.78 

1.59

.55 

.54 

1.07 

1.56 

1.93

m



Like the Crater Flat Tuff, fractures in the tuffs and lavas of Calico 

Hills in borehole UK-25c #i strike preferentially betveen 1600 acd 2000 

-* (fig. 25). Of the fractures visible on sections of videotapes that were 
Ir IWe} 

sufficiently clear for reliable estimates of frequency, 73 percent occurred in 

nonvelded ash-flow tuff, and 27 percent occurred-in bedded tuff. Nearly all 

observed fractures were steeply dipping, although some shallow fractures were 

detected in the bedded zone. Three fractures detected by both the 

television camera and acoustic televiever in UE-25c #1 and UE-25c #2 had a 

median dip of 750. The observed fracture frequency in UE-25c #1 was 0.80 per 

4'• meter in the nonwelded zone and 0.23 per meter in the bedded zone (table 7).  

Fracture orientation in the Paintbrush Tuff, based on data from four 

zones in the Topopsh Spring Member in UE-25c 01 (fig. 25), appears to be 

somewhat different than in previously discussed geologic units. Although the 

predominant strike of fractures in the lover velded zone of the Topopsh 

SSpring Member, as in underlying geologic units, is 160* to 200*, the strike 

of most fractures in the middle welded and lover vitrophyre zones and the 

Topopah Spring Member in general is more to the southeast, between 120* and 

1600 (S. 200 E. to S. 60* E.). If corroborated by data from additional zones 

in UE-25c 91 and data from UE-25c #2 and UE-25c #3, the apparent predominance 

of southeasterly striking fractures in the Paintbrush Tuff could indicate that 

the regi•'l tectonic stress regime shifted during the time elapsed betwee= 

deposition of the tuffs and lavas of Calico Hills and the Paintbrush Tuff 

(Mlike Chornack, U.S. Geological Survey, oral coamm., 1991).
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Table 7.--Fracture fr*quency in the tufts and lava. of Calico Hills 

and the Topopah Sprig Ne.ber of the Paintbrush Tuff, 

based on videotapes of borehole VZ-25c #1 

Number Percent Interval Frequency 

Geologic unit of of thickness (fractures 

fractures total (meters) per meter) 

Paintbrush Tuff 

Topopah Spring Member 

Upper (moderately) welded zone 14 9.9 19.8 0.71 

Middle (densely) welded zone 61 43.3 43.0 1.42 

Lover (densely) welded zone 33 23.4 45.4 .73 

Lower vitrophyre zone 33 23.4 16.4 2.01 

Total 141 100.0 124.6 

Tuffs and Lavas of Calico Hills 

Nonwelded zone 19 73.1 23.8 .80 

Bedded zone 7 26.9 30.2 .23 

Total 26 100.0 64.0



ILI

Although quantitative data are lacking, all of the observed fractures in 

the Paintbrush Tuff in UE-25c #1 appear to te steeply dipping. In UE-25h #2, 

a horizontal borehole drilled at Fran Ridge, 3.2 km southeast of the C-hole 

complex (fig. 1). the average dip of fractures (excluding bedding planes) in 

core from the Paintbrush Tuff was 490 (Norris and others, 1986). Few observed 

fractures in the Paintbrush Tuff in U-25c #1 contained minerals, and one 

fracture during drilling had a stream of vater Jetting from it.  

Fracture frequency in the Paintbrush Tuff is difficult to estimate, 

except for zones of nonlithophysal welded tuff (which make up most of the 

geologic unit) and vitrophyre. For three zones uf nonlithophysal welded tuff 

in UE-25c #1, the observed fracture frequency ranged from 0.71 to 1.42 per 

meter (table 7) and averaged 1.00 per meter. Fracture frequency in the lower 

vitrophyre zone is at least twice that of the welded tuff. Excluding five 

intervals of intensely fractured rock totaling 5.2 m, the observed fracture 

frequency in the lower vitrophyre zone was 2.01 per meter (table 7).  

AN



Hore important than fracture frequency in assesaing the ability of the 

tuffaceous rocks at the C-hole complex to transmit water is the fracture 

density, the number of fractures per unit volume. Determination of fracture 

density in a volume of rock based on fracture frequency in boreholes where 

the axes of most fractures are subparallel to the borehole axis requires a 

correction factor to account for the angle between the borehole and the dip 

of the fractures (Scott and Castellanos, 1984, p. 63). An equation for 

calculating fracture density given by Scott and Castellanos (1984, p. 63) 

that takes into account the requisite correction factor in a unit sphere of 

rock can be rewritten as: 

-=90( 
D 1--2-- cose " 

where: 

D = Fracture density, it. fractures per cubic meter; 

b = thickness of geologic unit, in meters; 

0 = dip angle of fractures, in degrees; and 

f = the number of fractures for each angle e.  

Because for most of the fractures detected at the C-hole complex, the dip 

angle was unknown, equat.ion I was modified to: 

1.24 x f/b (Z) 

coso

a i



where:

t= he average dip angle of fractures in a geologic unit, and all 

other variables are the same as in equation I 

Fracture-density values for geologic units in UE-25c #I calculated from 

.Oro fracture-frequency values using equation 2 are listed in table 8. For 

comparison, fracture-density values in the Crater Flat Tuff, the tuffs and 

lavas of Calico Hills, and the Paintbrush Tuff determined from transect 

mapping, from core taken from borehole USH GU-3/G-3 at Yucca Mountain, and 

from core obtained at Fran Ridge, also are listed in table 8. In comparing 

fracture densities determined for the C-hole complex with those determined 

elsewhere, it readily is apparent that determinations of fracture density 

based on direct observation--core logging and transect mapping--nearly always 

are larger than estimates based on videotapes. In intervals of the Paintbrush 

Tuff, fracture-density values estimated for the C-hole complex from videotapes 

may be as much as an order of magnitude less than actual values. Estimated 

fracture-density values in the lower part of the Bullfrog Member and in the 

upper part of the Tram Member may be about two-tenths to one-half of actual 

values. Estimated fracture-density values in the tufts and lavas of Calico 

Hills, the Prow Pass Member, and the upper nonwelded to partially welded zone 

of the Bullfrog Member, srem to be about the correct order of magnitude.



Table 8. -- Fracture demity In geologic units in borehole UW-25c #1, corrected 

for the angle between the borehole and the dip of the fracture 

[--, * o information) 

Fracture density Ratio 

Geologic (fractures per cubic meter) of 

unit Yucca Mountain Fran Ridge fracture 

C-holes Transects1  USH GU-3/G-3 2 UE-25h #13 density4 

Paintbrush Tuff 

Topopah Spring Hember 2.1 ......  

Upper (moderately) 1.3 .-.  

velded zone 

Mliddle (densely) 2.7 

welded zone 42 26 13-21 

Lower (densely) 1.4 

uelded zone 

Lower vitrophyre zone 3.8 10 2.6



Table 8.--Fracture densrit in geologic units In borehole UE-25c #1, correctod 

for the angle between the borehole and the dip of the fracture--Continued 

Fracture density Ratio 

Geologic (fractures per cubic meter) of 

unit Yucca Hountain Fran Ridge fracture 

C-holes Transects1 USW GU-3/G-32 UE-25h #I3 density4

Tuffs and lavas of 

Calico Hills 1.9 1.2 "" 

Nonvelded zone 3.8 ....  

Bedded zone 1.1 ....  

Crater Flat Tuff 3.5 ....  

Prow Pass Member 4.0 ....  

