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VARIATIONS IN AUTHIGENIC MINERALOGY AND SORPTIVE ZEOLITE ABUNDANCE AT
YUCCA MOUNTAIN, NEVADA, BASED ON STUDIES OF DRILL CORES USW GU-3 and G-3

by

0. Vaniman, D. Bish, D. Broxton, F. Byers, G. Heiken, B. Carlos,
E. Semarge, F. Caporuscio, and R. Gooley

ABSTRACT

Drill Hole USW GU-3 was cored continuously from the surface to a
depth of 2637.0 ft (803.8 m) beneath the central crest of Yucca
Mountain. Drill Hole USW G-3 was cored continuously from 2625.4 ft
(800.2 m) to 5030.8 ft (1533.4 m) nearby. Studies of the mineralogy
and petrology of these core samples concentrate on the products of
low-temperature diagenetic alteration; they indicate less alteration,
and of lower grade, than is noted in any of the cored drill holes
from farther north at Yucca Mountain. Relatively unstable primary
phases such as glasses, tridymite, and cristobalite are preserved to
areater depth. Clinoptilolite persists to greater depth, and authi-
genic albite, a relatively high-grade secondary mineral, does not
occur. Calcite is rare, and mordenite is virtually absent, except
for rare occurrences along fractures n the Crater Flat Tuff. Compo-
sitional zonation of zeolites is highly variable and poorly cor-
related with depth, and a clearly defined smectite-to-illite transi-
tion is lacking. Smectite interstratifications, poor in illite,
indicate a maximum alteration temperature no greater than 400C at the
bottom of USW G-3 (5031 ft or 1533 m). All these features contrast
sharply with those of samples from the northern part of Yucca
Mountain. In particular, the tuff of Calico Hills can not be relied
upon as a zeolitized sorptive barrier throughout Yucca Mountain.
However, four commonly zeolitized intervals are defined and traced
across the exploration block at Yucca Mountain. Analysis of these
intervals indicates that equivalent thicknesses of 1OO sorptive
zeolite range from 24 to 78 m at various localities below any
proposed repository in the moderately to densely welded Topopah
Spring unit and above the static water level.

I. INTRODUCTION

Recent studies from drill cores at Yucca Mountaip, Nevada, have contribu-

ted much to our understanding of the silicic pyroclastic and lava units that

1



underlie this mountain to depths of 6000 ft (1830 m). An adequate petrologic

data base for Yucca Mountain is necessary before making major decisions

relating to the construction of a waste repository. Mineralogic and petro-

loqic studies define the inerals and other solid phases that will come into

contact with migrating waste. Fractures and voids will also provide some

isolation in zones of high matric potential and capillary storage capacity but

elsewhere may provide pathways for transport. Alteration phases of tuff,

however, may provide an important bonus for long-term isolation because of the

sorptive capacities of some zeolites and smectite clays. The sorptive

capabilities of zeolites and smectites in tuff are excellent for relatively

short-lived waste radionuclides ( 90Sr and 137Cs, with 28- and 30-year half-

lives, respectively) and are good for many actinide radionuclides (Daniels et

al. 1982). Additional sorptive capability might be provided by crystalline

and amorphous manganese- , aluminum-rich coatings along fractures, as dis-

cussed in this report and in some detail by Zelinsky (1983) for drill core

USW G-1. The actual sorptive advantages of these petrologic features have

been partially quantified, but their long-term stability under thermal loading

is still a matter of concern. Before the effects of these authigenic altera-

tion phases can be assessed, more must be known about what they are and where

they occur. This report contributes to that knowledge.

The recent drill core studies that are specific to this project at Yucca

Mountain include Maldonado and Koether (1983), Spengler et al. (1979), Heiken

and Bevier (1979), Sykes et al. (1979), Bish et al. (1981), Bsh (1981),

Carroll et al. (1981), Caporuscio et al. (1982), and Byers and Warren (1983).

All these reports are technical contributions to the Nevada Nuclear Waste

Storage Investigations (NNWSI) project since the time of its inception in FY

1977 as the NTS Terminal Waste Storage project. The NNWSI project is managed

by the Nevada Operations Office of the Department of Energy. The efforts of

Los Alamos National Laboratory have been primarily devoted to resolving

geochemistry and mineralogy-petrology issues pertinent to siting a nuclear

waste repository at the Nevada Test Site (NTS). In continuation of these

efforts, this report discusses the mineralogy and petrology of cores from

Drill Holes USW GU-3 and G-3. These drill holes are only 92 ft (28 m) apart

on the crest of Yucca Mountain -- so close that both are mapped as a single

point (G3) in Fig. 1. Because they are so close together, they can be

considered as one composite set: GU-3/G-3. Drill Hole USW GU-3 was cored
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Fig. 1.
Map of the Yucca Mountain Exploration Block showing USW GU-3 and G-3 (labeled
G3) and other drill holes discussed in this report.
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from 38 ft (11.6 m) to 2637 ft (803.8 m). Drill Hole USW G-3 was cored from

2625.4 ft (800.2 m) to 5030.8 ft (1533.4 m). This report is based on study of

the two core samples. Other studies of geologic Drill Holes USW GU-3/G-3 and

hydrologic Drill Holes USW H-3, H-4, H-5, and -6 are in preparation by R.

Scott and R. Spengler of the US Geological Survey (USGS) and M. Castellanos of
Fenix and Scisson. Preliminary data from Scott and Castellanos (in prep.) and

from Spengler have been used in the preparation of this report and in the

preparation of a companion report on hydrologic Drill Holes USW H-3, H-4, and

H-5 (Levy 1984). This report and the report by Levy, however, differ from the

previous and concurrent studies in that they concentrate on authigenic

alteration features at Yucca Mountain.

The current program at Yucca Mountain concentrates on the development of

a test facility within the lower half of the Topopah Spring Member of the

Paintbrush Tuff. This report considers strata above and far below the Topopah

Sprina unit because the geologic setting must provide the long-term isolation

of waste. It is crucial to understand the repository horizon in the context

of its environs. It would be unrealistic to consider the repository horizon

as if it were isolated from its environment. This report concludes by

sunnarizina the sorptive environment beneath the proposed repository interval.

Four sorptive zeolite intervals (I, II, III, and IV) are cited in the text;

they are evaluated in Sec. X to determine predicted zeolite abundances along

transport pathways away from the repository.

The studies discussed here are based on sample analysis by optical micro-

scope, scanning electron microscope (SEM), x-ray diffraction (XRD), and

electron microprobe. Details of the methods used are described in Caporuscio

et al. (1982) and Bish (1981).