Upper (nonwelded to 

partially welded) zone 4.1 -3 - 1.6-2.5 

Central (moderately 

welded) zone 7.6 

Lower (nonwelded to 

partially welded) zone 2.8 -- "" 

Bedded zone 5.8 -- "" 

Bullfrog Member 3.4 "" 

Upper (nonwelded to 

partially welded) zone 2.8 9 

Central (moderately to 

densely welded) zone 2.8 18 6.4 

Lower (nonweided to 

partially welded) zone 5.5 

12 2.4 

Tram Member 5.2 

Upper (nonwelded to 

partially welded) zone 4.4 -

Tuff breccia zone 5.5 --



Table 8.--FractuZr densaity In geologic units In borehole U,-25c #1, corrected 

for the angle between the borehole and the dip of the fracture--Continued 

'U.S. Geological Survey (1984) and figure 18.  

"2Scott and Castellanos (1584).  
3Calculated from Norris and others (1986), eliminating assumed bedding planes.  

4Ratio of fracture density estimated from cores or transects to fracture 

density estimated for C-holes.



HODROLOGY

Winograd and Thordarson (1975) divided the Paleozoic, Tertiary, and 

Quaternary formations present in the vicinity of the NTS into 11 hydrogeologic 

units. The 10 hydrogeologic units and the geolo$ic units comprising them at 

BtE I 
S.3pow. and near Yucca Mountain are listed in table 9. This table is somewhat 
es etwe! 

generalized, in that the upper clastic aquitard is not present throughout the 

Yucca Mountain area. Where it is absent, the upper and lower carbonate 

aquifers form a single aquifer, which Hifflin (1968) first called the 

carbonate aquifer and, more recently, the carbonate rock province (Hifflin, 

1988). The general extent of the carbonate rock iroviace is shown in 

-->- figure 26, but the carbonate rocks have been deeply buried or replaced by 
• herej 

volcanic rocks in caldera centers, such as the Timber Mountain caldera (Byers 

and others, 1976) or a probable caldera complex centered beneath Crater Flat 

(Carr, 1988). In some areas, such is Yucca Mountain, the upper carbonate 

aquifer has been removed by erosion (Winograd and Thordarson, 1975). Also, 

information compiled since Winograd and Thordarson's report indicates that the 

subdivisions of the Tertiary sequence are somewhat crbitrary. The occurrence 

of water in the Tertiary volcanic and tuffaceous rocks seems to be controlled 

by factors other th&n the lithology and, hence, ground water may not be 

stratabound. This is demonstrated by the fact that the major production zones 

in boreholes drilled into the Tertiary rocks at Yucca Mountain can occur -n 

• ej/ almost every formation below the water table (fig. 27), and most production 

tIo 
zones are associated with faults or fracture zones (table 10). However, some 

of the water in these boreholes is produced from intervals that contain 

relatively few fractures, and many fractured intervals do not produce water.  

/0.7



Presumably, lithophysal zones of the Paintbrush Tuff, nonvelded to partially 

welded zones of the Paintbrush Tuff, tuffs and lavas of Calico Eills, Crater 

Flat Tuff, and Lithic Ridge Tuff, and the ash-fall tuff, reworked tuff, and 

tuffaceous sandstone at the base of most members of the Lithic Ridge, Crater 

Flat, Paintbrush, and Timber Mountain Tuffs are ,ufficiently permeable to 

transmit water in the absence of fractures. Values of porosity and 

permeability for the Paleozoic and Tertiary rocks at and near Yucca Mountain 

that were determined from laboratory analyses of core sampled prior to 

drilling the C-holes are sumarized in table 11.  

'OsZ



Table 9.--HdrdogeologIc units at and near rucca NMoutain 

(modified from Winograd and Thordarson, 1975;

System Geologic unit Hydrogeologic unit 

Qaternary Channel and fan alluvium, Valley-fill 
and Tertiary talus. alopewashb lakebeda aquifer 

Basalts of Kiwi Mesa and Lava-flow aquifer 

Skull Hountain; rhyolites 

of Shoshone Mountain and 

Tertiary Fortymile Canyon 

Timber Mouantuin Tuff Welded tuff aquifer 

Paintbrush Tuff 

Bedded tuffsf Bedded tuff aquifer 
/ /Wabmonie Formation Lava flow aquitard 

Tuffs and 

lavas of 

Calico Salyer Formation 

Hills I 

Crater Flat Tuff 

Dacite lava Tuff aquitard 

Lithic Ridge Tuff Rocks 

Quartz latite and rhyolite of 

Older tuffs and conglomerate Pavits 

Tuff of Yucca Flat Spring 
Horse Spring Formation 

Pennsylvanian Tippipah Limestone Upper carbonate 

and Permian _aquifer

o-.i

i
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Table 9.--Hydrogeologic units at and near Yucca Mountain

(modified from Winograd and Thordarson, 1975)--Continued

--pp

/10

System Geologic unit Hydrogeologic unit 

Kississippian Eleana Formation Uper clastic 

and Devonian aquitard 

Hississippian carbonate rocks 

Devils Gate Limestone Lover carbonate 

Devonian carbonate rocks aquifer 

Silurian and Unnamed carbonate rocks 

Ordovician 

Ell Springs Dolomite 

Ordovician Eureka Quartzite 

Pogonip Group 

Nopah Formation 

Bonanaza King Formation 
Cambrian Carrara Formation 

Zabriskie Quartzite 
Lower clastic 

Wood Canyon Formation 

roterozoic Stirling Quartzite aquitard 

_ Johnnie Formation

S--7-
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Table 10.--Origin of water-production zones in borxholes at Yucca Nountain

[i, meters)

Production zone Percent Source 

Bore- (depth below of Geologic unit Origin of water of 

hole land surface, prod

in meters) tion information

USW H-6 572 to 604 8 Bullfrog Hember of 

Crater Flat Tuff 

616 to 631 60 Bullfrog Member of 

Crater Flat Tuff 

777 to 788 32 Tram Member of 

Crater Flat Tuff

Fracture 

592 to 

Fracture 

592 to 

Fracture 

768 to

zone 

640 a 

zone 

640 m 

zone 

800 m

Craig and others 

(1984); Craig 

and Reed (1991)

USW H-5 704 to 771 

1,033 to 1,043

90 Bullfrog Member of 

Crater Flat Tuff 

8 Tram Member of 

Crater Flat Tuff

Hole enlarge- Robison and 

ments on cali- Craig (1991) 

per log indi

cate possible 

fracture zones 

at 721 to 726 

and 752 to 758 m 

Water may be trap

ped in permeable, 

bedded tuff by 

underlying lava 

flow %

((/5.



Table 10.--Origin of water-production zones In test wolls at Yucca NOM tain--Continued 

Production zone Percent Source 

Bore- (depth below of Geologic unit Origin of water of 

hole land surface, prod

in meters) tion information

USW H-4 561 to 584 6 Prow Pass Member of 

Crater Flat Tuff 

623 to 669 13 Prow Pass Member of 

Crater Flat Tuff 

707 to 733 28 Bullfrog Member of 

Crater Flat Tuff 

779 to 805 9 Bullfrog Member of 

Crater Flat Tuff 

820 to 876 14 Tram Member of 

.Crater Flat Tuff 

892 to 922 16 Tram Member of 

Crater Flat Tuff

Hole enlarge

ment on cali

per log indi

cates possible 

fracture zone 

567 to 604 a 

Fracture zone 

610 to 640 a 

Fracture zone 

724 to 744 a 

Fracture zone 

777 to 808 a 

Fracture zone 

847 to 869 n 

Fracture zone 

878 to 896 m

Whitfield and 

and others 

(1985); 

Erickson and 

Waddell (1985)

I/N.
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Table 10.--OrigIn of watMr-productIon znes In test wells at Yucca Nountaln--Continued 