The locations of all drill holes discussed in this report are shown in

Fig. 1. Figure 2 shows a generalized stratigraphic column, including

syngenetic crystallization features, dominant alteration zones, and relative

oxidation of iron-titanium oxide minerals. Much of the data for the

lithologic and syngenetic crystallization zones in Fig. 2 has been kindly

provided by Scott and Castellanos (in prep.). Many features in Fig. 2 are

generalized, but more details are provided in figures of larger scale, which

are interspersed where -appropriate in the following text. All quantitative

XRD data from whole-rock and fracture samples are listed in Table I and

summarized in Fic. 3. Clay mineral separates have also been studied by XRD
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Fig. 2.
Generalized columns showing the relations between some stratigraphic.
lithologic, and mineralogic features of drill cores USW GU-3 and G-3.
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TABLE I

THE XRD ANALYSIS OF TUFFS FROM USW GU-3 AND G-3

Depth Smec- Clino- Anal- Cristo- -rridy- Alkali
Sample (a) tite Mica ptilolite clue Quartz balite mlte Feldspar Calcite Glass Other

GW13-31.0 9.45 2-4 1-3 -- -- -- 5-15 -- 70-80 10-15 -- --

GU3-45.0 13.72 -- --

6U3-79.0 24.08 -- --

WU3-103.1 31.42 -- --
fracture -- --

WU3-196.3 59.83 -- --
vein 2-4 --

GU3-245.7 74.89 1-3 --

WU3-303.6 92.54 <1 --

6U3-316.8 96.56 -- --

WU3-341.5 104.09 2-5 --

GU3-356.5 108.66 5-10 --

GU3-376.1 114.64 3-6 --

GU3-410.0 124.97 16-24 -I

WU3-414.3 126.28 2-S Al
GU3-417.5 127.25 10-15 1
GU3-424.4 129.36 -- --

GU3-429.0 130.76 -- 1-3
vein -- --

WU3-430.5 131.22 -- 2-4

WU3-465.5 141.88 -- e

GU3-482.0 146.91 -- 4

WU3-520.3 158.59 -- --
cavity -- --

GU3-525.3 160.11 -- --
cavity

WU3-579.0 176.48 4 --

GU3-633.4 193.06 ,I 4
W 3-674.7 205.65 -I el
fracture -- --

GU3-702.5 214.12 rl rl

GU3-769.1 234.42 el -I

GU3-849.4 258.90 -I rl
fracture -- --

GU3-910.5 277.52 l --
fracture rl --

WU3-924.3 281.73 -1 --
fracture -- --

WU3-951.1 289.90 1 --
fracture -- --

GU3-954.8 291.02 4l PI
GU3-1027.0 313.03 -- --

fracture 1-3 --

WU3-1061.0 323.39 -- --

WU3-1130.3 344.52 -- -

GU3-1175.0 358.14 -I rl

GU3-1195.7 364.45 4-6 --
vein --

-- -- -- 15-20 4-8

-- -- 1-3 4-8 20-30

-- -- 1-3 15-25 5-10
-- -- -- 1-3 1-3

__ -- 20-30 --
__ -- -- 2-5 --

-- -- 1-3 20-30 2-4

-- 20-30 --

__ -- -- 20-25 --

__ -- -- 25-35 --

-- -- -- 10-20 --

- -- 2-4 2-8 --

-- -- 1-3 20-30 --

-- -- 2-5 15-25 --

-- -- 4-8 15-20 --

-- -- 1-3 15-20 4-8

-- -- 2-6 15-25 2-6
-- -- -- 1-3 --

-- -- -- 10-15 2-6

-- -- -- 6-12 5-15

-- -- -- 5-10 15-25

-- -- -- 2-8 15-25
-- -- -- -- 10-20

-- -- 41 4-8 15-25
__ _- -- 1-3 30-40

-- -- -- 20-25 10-15

-- -- 1-3 20-25 5-10
-- -- 1-3 20-25 2-8
-- - 10-15 -- 60-80

-- -- 4-8 15-20 --

-_ -_ rl 20-25 2-10

-- -- 2-6 15-20 --
-- - 75-80 e 2-8
-- -- 2-6 25-30 --

-- -- 15-20 1-3 30-50

-- -- 10-15 10-15 5-15
-- -- 75-85 '1 10-15

-- -- 6-10 15-20 2-8
-- -- 45-50 1-3 20-30

-- -- 15-20 10-15 --

-- -- 2-10 15-20 --
__ __ 5-9 rl --

-- -- 18-22 5-10 --

-- -- 15-20 8-12 --

__ __ 30-40 2-4 --

-- -- 2-4 25-30 --
l -- 6-10 20-25 --

70-80

65-75
65-75
6-12
70-80
5-15

65-75

70-80
70-80

65- 75

35-45
45-55

45-55

70-80
60- 70
70-80

65-75
4-8

75-85
75-85

65-75

65- 75
10-15

65-75
50-60
60-70
65-75
65-75
15-20
65- 75
60- 70

70-80
10-20
60- 7U
35-45
60-70
5-10

65-75
20-30
65- 75
70-80
4-8

65-75
65- 75
5-65
30-40
65-75

1-3
85-95

80-90

90-95

2-4

2-4
75-80

U-12

35-45

__ _

__ __

__ __

__

-- --

-- --

-- --

-- --

-- - -

30-so --

30- SO --
_ _

_

_

_ _

_ __

__ _

_ _

_

_ __

__ _

_

__ __

_

_

_

_ _

_ _

__

_ _

__ _

35 ;5&
__ _

_

_ _

2U-40 --
__ __

a Fl uori te.
b Hornblende.
c Hematite.
d Mordenite.

e Cryptomelane.
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TABLE I (cont)

Depth Smec- Clilo- Anal- Cristo- Tridy- Alkali
Sample (M) tit Mic pt1lol1te clue Quartz balte mite Feldspar Calcite 6class Other

GU2-1227.0 373.99 1-3 - . --- 6-10 15-20 -- 30-40 -- 30-SO --

GU3-1302.4 396.97 1-3 --

W13-1322.0 402.95 -- --

WU3-1344.8 409.90 -- --

W 3-1369.6 417.45 - --

GaU3-1394.5 425.04 - --

W13-1394.6 425.07 -- --

GU3-1415.6 431.44 - --

GU3-1439.2 438.67 -- --

GU3-1439.5 438.76 P1 1-3

GU3-1468.5 447.60 -- 1-3

G3-1493.7 465.28 P1 --

6U3-1498.3 456.68 -- --
GU3-1510.7 460.46 2-4 -1

GU3-1537.5 468.63 2-4 2-4

6U3-1571.6 479.02 1-3 1-3

GU3-1598.5 487.22 3-6 PI

GU3-1603.0 488.59 -- -1
GU3-1624.2 495.06 -- --

GU3-1653.2 603.90 PI -

GU3-1709.0 520.96 1 --

GU3-1744.0 531.57 -- --

6U3-1827.2 556.93 -- -

GU3-1874.0 571.20 -- --

6U3-1935.8 590.03 2-5 --

W13-1986.0 605.33 -- --

GU3-1993.1 607.50 -- --

GU3-2013.2 613.62 1-3 1-3
fracture 25-35 2-4

GU3-2070.2 631.00 1-3 --

GU3-2138.2 651.72 1-3 1-3

6W3-2177.3 663.64 1-3 1-3
GU3-2189.3 667.30 1-3 1-3

W13-2198.0 669.95 1-3 1-3
fracture 5-10 1-2

GU3-2226.0 678.48
fracture 98-100 --

613-2360.0 719.33 -- 1-3
fracture 1-3 1-3

GU3-2369.4 722.19 1-3 1-3

GU3-2467.4 752.06 -- 1-3

6W3-2548.4 776.75 25-35 1-3
GU3-2577.4 785.59 2-4 4-8

G3-2615.3 797.14 1-3 2-6

GU3-2623.4 799.61 2-4 1-3
63-2656.6 809.73 2-6 3-7

03-2695.7 921.65 PI 2-4
fracture -- PI

1-3
2-4

1-3

15-2S
45-55

55-65
65- 75
55-65

45-55
10-20

1-3

-- 2-6 10-15 --

- 2-6 4-10 --

-- 5-10 5-10 --

- 2-6 2-10 --

-- 2-6 2-10 --

- 2-6 2-10 --

-- 2-8 2-10 --

-- 15-25 2-10 --

-- 2-8 2-10 --

-- 2-8 2-10 --

- 2-8 2-10 -

- 4-10 2-10 -

-- 2-8 2-10 --

-- 15-20 2-6 --

-- 2-6 2-8 --

-- 2-8 1-3 --

-- 1-3 25-35 --

-- 15-25 1-3 5-10
-- 10-20 1-5 10-20

-- 10-15 10-15 --

-- 4-8 20-30 --

-- 2-6 2-6 --

-- 5-10 2-8 --

-- 2-6 2-6 --

-- 2-6 4-8 --

-- 2-6 8-12 --

- 2-4 2-6 --
-- 5-15 __ __
-- 15-25 2-4 5-10
-- 15-20 10-lS --

-- 16-24 6-14 --

-- 10-15 12-18 --

-- 10-15 15-20 --
-- 10-15 5-15 --

35-45

25-36

25-3S

20-30

25-35

25-35

30-40
15-26
30-40

30-40

20-30

20-30
20-30

45-55

40-50

40-50

60- 70

65- 75

65- 75

65-75

66-75

65-75

35-45

25-35

15-25
20-30

35-45
35-45
65-75

65-75

60-70
65-75

65- 75
65-75

-- 30-60

._ 50-60
-- 40-70
-- 5040
-- 60-60
__ 50-80

-- 40-70

-- 40-l70
- 47U0-

-- 40-80
-- 50-80

-- 60-80
2-4 10-30
-- 3U-60

-- 30-60

1-3 __

__

__

__

__

__

__

--

--

--

--

--

--

1_3b

--

--

--

--

--

--

--

--

--

--

--

--

--

Trb

TrD

ToD

--

--

10-15
45-55

35-45

25-35
25-35

25-35
5-15

-- 1t7-23 10-15 --
-- 35-40 .- __
-- 15-20 10-15 --

-- 18-22 8-12 --

-- 6-10 -- --

-- 1-3 2-8 --

-- 3-7 6-10 --

__ 3-7 1-4 -

- 3-7 6-10 --

-- 6-10 5-15 --
-- 75-85 5-15 --

65-75
35-45
65-75

65-75
45-55
30-40

40-50

55-65
45-55
35-45

1-2-

-- -- 10-25
-- - 1I 2b

*- -- _12b

-- -- 5150

__ __ __~~-2t

__ __ _-Is

.. __ __-Is

b Fluorite.
D Hornblende.
d Hematte.
e Mordenite.

Cryptomelane.
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TABLE I (cont)

Depth Smec- Clino- Anal- Cristo- Tridy- Alkali
Sample (a) tits PICO pt1lolte cime Quartz balte site Feldspar Calcite Glass Other

63-2727.4 831.31 1-2 2-4 --
vein 1-3 1-3 --

G3-2914.5 888.34 -- 2-4 --

63-2971.0 905.56 1-2 2-5 --
fracture - 1-3 1-2

63-3004.5 915.77 -- 2-5 --

fracture -- 3-6 --

63-3045.3 928.21 1-2 2-4 --

63-3113.1 948.87 1-2 3-6 --

63-3164.1 964.42 1-3 3-6 5-15

63-3207.4 977.62 1-3 2-4 5-15
fracture 3-5 5-7 10-20

G3-3226.0 983.28 4-6 2-4 2-10

G3-3239.0 987.25 -- 1-3 --
fracture -- __ __
fracture -- 1-3 __

G3-3311.0 1009.19 2-4 2-4 10-20

G3-3475.3 1059.27 2-4 3-5 15-25
G3-3589.4 1094.05 5-10 2-5 30-40

63-3672.0 1119.23 4-8 2-5 10-20
G3-3759.1 1145.77 6-12 2-6 10-20
G3-3854.8 1174.94 5-10 1-3 30-40
G3-3859.3 1176.31 2-4 1-3 20-30

G3-3936.3 1199.78 1-2 4-6 S-15

G3-4008.3 1221.73 2-4 5-8 --

G3-4117.0 1254.86 2-6 1 --

63-4240.6 1292.53 10-15 2-4 --

G3-4263.8 1299.61 2-6 1-3 --

G3-4297.1 1309.76
fracture 2-6 1-2 __

G3-4416.0 1346.00
fracture 2-6 1-2 --

G3-4423.0 1348.13 6-12 1-3 10-15
G3-4503.7 1372.73 15-25 1-3 2-6
fracture 5-10 1-2 2-4

G3-4568.4 1392.45 15-20 2-4 1-3

63-4600.3 1402.17 4-8 1-3 1-3
G3-4708.5 1435.15 6-12 1-3 --

G3-4756.5 1449.78 4-8 1-3 --

G3-4786.4 1458.89 5-10 1-3 --

G3-4803.2 1464.02 1-2 1-3 --
vein - -- __

63-4869.4 1484.19 2-4 1-2 --

G3-4906.5 1495.50 1-3 1-3 --

G3-5014.0 1528.27 2-6 1-3 --

-- 15-20 10-20
-- 20-25 8-12

-- 18-24 5-10

-- 12-18 10-15
-- 50-60 4-8

-- 25-35 2-6

- 15-20 1-3

-- 18-24 5-10

-- 10-15 15-20

-- 6-12 10-20

-- 6-12 15-20
-- 14-18 10-20

-- 10-15 10-20

-- 14-18 10-20
35-45 -

__ 30-35 8-15

-- 12-16 5-15

-- 12-16 5-15

-- 10-15 4-10

-- 14-18 4-12

-- 25-30 --

_ 20-30 --

__ Z5-30 --

2-8 28-32 1
10-20 30-35 __

6-12 32-38 --

-- 25-30 --

20-30 30-35 -_

5-10 35-40 --

5-10 35-40 --

5-10 30-35 __

2-6 35-40 --
-- 60-65 --

10-15 25-30 --

-- 48-54 --

15-20 32-36 --

10-15 35-40 --

15-20 30-35 --

15-20 32-38 --
1-2 1-2 --

35-40 32-36 --

30-40 32-36 --

10-20 35-40 --

__ 60-70
-_ 60-70

60-70
-- 65-75
_ 35-45

60-70

-- i-80
60-70

60-70
__ 55-65

__ 55-65
-- 40-50

__ 55-65

-- 60-70
__ 35-45
-- 50-60

-- 50-60

45-55

__ 30-40

_- 40-50

__ 40-50

25-35
__ 35-45

_- 45-55

40-50
__ 45-55

__ 45-55

30-40

4-6

5-10

1-2

__ __

__ __

__ __

__ __

__ __

__ _

__ __

. __

__ __

_ __

__ __

_ _

__ __

-- 20-3id
-- 2-10

__ _

__ __

_ _

_ 4-10
__ _

__ _

__ __

__ __

__ __

__ __

__ __

__ __

-- 5-10 35-45 -- --

-- 6-12

__ 30-40

_- 30-40
-- 25-35

__ 30-40

__ 35-45
__ 30-40
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(Table II); details of the methods used for these studies are described in

Bish (1981). Representative electron microprobe analyses of minerals and

glasses are listed, in order of increasing depth, in the Appendix (Table A-I).

Sections II through VIII of this report describe the major formal strati-
graphic units in GU-3 and G-3, from top to bottom. Sections IX and X discuss

the significant variations between alteration mineralogy in GU-3 and G-3 and
other drill holes at Yucca Mountain and the effective distribution of zeolites

along pathways downward, from a potential repository toward the static water

1 evel.