Production zone Percent Source 

Bore- (depth below of Geologic unit Origin of water of 

hole land surface, prod
information 

in meters) tion

USW H-4--Continued 

1,181 to 1,219 12 Lithic Ridge Tuff Hole enlarge

ment indicates 

possible 

fracture zones 

at 1,186 to 

1,189, 1,202 

to 1,207, and 

1,214 to 1,215 a

USW H-3 809 to 841 

1,060 to 1,120

70 Tram Hember of 

Crater Flat Tuff 

30 Tram Member and 

Lithic Ridge Tuff

Irterval con

tains 7 

steeply dip

ping fractures 

Interval con

tains 5 

steeply dip

ping fractures

Thordarson and 

and others 

(1984)

// J17



Table 1O.--Origin of water-prd'oducton zomes in text wells at Yucca NmO/tain--Continued, 

Production zone Percent Source 

Bore- (depth below of Geologic unit Origin of water of 

hole land surface, prod

in meters) tion information

USV H-1 572 to 597 17 Prow Pass Member of 

Crater Flat Tuff

597 to 653 18 Prow Pass Member of 

Crater Flat Tuff 

687 to 690 9 Prow Pass Member of 

Crater Flat Tuff 

736 to 758 56 Bullfrog Member of 

Crater Flat Tuff

ISW G-4 879 to 915 98 Tram Member of 

Crater Flat Tuff

Water seep 

(from frac

ture ?) at 

570 U; frac

ture at 580 a 

Fracture at 

608 m 

Fracture at 

688 m 

Hole enlarge

ment indi

cates pos

sible frac

ture zone 

707 to 762 a 

Shear fractures 

from 885 to 

914 m indicate 

a fault zone

Rush and others 

others (1983, 

1984) 

Lobmeyer (1984)

/160



Table 10.--Origin of waterpiroduction zones In test wells at Yucca. Nomtain--Continued 

Production zone Percent Source 

Bore- (depth below of 
Geologic unit Origin of water of 

hole land surface, prod

in meters) tion information

UE-25b #1 471 to 502

546 to 564 

579 to 626 

811 to 818 

866 to 872 

UE-25p #1 469 tn 501

12 Tuffs and lavas of 

Calico Kills 

20 Tuffs and lavas of 

Calico Hills 

19 Prow Pass Member of 

Crater Flat Tuff 

19 Bullfrog Member of 

Crater Flat Tuff 

30 Bullfrog Member of 

Crater Flat Tuff 

58 Prow Pass Member of 

Cr:ter Flat Tuff

Possible faults 

or fractures 

Possibly faults 

or fractures 

Four shear zones 

indicative of 

faulting from 

579 to 626 a 

Shear (fault) 

zone present 

Shear (fault) 

zone from 

866 to 879 m 

Possibly from 

fractures re

lated to in

ferred fault 

at top of unit

Lobmeyer and 

and others 

(1983) 

Craig and Robison 

(1984); Carr 

and others 

(1986s)

"i"7



Table 10.--Origin of vat~r-productoi zones In test wells at Yucca Nountaln--Continued 

Production zone Percent Source 

Bore- (depth below of Geologic unit Origin of water of 

hole land surface, prod

in meters) tion 
information 

tM-25p #1--Continued 

1,000 to 1,119 8 Lithic Ridge and Shear (fault) 

older tuffs zone present 

at 1,012 m 

1,197 to 1,244 28 Older tuffs and tuff Production 

of Yucca Flat probably from 

fault zones at 

1,197 and 1,24 a
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Local-scale hydrologic properties (determined by on-site aquifer tests) 

have been difficult to assess for the Yucca Mountain area because of the:.  

influence of fractures on ground-water flow. Water levels in pumping and 

injection tests at Yucca Mountain generally have not responded as expected for 

an infinite, homogeneous, isotropic, confined, p6rous medium. Nevertheless, 

some investigators have used methods, such as those of Theis (1935), Cooper 

and Jacob (1946), or Papadopulos and others (1973), that are based on the 

above assumptions to calculate values of hydraulic conductivity and 

transmissivity (See, for example, Rush and others, 1984). Other 

investigators, including Thordarson (1983), Craig and Robison (1984), and 

Craig and Reed (1991), recognized that the Tertiari and Paleozoic aquifers 

at Yucca Mountain are anisotropic and heterogeneous and have used more 

elaborate analytical solutions, such as those of Stallman (1965), Neuman 

(1975), Cinco-Ley and Samaniego (1981), or Moench (1984). The result of 

using these various approaches, regardless of their appropriateness, has been 

an accumulated record of reported hydraulic conductivity and transmissivity 

values that are not directly comparable and, thus, cannot be used together in 

regional syntheses of hydrologic investigations (for example, Waddell and 

others, 1984) to show distributions of hydraulic conductivity and 

transmicsivity in the Tertiary rocks at Yucca Mountain. It is beyond the 

scope of this report to resolve discrepancies in reported values of hydrologic 

propertier, but the subject of aquifer tests will be addressed in more detil 

later in this report in developing a conceptual model of ground-water 

occurrence in the Tertiary rocks at the C-hole complex.



On a regional scale, anisotropy and heterogeneity tend to affect ground

water movement less significantly than on a local scale; average hydrologic 

properties, thus, can be estimated with some confidence using regional-scale 

numerical models based on the assumption of an equivalent isotropic, 

homogeneous, porous medium (John Czarnecki, U.S. Geological Survey, written 

coinun., 1990). Czarnecki and Waddell (1964) using a tvo-dimensional, 

finite-element model of the Yucca Mountain area estimated that the 

transmissivity of the lower carbonate aquifer near Yucca Mountain is 

12,000 m2 /d, whereas the transaissivity of the Tertiary volcanic and 

tuffaceous rocks near Yucca Mountain ranges from 4 to 3,000 m1/d.



Hydrologic properties, stratigraphic and structural information, and 

potentiometric head data for the NTS and vicinity (Winograd and Thordarson, 

1975, pl. 1; Robison and others, 1988) indicate that the Tertiary and 

Paleozoic rocks in the Yucca Mountain area comprise two separate and distinct 

ground-water flow systems. As envisioned by Mtifflin (1968), ground water in 

the Basin and Range province flows locally from mountainous areas to 

intermontaine basins through the Tertiary rocks and Quaternary-Tertiary 

valley fill and regionally, from basin to basin, primarily through Paleozoic 

carbonate rocks. As modeled by Czarnecki and Waddell (1984) and Sinton and 

Downey (199_), ground water from Yucca Mountain flows southward toward the 

Amargosa Desert, ultimately discharging to Alkali Flat (Franklin Lake plays) 

and Death Valley, south and east of the Funeral Mountains (location of Funeral 

Mountains shown in fig. 1). The local flow system is recharged by 

precipitation in the Pahute Mesa area and by subsurface inflows from the Ash 

Meadows and Oasis Valley ground-water basins (Czarnecki and Waddell, 1984).  

As indicated by Sinton and Downey (199_), a downward flux between the local 

and regional flow systems occurs northeast of Yucca Mountain (in the Yucca 

Flat area), whereas an upward flux (recorded in the C-holes and boreholes USW 

H-I and UE-25p #1) occurs at Yucca Mountain. Faults, such as the Solitario 

Canyon and Paintbrush Canyon faults, could be functioning as conduits for the 

exchange of water between the local and regional flow systems.



Water Levels in the C-holes

Most of the water levels measured in the C-holes from 1983 to 1986 are 
1L[ I, 

ps ummarized in table 12. In general, depths to water in the C-holes ranged 

from 400 to 402 a belov land surface during the measuring period, and the 

composite water level in each of the three vells fluctuated without any 

apparent trend tetween 730.0 and 730.5 m above the NGVD of 1929. Measurements 

made above and below the packers in UE-25c 01 and UE-25c #3 uniformly indicate 

that a positive head difference of 0.33 to 0.35 m exists between the bottom 

and top of the C-holes. Therefore, according to Darcy's Law, upward ground

water movement should take place at the C-hole complex. However, considering 

the small vertical head gradient, unanticipated f~ctors, such as impermeable 

rock, could limit upward ground-water flow.