II. TIVA CANYON MEMBER OF THE PAINTBRUSH TUFF AND UNDERLYING BEDDED TUFF:

o to 423.8 ft ( to 129.2 m).

The Tiva Canyon Member of the Paintbrush Tuff is the youngest unit in

Drill Hole USW GU-3. It extends from the surface to a depth of 373.7 ft

(113.9 m) and is underlain by 50.1 ft (15.3 m) of nonwelded, bedded tuff.

Figure 4 shows the occurrence of these units in the upper part of the

Paintbrush Tuff within drill core USW GU-3. Figure 4 compares the lithology

and the syngenetic (or primary) crystallization features of these tuffs [based

primarily on data from Scott and Castellanos (in prep.)] with our data on

glass and mineral types and abundances. Three columns represent the distribu-

tion of lasses and metastable silica phases, the distribution of major

alteration phases, and the oxidation states of iron-titanium oxide minerals.

Sample locations are indicated along the right-hand side of Fig. 4 and can be

correlated with Table I.

A. Petrographic Summary

The primary lithology of the Tiva Canyon unit in USW GU-3 is charac-

terized by the predominance of sanidine phenocrysts (3 to 10% of the rock).

Sphene is ubiquitous, although in minor amounts, and zircon occurs in trace

amounts associated with titanomagnetite throughout the unit. Biotite is

abundant above 45-ft (13.9-m) depth, occurs in lesser amounts from this depth

to 245 ft (74.9 m), and is absent at the base of the Tiva Canyon Member.

Hornblende first appears in minor amounts below 38 ft (11.6 m) and becomes

more abundant with depth. Plagioclase and clinopyroxene both appear only

above 45 ft (13.9 m), but Scott and Castellanos (in prep.) report plagioclase

cores in sanidine phenocrysts between 212 and 281 ft (64.6 and 85.6 m).
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Quartz is rare above 38 ft (11.6 m) and absent below that. Perrierite occurs

associated with zircon and as single crystals throughout the Tiva Canyon

Member. The upper 64 ft (19.5 m) of the Tiva Canyon Member contains abundant

lithophysae and vapor-phase crystallization. A second lithophysal zone occurs

between 212 and 281 ft (64.7 and 85.6 m). These features are shown on the

syngenetic crystallization column of Fig. 4, based on data from Scott and

Castellanos (in prep.). Little low-temperature alteration is seen in the Tiva

Canyon Member in USW GU-3, but oxidation of biotite and hornblendfe is

prevalent. The blotite at 45 ft (13.7 m) is totally opaque as a result of

oxidation. Hornblende also has the characteristic reddish color of hi gh-

temperature oxidation. In the underlying bedded tuff (373.7 to 423.8 ft or

113.9 to 129.2 ml, biotite arains ALP f~esh and unoxidized and occur with

phenocrysts of sanidine, plagioclase, and quartz with rare clinopyroxene at

376 ft (114.6 m).

Opaque iron-titanium oxide minerals show a wide range of oxidation

throuahout most of the Tiva Canyon Member. The vapor-phase zone, both of the

lithophysal zones, and the interval between them show high degrees of

oxidation 6 or 7 on a scale of 1 to 7 as used by Haggerty (1976)); averages
for different units range between 4.5 and 5.7 (Fig. 4). This is consistent

with the oxidation seen in the biotite and hornblende. The lower devitrified

zone, below the lower lithophysal zone, has a smaller range but similar

average oxidation numbers. The lower vitric zone of the Tiva Canyon Member

has lower oxidation, averaging 3.5, and the underlying bedded tuff is

relatively unoxidized (2.5) where it is unaltered (376 ft or 114.6 m) but is

quite oxidized (5.5) where the primary is replaced by clays (410 ft or

125 m). The oxidation states of these iron-titanium oxide minerals reflect the
degree to which hematite has formed by oxidation-exsolution from magnetite.
Lower oxidation states indicate the preservation of higher Fe2+ /Fe3+ ratios

and the possibility of future reactivity with oxygen-bearing fluids.

B. Devitrification Textures

Most of the Tiva Canyon Member in USW GU-3 is moderately to densely

welded and devitrified. Vapor-phase crystallization predominates from the

surface to the base of the upper lithophysal zone at 64 ft (19.5 m) and in the

lower lithophysal zone from 212 to 281 ft (64.6 to 85.6 m). Vapor-phase

12



crystallization affects the pumices more than t does the groundmass. Devitri-

fication of the roundmass is mostly fine grained and granophyric. Shards

have axiolitic devitrification textures except in the lower lthophysal zone;

in the sample at 245 ft (74.7 m), spherulitic and plumose devitrification have

developed across shard boundaries. Devitrification in the pumices is gen-

erally some combination of plumose, spherulitic, and granophyric textures.

One sample at 342 ft (104.2 m) still contains some glass in the pumice,

although it occurs above the basal vitric zone of the Tiva Canyon Member. The

underlying bedded tuffs remain vitric at the top (376 ft or 114.6 m) but are

al tered to clay and critobalite toward the bottom (Fig. 4).

C. Secondary Minerals

Calcite is the most abundant secondary mineral in the Tiva Canyon unit.

It occurs as tilting in some breccia veins (103 and 316 ft or 31.4 and 96.3 m)

and in a vein at 196.3 ft (59.8 ). Calcite also replaces most of the pumice

in the upper interval and occurs as coarsely crystalline void-fillings.

Caliche occurs at least as deep as 31 ft (9.4 m). Later amorphous silica

further fills voids in some pumices at 31 ft (9.4 m).

Smectite is sparse or absent throughout the Tiva Canyon Member. Parts of

the brown roundmass consis firEcIay. Clays are more visible in thin sections

of the lower units, where they occur as birefringent linings of pumice and

shard vesicles at 341.5 ft (104.1 m), and in the nearly opaque groundmass at

356.5 ft (108.7 m). This clay abundance is -5% but increases to 20X in lower

parts of the underlying bedded unit.

Clays are more abundant in the porous interval under the vitrophyre than

in the rest of the Tiva Canyon Member (Table I). which indicates that there

has been sm n etign with ater in thi porous interval. Clays occur in

the fine-grained groundmass, leaving shards and pumice relatively unaffected,

although some open, tubular vesicles in pumice may contain minor cla.

No zeolites were detected in the Tiva Canyon unit of GU-3 either in thin

section or by XRD. Discontinuous hairline fractures (less than 0.01 mm wide)

in two of the sections (at 245 and 341 ft or 74.7 and 103.9 m) are open.

D. -Glasses

The thin basal vitrophyre from 343.5 ft (104.7 m) to 348.1 ft (106.1 m)

and the underlying, nonwelded to partially welded tuff are predominantly

13



glass. No sample was taken of the vitrophyre, but shards in the underlying

porous, vitric tuff have orange-gold rims and pale gray interiors. Pumices

are at least half glass but are more altered than shards or groundmass. Glass

compositions are fairly uniform between shards and pumice (Table A-I). The

pumice rims are slightly lower in potassium content than are the interiors.

Because this variation is only 0.2X, chemical alteration, if any, has been

Glass is also preserved in the interior of some pumice in the interval

immediately above the vitrophyre and in the upper part of the underlying

bedded tuff.