Table 32.--Vasro-Jw,.J snoasuresmat in DerohoJea U1[-2Sc NJ. W-*25 92. ard UL-USC 93 

jDa•a from Rabises sad ouwra. 1968; a a mit -- ne Out appitcablel 

- Correcttems £11

mo~ d are- Tler- s rod 

toirsal msser- • m d to bet' ) Ica& of 

Date stefble ia devae dep i Cable 

(0) d datvc vtet &ties $I" stretch -star 

(a)() C) Surfac 

(a) 

10-25-93 UK-25C #1 416 - 914 Cable 1.130.6 400.36 -0.06 -.. . 0.99"1 730.446 

11-29-63 UK-23v 03 416 - 914 Cable 1.130.6 400.39 -. 06 - .9t5W' 730.45 

12-19-83 UK-•2c 01 416 - 934 CabIe 1.130.6 400.44 -. 06 *- - .99952 730.41 

01-23-°J tM-25c 01 416 - 914 Coble 1.130.6 M00.49 -. 06 .. ... 9947 730.39 

02-13-84 tMK2-c 91 416 - 914 Cable 1.130.6 400.4 -. 06 .. .. .99"42 734.l4 

03-02-44 UK-25€ 03 616 - 914 Cable 1.130.6 4"O.SS -. 06 .. . .99"37 730.36 

1X-25c 02 416 - 914 Cable 1.132.2 402.20 -.033 - -- .99937 730.31 
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04-11-64 UKE-23 01 416 - 914 Cable 1.130.6 4&00.6 -. 06 .. .. .99932 730.i7 

05-02-44 U-2.4C $2 416 - 914 Cable 1.132.2 402.20 -. 055 .. .. .9M928 730.34 

1m-2-c 93 417 - 914 Cable 1.132.3 402.16 -. 05S .. .- .9929 730.42 

10-23-" tK-25gc #2 416 - 914 Cable 1.122.2 402.36 -. 053 .. .. .99903 730.28 

?JU-A5c 03 417 - 914 Cable 1.132.3 402.32 -. 095 .. .. .99903 730.44 

10-24-1 t1-2Sc 061 416 - 796 Tape 1.130.6 400.31 -. 06 0.021 -0.044 -- 730.21 

799 - 934 Tap 1.130.6 399.98 -. 06 .021 G.04 *- 730.14 

12-03-8S UM-23c 01 416 - 794 Tape 1.130.6 400.61 -. 06 .021 .04 0- 729.91 

799 - 914 Tipe 1.130.6 40.27 -. 06 .021 -. 04 -- 730.25 

12-03-15 61-25c 03 417 - 751 Tape 1.132.3 402.27 -. 0 5 .021 -. 044 730.15 

714 - 914 Tope 1.132.3 401.92 -. 09S .023 -. 044 -- 730.50 

C04-24-" t-25c 9t 799 - 914 Tape 1.130.6 400.23 -. 06 .021 -. 052 -- 730.26 

05-22-" UE-25c N1 799 - 914 Tape 1,130.6 400.30 -. 06 .021 -. 032 -- 730.21 

'The cable cerrectioe factor to applied in ihe folloevta mwiier: Altitud Of Walte surface a 

LsMd surface datum - (measured drpth to eter x Coble corectile facter) - berehele deg LaIes 

vorrectio•,I.  
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The water-level data for the C-holes are consistent with measurements in 

other boreholes completed in the Tertiary rocks east of the crest of Yucca 

Mountain, south of Drill Hole Wash, and west of Fortymile Wash (Robison, 

1984; Robison and others, 1988). The average gradient through this area is 

1.3 m/km. Throughout the central part of this area, including the C-hole 

complex, there is no detectable gradient. Northwest and west of the crest of 

Yucca Mountain, the average hydraulic gradient abruptly steepens to as such as 

430 a/ko, and heads of 1,029 to 1,034 a are recorded in USW G-2 and 

UX-25 Wr #6. The reason for the abrupt steepening of the gradient is unknown.  

Possible explanations are that the Solitario Canyon fault functions as a 

barrier boundary, or that the central (repository) block (fig. 1) is such less -

fractured and, therefore, less permeable than adjacent blocks to the north and 

west. The flatness of the hydraulic gradient east of the crest of Yucca 

Mountain is inexplicable at present.  

Matrix Hydrologic Properties of rocks at the C-hole complex -.  

Matrix hydrologic properties discussed in this section include porosity, -

pore-scale permeability, and storativity. Values of these properties, all, 

were determined either by laboratory or geophysical methode, and, thus, are 

conside.red representative of a small volume of rock surrounding each of the 

C-boles. However, extrapolatioia throughout the C-hole complex and beyond to 

Yucca Mountain would not be justified without further study.



Porosity

Porosity was determined in the C-holes by laboratory and geophysical 

methods. In both UE-25c 02 and UE-25c #3, there generally was good agreement 

between the porosity determined from the epithermal neutron and gamma-gaa 

logs; in UE-25c #1, however, the porosity determined from the gamma-gamma log 

consistently was smaller than that determined from the epithermal neutron log 

by 4 to 15 percent. When laboratory-determined values of porosity for core 

samples from UE-25c 01 were compared with the geophysically determined values 

of porosity for this borehole, good agreement occurred between porosity 

determined for the core by helium injection and Voroaity determined from the 

gamma-gamma log (fig. 28). On the basis of these comparisons, the most 

reliable values of porosity were judged to be those determined by helium 

injection and gamma-gamma logging. Porosity values determined for geologic 

units at the C-hole complex from the ga--a-gamma log of UE-25c #1, as listed 

in table 13, range from 12 to 43 percent, except for an anomalous 3-m-thick 

interval in the Tram Member of the Crater Flit Tuff, the "porosity" of which 

is believed to be the result of one or more enlarged fractures. Nonwelded to 

partially welded and bedded tuff zones of the Crater Flat Tuff are more porous 

than moderately to densely welded tuff zones. On the average, the tuffs and 

lavas of Calico Hills are more porous than the tuffaceous rocks within the 

Crater FVat Tuff. The porosity data from UE-25c #1 compare favorably with 

porosity values for the Crater Flat Tuff and the tuffs and lavas of Calico 

Hills in other borrholes at Yucca Mountain that are listed in table 11.
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Table 13.--Porosity statist.tic for geologic units at the C-hole 

complex, based on gaim-gaima logging of borehole UN-25c #1

Geologic unit

Tuffs and lavas of Calico Hills 

Nonwelded zone 

Bedded zone 

Crater Flat Tuff 

Prow Pass Member 

Upper nonwelded to partially 

welded zone 

Central moderately welded zo 

Lower nonwelded to partially 

welded zone 

Bedded zone 

Bullfrog Member 

Upper nonwelded to partially 

welded zone 

Central-moderately to densel1 

welded zone 

Lower nonwelded to partially 

welded zone 

BeddeO zone 

Tram Member 

Upper nonwelded to partially 

welded zone1 

Tuff breccia zone

Porosity, in percent 

Hinimum Maximum Mean

28 

26 

14 

12 

15 

26

16 

11

17 

19 

12 

13

43 

36 

35 

16 

33 

40

32 

18

37 

29

37 

32 

26 

14 

28 

31

22 

14

26 

24

26 22 

25 18

1An interval within this geologic unit, between depths of 806 

and 809 meters below land surface, has a porosity of 69 percent.  

However, it is excluded from the statistics because it is considered 

to be indicative of one or more enlarged fractures.
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Pore-Scale Permeability

Permeameter measurements using water as the fluid indicate that pore

scale horizontal and verti:al permeability, both, generally range from about 

6x10- 3 to about 2 aD; the horizontal permeability can be slightly larger, and 
.ARE IC y a eslgtylagr n 

-W the vertical permeability can be slightly smaller (table 14). There is no 
nes wel 

consistent relation between pore-scale horizontal and vertical permeability; 

ratios of horizontal to vertical permeability generally range from 0.7 to 2.  

The pore-scale permeability of moderately to densely welded tuff in the Crater 

Flat Tuff seems to be smaller than that of partially welded to nonwelded tuff.  

FI!1 •The pore-scale permeability data for the C-holes arc consistent with data from 

other boreholes at Yucca Mountain (fig. 29).  

Storativity 

Storativity is a measure of the water released from storage in a confined 

aquifer (during pumping, for example) by contraction of the aquifer skeleton -

and expansion of the water. The storativity divided by the aquifer thickness 

is the specific storage. According to Lohman (1979, p. 9), specific storage 

can be calculated by the folloving expression: 

S = Y(O + li/E) (3) 

where S =specific storage, in reciprocal meters; 

y-specific weight of water=9.8Xl0 3 newtons per cubic meter; 

O=compressibility of water--4.4X10-10 meters Equared per newton; 

O-porosity of the rock, dimensionless; and 

E=bulk modulus of elasticity of the rock, in newtonq.per meter squared.  

/l9~



Table 14.--Pore-scale pormeabilltV values deterained by analVses of core 

from borehole UE-25c #1 

Pore-scale permeability, in millidarcies 

Depth Geologic Lithology Air injection Water injection 

(meters) unit Horizontal - Vertical Horizontal Vertical

462.5 Tufts and lavas of 

Calico Hills 

517.3 Crater Flat Tuff, 

Prow Pass Member

572.5 Crater 

Prow

Flat 

Pass

Tuff, 

Member

630.1 Crater Flat Tuff, 

Prow Pass Member 

658.6 Crater Flat Tuff, 

Bullfrog Member 

716.0 Crater Flat Tuff, 

Bullfrog Member

Nonvelded 

tuff 0.  

Partially 

welded to 

nonvelded 

tuff 

Partially 

welded to 

nonvelded 

tuff 

Partially 

welded to 

nonwelded 

tuff 

Partially 

welded to 

nonvelded 

tuff 

Hoderately 

to densely 

welded 

tuff

31/0.15 

1.8 

.69 

.0/5.6 

1.8

0.38/0.22 

1.5 

.79 

2.2/3.1 

1.6

0.033 

.91 

.56 

2.9 

1.6

0.042 

1.2 

.77 

.69 

1.5

5.7X10-3 3.7X10-3

I

.N .

E__ -

9.8x10-3 4.1XIO"3



Table 14.--Poro-scale pormeabillt values detrmuined by analyses of core 

from borehole UE-25c #1--Continued 

Intergranular permeability, in millidarcies 

Depth Geologic Lithology Air injection Water injection 

(meters) unit Horizontal - Vertical Horizontal Vertical 

794.7 Crater Flat Tuff, Partially 

Bullfrog Member welded to 

nonvelded 

tuff 0.39 0.39/0.23 0.065 0.035 

850.3 Crater Flat Tuff, Tuff breccia 

Tram Hember .011 .016 8.2x10'- 5.7x10"' 

914.2 Crater Flat Tuff, Partially 

Tram Member welded 

lithic tuff .13 .49/.30 .030 .034

/31.



(

i~rfUI a~ It 1 -r,' I IjI' I I I 51 1 
/360~ (0 rJ4 c2. 1A'P47S 

L1*itc- -ruFP Aiv4 7uFC *S*.SCX.eAC Jo 'SAp1PI.SS) 

0 0 Ho~iZos4Tms.  

NONWLL4fDCc TO PAR~IJALLY w6JL'E*D TUFF (2.S SMPI'LLS) 

0 31A 0.O A k 0 g
I-

.5*.MtOSSA.ATS-ry L4L.oco'-rUpP (c sa,.ie'd~dS

±1 A I "JtZ*W~l , .iVI A,
I A

I i i I a a 1a I a I

Q.Oo.5 0.01
6 1 1 .a ,

0J.03 0.1
I a . I a I o i l

0.5 .5 i.1a

P~t;(amA3AL-, rv, i#JA1i1.j.~aa 

EX PLIAtJA Ti ON 

*JUFFS Aio'J LAVAs cirCRLIiCc HILLS 0'

Now~~ PA.SS m mf -9 COLA T* 9 F t-jT TsJf F 

GUL4.FýjtGj tMlatiof-i , C-IAATEA. FLAT Tuff: 
TJCAM M PM ie-R.~, C-A. ATra- OLFLAT T,) F

Fgj icc. 2? - toL.S.ei1. 0crM&CseI+ In -+he. Cfci-ter F44 -1-7;' FC Ads *e.jI% gi 
SC o ic iL I cJC± Ierm. .1 b,., cj~i vc I, s eli cbre tOV roeo/raln ar, E.4t,

- - I II L .............

( (

a 

A 

0 0 09-

I I

I

4 &1



Values of the bulk modulus of elasticity and porosity for zones within 

the Crater Flat Tuff and the tuffs and lavas of Calico Hills generally are 

inversely related, as shown in figure 28. Using equation 3 and average values 

of porosity and elasticity for geologic units in UE-25c #l, the specific 

storage of bedded tuff, nonwelded tuff, and non4ilded to partially welded tuff 

in this borehole was determined to be 2xiO-6 ma-, twice the specific storage 
Ywei of moderately to densely welded tuff and tuff breccia (table 15). Using the 

information from tables 5 and 15, average values of the storativity for zones 

within the Crater Flat Tuff and the tuffs and lavas of Calico Hills at the 

C-hole complex were estimated to range from lXXO5- to 2XO-4 (fig. 30).  

Ground-Water Occurrence in the C-holes 

Zones of ground-water inflow to the C-holes under dynamic (pumping) 

conditions were determined from temperature logs and tracejector surveys.  

On the temperature logs, points of fluid inflcw were indicated where convex 

deflections from a vertical or near-vertical (isothermal) line occurred.  

The tracejector surveys, which produce plots of flow versus depth, similarly 

indicated zones of ground-water inflow where departures from the vertical 

occur. In general, the t-acejector surveys of the C-holes indicated all of 

the zones of production indicated by the temperature logs, plus additional 

zones of ground-water inflow.  
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Table 15.--Specific storage In the tuffs and lavas of Calico Hills and the 

Crater Flat ruff In borehole UZ-25c #1 

[Only intervals that have sufficient elasticity data for calculating specific 

storage are listed) 

Bulk modulus Specific 
Thickness, Porosity, 

Geologic in dimension- of elasticity, storage, 

unit metersi less in newtons per per 

meter squared meter 

Tuffs and lavas of Calico Hills 

Nonvelded zone 14.9 0.35 9.62x10s 2XIO10 

Bedded zone 26.0 .32 1.16x1lO° 2xlO-0 

Crater Flat Tuff 

Prow Pass Member 

Lover nonwelded to partially 

welded zone 63.4 .27 1.282x10° 2XlO"4 

Bullfrog Member 

Upper nonwelded to partially 

welded zone 32.6 .22 1.38x10O° 2XlO-6 

Central moderately to densely 

welded zone 67.1 .14 2.53Xl01 ° IX1O-6 

Lower nonwelded to partially 59.2 .26 1.28xO1°0 2XO-6 

welded zone 

Bedded zone 6.4 .24 1.45xlO° 2XO- 6 

Tram Member 

Tuff Breccia zone 55.2 .18 2.23x210I0 IxiO0

1Listed thickness is that for which elasticity data are available.  
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G_ 31-33 

It is apparent, from figures 31, 32, and 33, that the productivity of 

geologic units is distributed differently among the C-holes. In UE-25c #1, 

64 percent of the production comes from the lower nonvelded to partially 

welded zone of the Bullfrog Member; the remaining production comes from the 

Tram Member. Ground-water inflow points vere identified at depths of 560.8 

and 579.1 a in the nonwelded to partially welded zones of the Prow Pass 

Member; at 756.8, 757.7, 764.4, and 780.3 a, in the lower nonvelded to 

partially welded zone of the Bullfrog Member; and at 845.8, 859.8, 882.7, and 

911.4 m, in the tuff breccia and lower (lithic tuff) zones of the Tram Member.  