E. Alteration History r h'\ tC O(O 
Secondary mineralization is prominent only in the surface interval, where

thereextnsTrVia1iche deposition, especially in pumice. followed by amor-

phous silica dposition. Secondary minerals are also abundant in carbonate-

and breccia-filled fractures in the porous, basal, partially welded to non-

welded tuff. Clay is also visible in the groundmass of this porous interval,

but the preservation of glass shards suqqests that the alteration occurred

under unsaturated conditions. Apparently, the Tiva Canyon unit has remained

above the static water table throughout its history.

The vitric, nonwelded bedded interval below the Tiva Canyon Member may

have provided intermittent capillary storage for downward-flowing water. The

increase of clays toward the bottom of this bedded zone suggests a more

thorug r mre ersstet sturtio atits base than at its top.

III. TOPOPAH SPRING MEMBER OF THE PAINTBRUSH TUFF AND UNDERLYING BEDDED TUFF:

423.8 to 1412.9 ft (129.2 to 430.6 m)

The Topopah Spring Member of the Paintbrush Tuff, with 6.6 ft (2.0 m) of

underlying bedded tuff, is 989.1 ft (301.7 m) thick in Drill Hole USW GU-3.

The lithology and syngenetic crystallization features (summarized in Fig. 4)
are based on data from Scott and Castellanos (in prep.). As in the previous
discussion of the Tiva Canyon Member, our data on mineral zonation and

opaque-mineral oxidation are keyed to this figure and are described below.

The lithology column of Fig. 4 includes a representation of the potential
repository horizon. The limits of a repository horizon within the Topopah

Spring unit are still poorly constrained, but they now appear to be controlled
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by the requirements of being at least 1000 ft (300 m) deep and above the basal

Topopah Spring vitrophyre (NNWSI in prep.).

A. Petroaraphic Summary

The primary mineralogy of te Topopah Spring unit in USW GU-3 includes

the minerals quartz, sanidine, plagioclase, biotite, and titanomagnetite, with

minor amounts of allanite and zircon; clinopyroxene is common at the top of

the unit but does not occur in thin sections from 633 ft (193.1 m) and lower.

From the top of the unit to 1044-ft (318.4-m) depth, vapor-phase crystal

growth and related crystallization in lithophysal cavities consists mostly of

tridymite and feldspar with minor pseudobrookite, manganese-rich augite,

amphibole, and biotite. The compositions of vapor-phase fldspars vary with
depth. In shallower zones (424 to 633 ft or 129 to 193 m), feldspar crystal-

lized in the single-feldspar sanidine field. At greater depth (for example,
1130 ft or 344 m), feldspar crystallized in the two-feldspar sanidine-

anorthoclase field. This variance is-shown in ig. b. All these primary

minerals formed at high temperature before the onset of low-temperature

alteration; minimum temperatures within the range of contact metamorphism are

indicated by the occurrence of authigenic andalusite crystals in a vapor-phase

pocket at 424 ft (129.3 m). i A.

Many of the effects of oxidation-alteration can be seen in the primary

mineralogy. In USW GU-3, these effects are more subdued than in drill core

samples in and to the north of Drill Hole Wash. Fresh, unaltered clinopyrox-
ene and biotite can be found in the densely welded upper part of the Topopah
Spring unit (430-ft or 131.2-m depth), which corresponds to the upper vitro-

phyre that occurs in USW G-2 (Caporuscio et al. 1982). Because biotite is

ubiouitous in the Topopah Spring unit, it provides the better gauge of

oxidation-alteration; fresh biotite can also be found in the nonwelded Topopah

Spring base from 1303 to 1394 ft (397.2 to 424.9 m) in USW GU-3. Aside from

this occurrence below the basal vitrophyre and the fresh biotite that occurs
at 430 ft (131.2 m), all biotite within the Topopah Spring unit is oxidized

with variable amounts of iron-oxide exsolution along (001) cleavage planes. A

more complete oxidation history is preserved in the opaque iron-titanium oxide

minerals. In the zone proposed for the Topopah Spring repository development,

oxidation (as measured by iron-titanium oxide exsolution) averages 3.9 (on a

scale of 1 to 7), which is as low as in the upper vitrophyre (3.9) but more
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Fig. 5.
Ternary compositions of potassium, sodium, and calcium in vapor-phase feld-
spars of the Topopah Spring unit in USW GU-3. Note the transition from
single-feldspar to two-feldspar stability with increasing depth. Data are
normalized on a cation basis.
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complete than in the densely welded lower vtrophyre (2.5). Oxidation is more

severe in the zone of lithophysae formation (4.8) and above the lithophysae

(6.4). The overlying Tiva Canyon Member also records higher overall oxidation

(average 5.0) than the potential repository horizon in the Topopah Spring unit

does. These quantified oxidation relations are shown in Fig. 4.

B. Groundmass Textures

In the Topopah Spring unit of USW GU-3, groundmass devitrification and

crystallization produced textures that can be roughly categorized as grano-

phyric, spherulitic, or cryptocrystalline. Granophyric crystallization

results in polygonal silica-feldspar ntergrowths without interlocking grain

boundaries. Spherulitic crystallization produces radial growths of silica and

feldspar. Cryptocrystalline groundmass is indicative of relatively rapid

devitrification, with little time for coarse growth of feldspar and silica

minerals. The silica phase may be tridymite, cristobalite, or quartz. In the

Tram unit, textures sugest that granophyric crystallization is weaker in both
compressive and tensile strength (Blacic in pep.) than is spherulitic crystal-
lization, but these results are suggestive only and can not be extrapolated
directly to the Topopah Spring unit. In the Tram unit, spherulitic crystalli-
zation centers are accompanied by surrounding coarser grained anhedral silica

that may act as a binding agent. This is not the texture of the Topopah

Spring spherulitic groundmass, and therefore, any variation of strength with

groundmass texture remains unproved within the Topopah Spring unit.

In USW GU-3, the groundmass of the Topopah Spring unit is granophyric in

all samples down to 525-ft (160.1-m) depth. Below this depth and as far as

the top of the basal vitrophyre (1195 ft or 364.5 m), the groundmass crystal-

lization is dominated by spherulitic growth of 0.1- to 3-mm diameter or by

cryptocrystalline textures, although pumices often contain both spherulitic

and granophyric recrystallization. Within the interval of potential

repository development, the groundmass crystallization is dominantly spheru-

litic or cryptocrystalline.

C. Secondary Minerals

Clay minerals are sparse throughout the Topopah Spring unit. To depths

of 1195 ft or 364.5 m (above

form less than 1 of the bulk rock or of veins and fractures. In the basal
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Fig. 6.
(a) Large calcium- , magnesium-rich zeolites (probably heulandite) in a
fracture at the top of the Topopah Spring unit basal vitrophyre at 1195 ft
(364 m).
(b) Perlitic fractures within the basal vitrophyre of the Topopah Spring unit;
photographed in plane-polarized light.
(c) The same field of view as (b), but photographed in cross-polarized light.
Note that birefrinoent clays line all perlitic fractures.
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vitrophyre, however, smectite abundances may be-as great as 6X (Fig. 4 and

Table I). Smectite lii 11n'v7-Ft all the fine 7;fractures witi the

basal vitrophyre (Fig. 6). The XRD studies of clay-mineral separates indicate

that these clays' are expandable smectites with less than 10 to 20% inter-

rTNJ stratified illite (Table II), which is consistent with formation at low

P o _temperatures.
1r~- - Zeolites occur in very small amounts (<1%) at the top of the basal vitro-