In UE-25c #2, 93 percent of the production comes from the central moderately 

to densely welded zone of the Bullfrog Member; tLe resaining production comes 

from the upper nonwelded to partially welded zone of this geologic unit.  

Ground-water inflow points were located at depths of 503.0 a, in the bedded 

tuff zone of the tuffs and lavas of Calico Hills; at 729.0, 738.5, and 

747.4 m, in the central moderately to densely welded zone of the Bullfrog 

Member; and at 880.5 m, in the tuff breccia zone of the Tram Member. In 

UE-25c #3, 44 percent of the production comes from the central moderately to 

densely welded zone of the Bullfrog Member, 31 perzent of the production comes 

from the lower nonwelded to partially welded zone of the Bullfrog Member; and 

25 percent of the production comes from the tuff breccia zone of the Tram 

Member. Ground-water in'low points in UE-25c 03 were located at a depth of 

461.6 a, in the nonvelded zone of the tuffs and .avas of Calico Hills; a, 

493.5 m, in the upper nonwelded to partially welded zone of the Prow Pass 

Member; at 700.4 and 728.4 m, in the central moderately to densely welded zone 

of the Bullfrog Member; at 742.7, 746.2, 750.0, and 771.8 m, in the lower 

e-!



nonvelded to partially welded zone of the Bullfrog Member; and at 868.7 M, in 

'- the tuff breccia zone of the Tram Member. The production of water in 

different proportions from different geologic units in boreholes only 30 to 

77 m apart indicates that groundvater at the C-hole complex may not be 

stratabound.  
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Television logs of UE-25c l were examined to determine if specific 

fractures or fracture zones could be influencing ground-vater production.  

The following criteria were considered indicative of possible flow from 

fractures: 

1) Open fractures within a vater-production-zone; 

2) Numerous intersecting fractures vithin a water-production zone; 

3) Faults intersecting a water-production zone; 

4) Fractures coincident with inflection (inflow) points on temperature 

logs; and 

5) Substantially increased water clarity above a fracture.  

'Iq



In UE-25c #I, all three water-production zones contain fractures that 

could be scurces of water. In the uppermost production zone, between depths 

of 779 and 785 a, the following fractures presumed to be possible sources of 

water were observed: 1) an open, southerly striking, steeply dipping fracture 

at 779-780 m; 2) a zone of intersecting, variabry striking, shallow and 

steeply dipping fractures at 784 m; and 3) three shallow, open, variably 

striking fractures at 784-786 a. In the middle production zone, between 

depths of 838 and 858 ., the following fractures inferred to be sources of 

water were identified: 1) a cavernous, south-southwesterly striking, steeply 

dipping fracture at 836-839 .; 2) intersecting south-southeasterly and south

southwesterly striking, steeply dipping fractures at 846-847 *; and 3) the 

south-southwesterly striking Paintbrush Canyon fault at 849-850 a. In the 

lowest production zone, between depths of 879 and 891 a, the only possible 

source of water identified was an open, northwesterly striking, steeply 

dipping fracture at 884 a.  

Of the 10 fluid inflow zones in UE-25c #1, 8 zones coincide with 

fractures identified on videotape. Three of these zones are associated with 

south-southeasterly to south-southwesterly striking, steeply dipping 

fractures. Three zones are related to intersecting south-southn.asterly to 

south-southvesterly ar. either northeasterly, southeasterly, or southwesterly, 

steeply dippicg fractures. One zone in related to a northeasterly striking, 

steeply dipping fracture, and another is related to a northwesterly striking, 

steeply dipping fracture.
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Based on observations in UE-25c #1, it appears that ground-water 

producing zones at the C-hole complex generally are related to fractures, 

although no particular set of fractures controls ground-water occurrence.  

Furthermore, although some production zones are intensely fractured, others 

contain few fractures, and some intensely fractured zones produce no water at 

all. There is no apparent relation between fracture density and the tendency 

of the tuffaceous rocks at the C-hole complex to produce water.  

Pumping tests conducted in the C-holes support the conceptual model of 

fracture-dominated sround-water flow. However, the typical three-segmented 

3 curve produced by these and other aquifer tests in the vicinity of Yucca 

Mountain (figs. 12 and 34) also could indicate that boundaries were reached 

during the tests (Lohman, 1979).  

In general, plots of drawdown versus the log of time coasist of two 

relatively steep straight lines separated by a relatively flat segment.  

According to Gringarten (1982), the first segment is produced as water is 

released from fractures; the second segment represents flow from the matrix 

blocks into the fractures, and the third segment represents the fractures and 

matrix blocks functioning together as an equivplent porous medium. Thus, the 

transmissivity of the aquifer- can be obtained by conventional (porous-medium) 

analysis of the third segment. According to Craig and Reed (1991), if the 

test ends before the third segment is obtained, as often happens, the 

transmissivity can be obtained from the second segment, if a factor of 0.5 is 

introduced into the numerator of the analytical equation of Cooper and Jacob 

(1946), and the equation is modified to:

1413.
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T1Z5.8 Q (4) 
As 

where T=transwissivity, in meters squared per day; 

Qudischarge, in liters per second; and 

As~change in drawdown over one log cycle of time, in meters.  

Alternatively, fracture-dominated flow systems can be analyzed by methods 

described by Streltsova-Adams (1978) and Gringarten (1982).  
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The pumping tests in the C-holes to date (1989), in addition to 

supporting a conceptual model of a fracture-dcainated ground-water flow X 

system, have indicated two other important considerations. First, as 

generally exemplified by the late-time drawdown in monitored intervals during 

the pumping tests in UE-25c #2 and UE-25c #3 (figs. 12-14), oscillations inI 

water levels caused by earth tides and barometric effects can and do occur at 

Yucca Mountain (Devin Gallovay, U.S. Geological Survey, written commu., 

1989). Secondly, all three pumping tests in the C-holes during 1983 and 1984 

indicated that borehole storage can delay dravdown during the early parts of 

Umm-"pumping tests. Figure 35 shows slopes of approximately 1:1 on log-log plots 

of drawdown versus time in five monitored intervals dtring the first 1 to 15 

minutes of pumping tests in UE-25c 01 and UE-€5c #3. According to Gringarten 

(1982), such 1:1 slopes conclusively demonstrate borehole storage.  
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The conceptual model of ground-water occurence at the C-hole complex 

-i presented in this report has far-reaching implications for understanding the 

factors affecting ground-water occurrence and movement at Yucca Mountain.  

First, aquifer tests at Yucca Hountain should be analyzed using methods that 

assume fracture flow. For tests involving observation wells, packers-should 

be placed carefully in the-observation wells to monitor zones connected from 

well to well by fractures and not by formations, members, or lithologic zones.  

Ironically, given the randomness by which water probably travels from fracture 

to fracture, it probably is impossible to predict where water will occur in 

the saturated zone at any point far removed from a borehole. At the scale of 

Yucca Mountain, it may be possible to estimate aqtifer properties and simulate 

ground-water flow using numerical models that assume the aquifer to be an 

equivalent porous medium.  