4 h (1195-ft or 364.5-m depth). In the nomenclature developed in Sec. X of

-/% ; this report, this occurrence corresponds to Zeolite Interval I below the

potential repository horizon. The small zeolite abundance in this interval

contrasts with the greater zeolite concentrations that occur in Interval I

above the basal Topopah Spring vitrophyre in USW G-1 (10 to 20%) and G-2 (30

V> @) to 50%). Because the zeolite occurrence above the basal vitrophyre is the

N tX) occurrence closest to the floor of the potential Topopah Spring repository, it

should be considered in some detail. Even where zeolite abundances at this

CA6 - -- level are very small, as in USW GU-3, the zeolites are concentrated along

fractures and voids (Fig. 6) and therefore may be important for waste-element

-. A sorption along potential flow paths. The zeolites at this level in USW G-3
are calcium-rich clinoptilolites or heulandites, in contrast to the relatively

'<N G potassium-rich clinoptilolites that occur at the same stratigraphic level in

USW G-1 and G-2. These and other zeolite compositins from throughout USW

-o GU-3 and G-Y are summarized in Fig. 7. Among the zeolites at this level in
*p J GU-3, those that form in irregular voids tend to be more calcium rich than are

y --?the larger zeolites that form along fractures (Fig. 7. The relative calcium

Ii content of these zeolites is of more than academic interest because

-f clcditmrich eulandites have much lower short-term thermal stability than do

l- potassium- , sodium-rich clinoptilolites. Mumpton (1960) reports that

-, heulandite becomes x-ray amorphous when heated overnight at 4500C, whereas
°'' clinoptilolite can survive such treatment. Experiments in progress will

eO investigate the long-term thermal stabilities of the zeolite types that occur

57 at Yucca Mountain.

In addition to clays and zeolites, the fractures of the Topopah Spring
unit contain other low-temperature authigenic materials that may be effective
as barriers to waste-element migration. These materials consist of dendritic
or mounded fracture coatings of manganese-aluminum or manganese-calcium

minerals (lithiophorite or todorokite) and amorphous manganese-rich masses.
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TABLE II

THE XRD STUDIES OF CLAY MINERAL SEPARATES

Sample No.

I1lite Layers

(X)

Ethylene Glycol-
Smectite
Thickness

(A)

Smectite (001)
Spacing at Room To

(A)

315.7

332.5

414.3

1344.8

1394.6

1439.2

1493.7

2189.0

3170.5

3228.0

3264.4

3264.4

3310.9

3310.9

3315.1

3315.1

3315.1

3799.0

3799.0

3847.5

3847.5

4288.9

4288.9

4439.U

4439.0

4706.9

4857.5

4857.5

4964.3

4964.3

(c
(C

(c

(I
('

(

(I

( 

(I

(

10-20

10-20

10-20

(poorly ordered, no

10-20

10-20

10-20

10-20

10-20

5-15

lear) 5-15

dark) 5-15

lear) 5-15

lark) 0-10

supernatant) 10-20

:lear) 0-5

dark) 5-15

:lear) 5-15

dark) 5-15

clear) 5-15

dark) 5-15

clear) 10-20

dark) 5-15

clear) 5-15

dark) 5-15

10-20

clear) 15-25

dark) 5-15

clear) 15-25

dark) 15-25

16.7

16.75

16.8
higher orders of (001)

16.7

16.7

16.7

16.7

16.7

16.75

16.8

16.8

16.75

16.75

16.7

16.7

16.8

16.95

17.0

17.0

17.0

16.65

16.7

16.7

16.75

16.65

16.80

16.70

16.7

16.65

13.5

13.9

13.0

13.9

12.5

12.9

12.5

13.7

12.0
12.1

12.3

11.9

12.4

10.0

10.0

9.7

9.8

13.0

12.1

13.8

14.2

12.0

13.8

14.1

13.0

(
(
(
(

20

I



r K

.A

I-

0
N

TOPOPAH SPRING MEMBERSAINTBRUSH TUFF

1195 ft (364 ml

X COARSE.CRYSTALLINE. ALONG FRACTURES
- FINE-GRAINED INVOIDS

Na

-j

PI-

-
0
N

ul
Ia- 

0
N

PROW PASS MEMBER. CRATER FLAT TUFF

o - 1874 ft 571 m\
*- 1986 to 1993 tt I605 to 607m1

MEMBER, CRATER FLAT TUFF

2577 ft 786 ml

Na

Na

TRAM MEMBER. CRATER FLAT TUFF

2615 to 3475 t (797 to 1059 ml
3589 to 3759 ft 1094 to 1146 m)

CMg

LITHIC RIDGE TUFF

<23 ft 1348 ml

Na
50

Fig. 7.
Ternary compositions of potassium, sodium, and (calcium + magnesium) in
heulandite-clinoptilolite zeolites of drill cores USW GU-3 and G-3. Note the
absence of a systematic variation from (calcium + magnesium) to potassium to
sodium composition with ncreasing depth. The compositions that are arranged
in lines trending away from the sodium apex n the Prow Pass and Tram units
suggest some sodium loss by volatilization during electron microprobe analysis.
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Such manganese-rich coatinas have very high ion exchange capacities in deep-

sea nodules (Murray 1975) and have the ability to effectively sorb cobalt,

strontium, and cesium from even very dilute concentrations in stream waters

(Cerling and Turner 1982). Studies by SEM show that manganese-rich amorphous

masses along fractures in the Topopah Spring unit of USW GU-3 contain high

concentrations of yttrium, cerium, and arsenic. The Debye-Scherrer XRD study

has identified todorokite or possibly lithiophorite within dendritic manganese

coatings at 702 ft (214 m). Electron microprobe studies of the fracture

coatinas in USW GU-3 indicate that these coatings are more aluminum rich above

the basal vitrophyre (manganese:aluminum cation ratios of 7:1 to 2:1) and less

aluminum rich below the basal vitrophyre (manganese:aluminum ratios of 20:1 to

30:1). These manganese-rich phases occur in the tuff groundmass as well as

along fractures, although they are predominantly fracture related. It is

important that these very late stage amorphous alterations be studied in

greater detail to determine their effect on waste-element sorption in tuff

under conditions of fracture flow. Leaching experiments on manganese-rich

fracture coatings are under way (Zielinski 1983).

Other authigenic minerals in the Topopah Spring unit of USW GU-3 include

silica, calcite, and fluorite. Calcite and fluorite are very rare (Table I),

although sparry calcite is concentrated in veins and as a cement in fault

breccia at and above 525-ft (160.1-m) depth, and it occurs with fluorite in a

fracture at 1027-ft (312.2-m) depth. Sparry calcite in fault breccia at

482-ft (147.0-m) depth is coated by a later qrowth of fine-grained anhedral cal-

cite, which suggests temporary saturation within the breccia during the

sparry-growth cementation, followed by vadose calcite growth.

Silica phases seal many fractures and line other open fractures in the
Topopah Spring unit of USW GU-3. Cristobalite d tionhaso~Vrr inraE-

1.
tures at all depths, and cristobalite occurs as a coating of degraded vapor-

phase crystal surfaces in some voids 1130-ft or 344.6-m depth). Quartz depo-

sition along fractures does not become abundant until a depth of about 950 ft

(289.8 m). Opal is relatively rare but occurs in voids at 465 ft (141.8 m).

As it is elsewhere at Yucca Mountain, the solution and redeposition of silica

minerals is one of the most important volume-modifying alteration processes.