-i Ground-Water Chemistry 

,ere) As indicated by major ion concentrations listed in table 16, the water 

from the C-holes is a sodium bicarbonate type. Its chemistry is consistent 

with that of ground-water sampled elsewhere at Yucca Mountain and in nearby 

AN areas (fig. 36). Kerrisk (1987) interprets the sodium bicarbonate ground 

nere) 

water at Yucca Mountain to be the result of cation exchange between calciim 

bicarbonate water and sodium-rich zeolites in the tuffaceous rocks that form 

the mountain.



Table 16.--Chemical composition of water samples obtained from 

boreholes UK-25c #I, UZ-25c #2, and UE-25C #3 

[All constituents in milligrams per liter, except where noted; pS = 

microsiesens per centimeter at 25 *C; *C = degrees Celsius; pCi/L = 

picocuries per liter; % = percent modern caibon; YBP = years before 

present; °/oo = parts per thousand relative to standard mean ocean 

water) 

Constituent UE-25c #1 UE-25c #2 UE-25c #3 

Collection date 09-30-83 03-13-84 05-09-84 

Specific conductance (PS) 290 295 298 

pH (onsite) 7.6 7.7 7.7 

Temperature (*C) 41.5 40.5 40.8 

Calcium 11 12 11 

Magnesium .34 .40 .40 

Sodium 56 54 55 

Potassium 2.0 2.1 1.9 

Bicarbonate (onsite) 151 139 137 

Sulfate 23 22 22 

Chloride 7.4 7.1 7.2 

Fluoride 2.1 2.1 2.0 

Silica 56 54 53 

Dissolved solids (calculated) 229 233 229 

Lithium .12 .094 .11 

Strontium o .030 .045 .04 

Carbon-14 (M) 15.0 16.6 15.7 

Tritium (pCilL) <1 <2 2 

Delta deuterium ( 0 /oo) -102 -100 -103 

Delta oxygen-18 0 /oo) -13.5 -13.4 -13.5 

Apparent carbon-14 age (YBP) 15,200 14,400 14,900

�NI
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Several lines of evidence indicate that the water at the C-hole complex 

is not recharged locally, although numerical models by Czarnecki and Waddell 

(1984) and Sinton and Downey (199_) indicate that a flux from Fortymile Wash 

to Yucca Mountain may exist when Fortymile Wash is carrying storm runoff.  

Ground water at the C-hole complex is about 402 i below land surface and has 

an average temperature at the wellhead of 40.99C. If the water were recharged 

locally, one would expect the water to be much shallower and nearer to the 

ambient mean annual air temperature of 170C (Mifflin, 1968). Small contents 

of tritium in the water indicate that the water has been in circulation since 

before the onset of hydrogen bomb testing in 1952. The "lightness" of the 

water in deuterium and oxygen-18 with respect to modern meteoric vater 

•" (fig. 37) and an apparent carbon-l1 age of about 15,000 years before present 

(table 16) also indicate that the water has been in circulation for soqe time. " 

•71
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Combined with the previously discussed upward head gradient at the 

C-hole complex, the hydrochemical data imply that water in the Tertiary rocks 

probably originates in the underlying Paleozoic carbonate aquifer of the 

regional flow system. In UE-25p #1, which is about 600 a east of the 

C-holes, the Paleozoic rocks are only about 1.2 in below-land surface (Carr 

and others, 1986s). A fault at the base of the Tertiary rocks in this 

borehole probabl7 transmits water from the Paleozoic rocks into the Tertiary 

rocks, because a 50-m thick interval of tuffaceous and sedimentary rocks 

above the fault is argillized and calcified (Carr and others, 1986a). If, as 

proposed by Scott and Whitney (1987), the fault at the base of the Tertiary 

rocks in UE-25p #1 is a detachment fault, the low angle of this fjult and 

possible splays (inferred but not confirmed in UE-25p 01) would allow water to -" 

be transmitted not only locally but also downdip to the C-hole complex.  
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SUMMARY AND CONCLUSIONS 

Boreboles UE-25c #1, UE-25c #2, and UE-25c #3 (collectively called the 

C-holes) were drilled east of Yucca Mountain at the Nevada site in 1983 and 

1984 for the purpose of conducting aquifer and ttacer tests. Yucca Mountain 

is located in the Basin and Range physiographic province, a region charac

terized by extensional tectonics. Block-faulted mountains rise above basins 

filled with hundreds of meters of Tertiary and Quaternary sedimentary 

deposits. At Yucca Mountain, Paleozoic carbonate and clastic rocks are 

overlain by more than 1,0CO a of Tertiary volcanic and tuffaceous rocks that 

erupted from several nearby calderas. The volcajic and tuffaceous rocks dip 

eastward at angles generally between 50 and 400 and are cut by normal and 

strike-slip faults. The normal faults mostly strike south-southeasterly to " 

south-southwesterly and dip steeply westward. The strike-slip faults, part ef 

the Walker Lane belt, strike mostly southeasterly, but some are southwesterly 

striking.



The C-holes, each, were drilled to a depth of 914.4 m. Each borehole 

penetrated the Tiva Canyon and Topopah Spring Members of the Paintbrush Tuff, 

the tuffs and lavas of Calico Hills, and the Prow Pass, and Bullfrog Members 

of the Crater Flat Tuff and bottomed in the Tram Member of the Crater Flat 

Tuff. The geologic units penetrated mostly conslst of nonvelded to densely 

welded ash-flow tuff vith relatively thin interbeds of ash-fall tuff, 

reworked tuff, and tuffaceous sandstone. A tuff breccia vithin the Tram 

Member near the bottom of the C-holes is interpreted to be a fault breccia 

related to faults that intersect the C-holes. The tuffaceous rocks at the 

C-hole complex are devitrified to virtophyric. Below the water table, which 

occurs at an average depth of 401.6 m, the rocks are argillic ane zeolitic.  

.-7 

The geologic units at the C-hole complex strike about N2*W and have an 

east-northeasterly dip that increases with depth from about 15 to about 21*.  

The strata are cut by the Paintbrush Canyon fault, which was determined by a 

three-point solution to be oriented S8*W, 52.5°NW at the site. The Paintbrush 

Canyon fault intersects UE-25c #1 within the Tram Member between depths of 

849.5 and 850.1 a, intersects UE-25c #2 within the Tram Member at a depth of 

851.3 m, and, based on calculations, probably intersects UE-25c #3 vithin the 

Tram Member at a depth of about 903 m. A second fault, interpreted to be a 

strike-slip fault, inter.;ects UE-25c #3 between depths of 855.2 and 861.4 m, 

also vitbin the Tram Member. The strike-slip fault is estimated to be 

oriented about S46 0 W, 62°NW, the average orientation of fractures indicated by 

acoustic-televie-ier logging near the fault zone. The strike-slip fault 

probably intersects the Paintbrush Canyon fault at or just east of UE-25c #1.



The rocks in the C-holes are fractured extensively, with most fractures 

oriented between S. 200 E. and S. 20* W. The predominant fracture set is 

oriented approximately perpendicular to the direction of the regional least 

principal horizontal stress (N. 60* W. to N. 650 W.), as reported by Stock and 

Healy (1988). In the Crater Flat Tuff, fractures strike mainly between 

S. 200 E. and S. 200 W. and secondarily between S. 200 E. and S. 60* 1., 

although fractures striking between N. 20* V. and N. 600 W. are of secondary 

importance in the Tram Member. Most fractures in the Crater Flat Tuff are 

steeply dipping and open, although shallow-dipping fractures occur in 

nonvelded and reworked tuff zones, and mineral-filled fractures are common to 

abundant in the tuff breccia zone of the Tram Hember and the mode-ately to 

densely velded zone of the Bullfrog Member. As in the Crater Flat Tuff, most 

fractures in the tuffs and lavas of Calico Hills strike between S. 20* E. and 

S. 200 W., but southeasterly striking fractures predominate in the Topopah 

Spring Member of the Paintbrush Tuff.  
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The fracture density of geologic units in the C-holes based mainly on 

videotapes of LE-25c #1 ranges from 1.3 to 7.6 fractures per cubic meter.  

Because of faulting, zones vithin the Tram Member of the Crater Flat Tuff 

consistently have relatively large fracture-density values of 4.4 to 5.5 

fractures per cubic meter. In the tuffs and lavas of Calico Hills and the 

Crater Flat Tuff, fracture density appears to be no greater in moderately to 

densely welded tuff than in nonwelded to partially welded tuff. In compariota 

to transect data and core data from other boreholes in the Yucca Mountain 

area, the fracture density of somie geologic units at the C-hole complex, 

particularly zones in the Paintbrush Tuff, probably was underestimated by 0.3 

to 1.3 orders of magnitude, but estimates for most of the Crater Fat Tuff and 

the tuffs and lavas of Calico Hills appear to be about the correct order of 

magnitude.  
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As indicated by helium injection tests of core samples and glam-gama 

logs, the porosity of the tuffs and lavas of Calico Hills and the Crater Flat 

Tuff ranges from 12 to 43 percent. Nonwelded to partially welded and bedded 

tuff zones of the Crater Flat Tuff at the C-hole complex have mean porosity 

values ranging from 22 to 31 percent, whereas soderately to densely welded 

tuff zones have mean porosity values of 14 percent. Nonvelded and bedded tuff 

zones of the tuffs and lavas of Calico Hills have mean porosity values of 32 

to 37 percent. The porosity values at the C-hole complex are consistent with 

values from other boreholes at Yucca Mountain.  

Permeameter measurements using water as the fiuid indicated that the 

pore-scale horizontal permeability of nine samples of the tuffs and laves 

of Calico Hills and Crater Flat Tuff ranged from 5.7X10- 3 to 2.9 mD; the 

pore-scale vertical permeability of these samples ranged from 3.7X10- 3 to 

1.5 rD. Ratios of pore-scale horizontal to vertical permeability generally 

ranged from 0.7 to 2. In comparison, the pore-scale horizontal permeability 

of 34 samples of the tuffs and lavas of Calico Hills and the Crater Flat Tuff 

from other boreholes at Yixcca Mountain ranged from l.1X10" 3 to 1.3 oD; the 

pore-scale vert-.cal permeability of these samples ranged from 2.3X10- 3 to 

0.67 aD. As elsewhere at Yucca Mountain, the pore-scale permeability of 

moderately to densely welued tuff in the Crater Flat Tuff at the C-hole 

complex appears to be smaller than that of nonwelded to partially welded Luff.



Based on average values of porosity and elasticity for geologic units 

in UE-25c #I, the specific storage of bedded, nonwelded, and nonwelded to 

partially welded tuff in the tuffs and lavas of Calico Hills and Crater Flat 

Tuff at the C-hole complex was estimated to be 2XlO ma-, twice the specific 

storage of moderately to densely welded tuff and tuff breccia. In the tuffs 

and lavas of Calico hEihI and Crater Flat Tuaff at the C-hole complex, the 

storativity of bedded tuff, tuff breccia, and moderately to densely welded 

tuff zones was estimated on the basis of specific storage and average 

thickness (corrected for dip) to range from ix1O-5 to 6x1O-S; the storativity 

of nonwelded and nonwelded to partially welded tuff zones was estimated to 

range from 4x1O-s to 2X10- 4 .  
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Ground water in the Tertiary rocks of the Yucca Mountain area probably is 

not stratabound but apparently occurs randomly at the intersection of water

bearing fractures and faults. As indicated by tracejector surveys during 

pumping, boreholes in the area can produce vater from any geologic unit below 

the vater table. Even within the C-hole complex; a 1,027 =2 area, production 

zones vary from borehole to borehole. In UE-25c #1, 6" percent of the 

production comes from the lower nonvelded to partially welded zone of the 

Bullfrog Member, and 36 percent of the production comes from the tuff breccia 

zone of the Tram Member. In UE-25c f2, 7 percent of the production comes 

from the upper nonwelded to partially velded zone of the Bullfrog Member, and 

93 percent of the production comes from the central moderately t- densely 

welded zone of this geologic unit. In UE-25c #3, 44 percent of the production .' 

comes from the central moderately to densely welded zone of the Bullfrog 

Member, 31 percent of the production comes from the lover nonwelded to 

partially welded zone of this geologic unit, and 25 percent of the production 

comes from the tuff breccia zone of the Tram Member.  

./4-



Although productivity is not associated consistently with geologic units 

or the degree of welding, all production zones identified by tracejector 

surveys in test vells at Yucca Mountain, including the C-holes, and most 

ground-water-inflow points identified in the C-holes on temperature logs are 

associated with fractures. Although south-southeasterly to south

southwesterly striking fractures appear to be transmitting most of the water, 

this situation probably is an artifact of the predominance of these fractures 

in the area. In the C-holes, water apparently is transmitted by south

southeasterly to south-southwesterly, southwesterly, and northeasterly 

striking joints and shear zones connected to the south-southvesterly trending 

Paintbrush Canyon fault and the southwesterly t-ending strike-slip fault 

intersected by UE-25c 03. No particular set of fractures appears to have a 

controlling influence on water production.  

Pumping tests in the C-holes and other boreholes support the inter

pretation of tracture-dominated flow by producing plots of drawdown versus 

time that have a pattern typical of fissure-block ground-water flow systems.  
C N 

These plots typically display two steeply dipping segments separated by a 

relatively flat segment. The first segment is produced by water being 

released from fractures, the second segment represents flow from matrix blocks 

into fractures, and the third segment represents the combined flow from 

fractures and matrix blocks. Unfortunately, pumping tests conducted ir 

boreholes in the Yucca Mountain area have not been analyzed uniformly in 

accordance with this conceptual model, and reported values of transmissivity 

and hydraulic conductivity from pumping tests in different boreholes are not 

directly comparable.



Pumping tests of the C-holes indicate that water levels at Yucca Hountain 

oscillate in response to Earth tides and barometric effects. These pumping 

tests also indicate that the initial drawdown in some monitored intervals can 

be inhibited by borehole storage.  

Potentiometric head data for the Nevada Test Site and vicinity indicate 

that ground water in the area flows locally from block-faulted mountains t% 

intermontane basins through Tertiary volcanic and tuffaceous rocks and 

Quaternary-Tertiary valley fill and re2ionally from basin to basin tovard 

Death Valley and Alkali Flat, primarily through Paleozoic carbonate rocks.  

A downward flux between the local and regional flow systems occuxs northeast 

of Yucca Mountain, in the Yucca Flat area, whereas an upward flux, as 

indicated by heads in the C-holes, USW H-1, and UE-75p 01, occurs at Yucca 

Mountain.



Hydrochemical evidence indicates that the water discharging from the 

C-holes probably is derived from the regional flow system. The water from the 

C-holes is a sodium bicarbonate type believed to be formed by cation exchange 

between calcium bicarbonate vater and sodium-rich zeolites in the Tertiary 

tuffaceous rocks. Evidence indicative of long residence times associated with 

regional flow paths includes small (pre-1952) contents of tritium in the 

water, the "lightness" of the water in deuterium and oxygen-18 with respect to 

modern meteoric water, an apparent carbou-14 age for the water of about 15,000 

years before present, and elevated ground-water temperatures. A detachment 

fault at the base of the Tertiary rocks and related faults in calcified and 

argillized tuffs above the detachment fault, may be conduits for ground-water 

movement from the regional flow system to the Tertiary rocks at Yucca Mountain 

in the vicinity of the C-hole complex.
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