Silica mobility may have an important effect on rock permeability in a

repository environment (Blacic in prep.). The persistence of primary

metastable tridymite, mostly within lithophysal and vapor-phase-rich portions
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of the Tiva Canyon and Topopah Spring units (Fig. 4), illustrates the very

incomplete silica alteration within the Paintbrush Tuff.

D. Glasses

The basal vitrophyre of the Topopah Spring unit and the underlying non-
welded to partially welded tuff are predominantly glass. The compositions of

'L. these glasses are very uniform, regardless of whether they are analyzed at a-t- clear center or at a discolored and apparently altered rim (Table A-I). The
only exception to this uniformity within the Topopah Spring glasses occurs
near the base of the unit at 1394 ft (425.2 m), where the glasses are
relatively sodium rich and potassium poor.

At the top of the basal vitrophyre (1195 ft or 364.5 m), the processes of
devitrification can be seen in the transition to crystallized tuff. Devitri-

fication is marked by a change from very pale, clear brown coloration to a
pale yellow color with incipient birefringence. With increased devitrifica-

a
x,* tion, the glass becomes very dark brown and develops spherulitic crystal-

lization centers of 0.5- to 1-mm diameter.

Devitrification does not occur in the nonwelded to partly welded tuff
below the basal vitrophyre. At this depth, from 1269 ft (387.0 m) to the base
of the Topopah Spring unit, glasses are clear and colorless with only an
occasional yellow discoloration rim around some glass shards. The general
absence of alteration in this highly porous interval strongly suggests that
this part of Yucca Mountain was never below the static water level. Moreover,

the pristine nature of the Topopah Spring basal section, in contrast to the
'A relatively altered top of the basal vitrophyre in USW GU-3, suggests that

downward-piercolating. fluids m have concentrated at th o f h asal
vitro eration to the top of the basal
vitrophyre is also reflected in the distribution of smectite clay (Fig. 4).

E. Alteration History
Throuchout Yucca Mountain, the Topopah Spring unit is high in the strati-

graphic section, is generally above the present water table, and is moderately

to densely welded; therefore, this unit does not tend to be greatly altered.
However. USW.GU-3 contains the only Topopah Spring section yet studied with a
nonwelded base that remains entirely glassy. Hydrology Holes USW H-3 and H-5

(Levy 1984) provide evidence that other localities along the crest of Yucca
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Mountain (the western margin of the exploration block) also remain mostly

glassy in the basal, nonwelded part of the Topopah Spring unit.

No simple history of alteration appears to relate the growth of clays,

zeolites, and silica minerals. It is suggested that clays and zeolites form

rapidly (<10 000 years) and very early in tuff alteration (Hay and Sheppard

1977), yet both of these minerals in the Topopah Spring unit of USW GU-3
formed in some fractures after the fracture walls were lined with authigenic

quartz. In fractures where both quartz and cristobalite occur below 950 ft

(289.8 m), growth relations suggest that either polymorph may form first and

be followed by the other. The growth relations of fracture-filling calcite- ,

fluorite- , and manganese-rich phases suggest that these formed last among

authiaenic materials; their exposed surfaces are nowhere covered by other

authigenic deposits.

IV. TUFF OF CALICO HILLS AND UNDERLYING BEDDED TUFF: 1412.9 to 1560.2 ft

(430.6 to 475.6 m)

The tuff of Calico Hills consists of two nonwelded ash-flow subunits

underlain by a relatively thick (53.4-ft or 16.3-m), bedded air-fall tuff

(Scott and Castellanos in prep.). Together, the ash flows and bedded tuff are

147.3 ft (44.9 m) thick. The principal lithologic and mineralogic features of

the unit are summarized in the upper part of Fig. 8, following the format of

Fig. 4.

A. Petroqraphic Summary

In contrast to the thoroughly zeolitized rocks found in earlier drill

holes to the north, the tuff of Calico Hills in USW GU-3 is predominantly

vitric. In general, silicic glass makes up 40 to 80% of the rock, and alkali

feldspar and cristobalite make up most of the remainder (Table I). Evidence

for significant glass alteration is found only in the lower part of the bedded

tuff, where 70 to 90% of the rock has devitrified and altered to alkali feld-

spar, quartz, cristobalite, and clays. Incipient devitrification also affects

the upper ash flows but only to a minor degree.

Phenocrysts make up 0i2% of the ash-flow tuffs and consist of quartz,

plagioclase, sanidine, biotite, and iron-titanium oxides. In the bedded tuff,

phenocrysts make up 21% of the rock and consist of quartz, plagioclase,

sanidine, biotite, hornblende, orthopyroxene, clinopyroxene, and iron-titanium
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Fig. 8.
Columns showing the relations between some stratigraphic, lithologic, and
mineralogic features in the tuff of Calico Hills and the upper Crater Flat
Tuff, drill core USW GU-3.
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oxides. The hornblende, orthophyroxene, and clinopyroxene phenocrysts are all

atypical of the tuff of Calico Hills. However, together these minor minerals

total much less than 1% of the rock. Moreover, microprobe analyses of major

phenocrysts in this interval yield average alkali feldspar compositions of

Or72 and biotite Mg/(Mg+Fe) ratios of 0.41 to 0.47; both of these composi-

tional ranges are typical of the tuff of Calico Hills. Lithic clasts make up

02% of the upper ash flow and 5 to 7% of the lower ash flow and bedded tuff.

The lithic fracinents are predominantly devitrified, spherulitic, ash-flow

tuffs made up of alkali feldspar and cristobalite. In general, crystalline

phenocrysts and lithic fragments are volumetrically minor components of the

rock and are relatively unimportant in determining its bulk physical and

chemical properties.

B. Groundmass Textures

The principal components of the Calico Hills unit are nonwelded, randomly

oriented shards and pumice lapilli in a matrix of fine-grained ash. Indivi-

dual glass shards are highly fragmented, and few tricuspate forms are found.

Maximum shard dimensions range from 75 to 100 um. Vitric pumice lapilli make

up 50 to 70% of the rock and therefore are a major component. The most common

pumice types are long-tube varieties. The vesicles in these pumices range

from open, tube-like structures to thin, extremely attenuated forms in dense

obsidian-like lapilli. Shards and pumice lapilli are supported in a matrix of

fine-arained devitrification phases such as alkali feldspar and cristobalite.

The occurrence and distribution of devitrification phases are described

further below.

C. Secondary Minerals

Except for lithic fragments (5 to 7%) and phenocrysts (2 to 21%), all

other crystalline phases in these rocks probably formed by secondary processes

after the tuff of Calico Hills was emplaced. The remaining crystalline phases

detected by XRD are predominantly alkali feldspar and cristobalite with minor

amounts of clay (<5%) and traces of clinoptilolite (Fig. 8). It is important

to note that clinoptilolite is only a trace mineral and that Zeolite Interval

II, which elsewhere correlates with the tuff of Calico Hills, is absent in USW

GU-3 (see Sec. X of this report). Both alkali feldspar and cristobalite are

common devitrification products that form soon after the emplacement of tuffs
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(Smith 1960). Though generally associated with welded ash flows, devitrifica-

tion can also take place in nonwelded tuffs (Ross and Smith 1961, their Fig.

17). The 15 to 40% alkali feldspar and 2 to-10% cristobalite detected by XRD

in the tuff of Calico'Hills probably represents incipient devitrification that

was halted at an early stage. Optical microscope and SEM examinations of

shards and pumice lapilli reveal only minor alteration along their margins

(Fig. 9). Therefore, most of the devitrification within these rocks is

apparently confined to the fine-grained groundmass. Devitrification of the

groundmass probably has two important effects on rock properties: decreasing

porosity and increasing induration (Fenner 1948; Ross and Smith 1961). In the

tuff of Calico Hills in USW GU-3, it is difficult to evaluate the possible

effects of decreased porosity because the unit apparently has never been below

the water table. Devitrification of the groundmass may be responsible for the

slicht induration of the unit in the drill hole.

The bedded unit at the base of the tuff of Calico Hills (Fig. 8) appears

to be significantly more devitrified than are the overlying ash flows.

Primary devitrification products such as alkali feldspar (45 to 55%) and

cristobalite (2 to 6%) are volumetrically important phases in this rock.

Again devitrification appears to be largely confined to the groundmass because

large pyroclasts such as shards and pumice lapilli are still mostly vitric.

No fractures or veins of secondary material were identified in any of the

thin sections examined. Fractures do not propagate cleanly through nonwelded,

slightly indurated, glassy ash flows. Moreover, any original fractures are

probably easily disturbed during coring.

D. Glasses
The two ash flows and the upper part of the bedded tuff are predominantly

made up of glass. Glass in the lower bedded tuff, however, is significantly

altered by devitrification and minor secondary alteration. Microprobe

analyses of pyroclasts (Table A-I) and x-ray fluorescence whole-rock analyses

from the relatively unaltered ash flows indicate the tuff of Calico Hills is a

hich-silica rhyolite.

The larger pyroclasts, such as 4shards and pmices, are essentially
unaltered except for minor dissolution along clast boundaries. Incipient

devitrification of glass in the roundmass matrix is inferred because of the
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Fig. 9.
(a) SEM image of unaltered glass in pumice lapilli of the tuff of Calico
Hills, 1468 ft (447 m). Crystals on the glass surface are alkali feldspars
formed by devitrification.
(b) Randomly oriented euhedral clinoptilolite crystals precipitated in an open
vug within the Prow Pass unit, 1986 ft (605 m).
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*'S ;a1 Fig. 9. (cont) '

(c) Replacement of a glass shard by clinoptilolite in the Prow Pass unit at
1993 ft (607 m). Note the totally dissolved shard interior and the axiolitic
texture of zeolitization along the shard rim.
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abundance of alkali feldspar and cristobalite in most samples. Studies by SEM

show that most devitrification minerals are 1 m or less.

Secondary quartz (2 to 25%) and clay (2 to 8%) suggest the occurrence of

a relatively minor, late-stage, low-temperature diagenetic event that involved
the interaction of glass with groundwater. The additional presence of zeo-
lites (1 to 3%) and calcite (2 to 4) in the lower bedded tuff Indicates that
a somewhat greater degree of late-stage alteration occurred in that horizon.

However, in most samples the abundance of glass and relative paucity of

late-stage alteration minerals indicate that these rocks have not been in

prolonged contact with groundwater and were never below the water table.

Intermediate oxidation states of iron-titanium oxides (average 2.6 to 4.3)

support the premise that these rocks had only limited interaction with

oroundwater.

E. Alteration History

Previous studies have shown that the tuff of Calico Hills is thoroughly

zeolitized north and east of USW G-3 (Heiken and Bevier 1979; Sykes et al.

1979; Bish et al. 1981; Caporuscio et al. 1982). However, in USW GU-3, where

the regional eastward dip carries the base of the unit 868 ft (264.6 m) above

the water table, the Calico Hills is dominantly vitric. Recent studies of

cuttings from hydrology Drill Holes USW H-3, H-4, and H-5 (Fig. 1) suggest

that the lateral transition from vitric to zeolitic tuff of Calico Hills takes

place in the vicinity of USW H-5 and south of H-4 (Levy 1984). Therefore, the

tuff of Calico Hills is probably vitric throughout much of the exploration

block and predominantly zeolitic only in the northern and northeastern part of

the exploration block.

The transition from zeolitic to vitric Calico Hills tuff places geologic

constraints on the timing of zeolitization at Yucca Mountain. Because the

probable source of the tuff of Calico Hills was north or east-northeast of

Yucca Mountain, we can surmise that the original dip of the unit was south or

west-southwest. Given these original dips and the porous, nonwelded nature of

the unit, we would expect groundwaters to invade the structurally lowest part

of the unit to the south or west-southwest first. However, these areas are

now structurally high and vitric. Therefore, it appears that the structural

adjustments responsible for the present dip of the unit occurred before

zeolitization. R. Scott of the USGS (written communication) suggests that
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most of the faulting in the area took place about 12 Myr ago--before the
eruption of the Rainier Mesa Member of the Timber Mountain Tuff. This
suggestion is based on the structural discordance between the Rainier Mesa

Member and the underlying Paintbrush Tuff.

V. PROW PASS MEMBER OF THE CRATER FLAT TUFF AND UNDERLYING BEDDED TUFF:

1560.2 to 2004.7 ft (475.6 to 611.0 m)

The Prow Pass Member of the Crater Flat Tuff consists of three ash-flow

subunits overlying a thin (13.1-ft or 4.0-m) bedded tuff (Scott and

Castellanos in prep.). Together, the ash flows and bedded tuff are 444.5 ft

(135.5 m) thick. The Prow Pass Member is a single cooling unit with thin,

nonwelded zones at the top and base and a thick, partially welded interior.

The dominant thologic and minneralogic zones of the Prow Pass Member are

illustrated in Fig. 8.

A. Petrographic Summary

Crystallization and alteration-zone boundaries differ somewhat from

welding-zone boundaries, except for the upper, partially vitric zone. The

upper 40 ft (12 m) of the Prow Pass Member from 1560 ft (475.6 m) to about

1600 ft (488 m) is partially vitric (30 to 60% glass) and partially devitri-

fled (40 to 50% alkali feldspar and 2 to 8 cristobalite). This partially

vitric zone is replaced downward in the central part of the unit from 1600 ft

(488 m) to 1825 ft (556 m) by a thoroughly devitrified zone with only minor

vapor-phase fonmation. The bottom of the central devitrifled zone grades

downward from 1825 ft (556 m) to 1857 ft (566 m) into a zeolitized zone in the
lower part of the member.

Phenocrysts make up 7 to 10% of the rock and consist predominantly of

plagioclase, sanidine, and quartz; trace amounts of biotite, orthopyroxene,

hornblende, and iron-titanium oxides are also present. Lithic fragments are

generally sparse (<2%) but make up 5 to 7 of the rock in a few samples. Most
lithic fragments consist of devitrifled granophyric ash-flow tuff and fine- to

medium-grained hematitic sandstone. Ferruginous argillite lthic fragments

are sparsely distributed in the specimen-at 1572 ft (479 m*).
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B. Groundmass Textures

The upper vitric zone of the Prow Pass Member is characterized by large

glassy shards and pumice lapilli in a fine-grained, devitrified matrix of

alkali feldspar and cristobalite. Clay minerals are rare or absent. Shards

are generally well formed, commonly tricuspate, and up to 900 m in diameter.

Pumice lapilli make up 20 to 30% of the rock and consist mostly of long-tube

pumice. Vesicles in pumices are generally free of secondary mineral fill,

although a few contain secondary quartz. The walls of shards and pumices show

no evidence of significant glass dissolution or crystallization of secondary

phases.

The central part of the member, from about 1600 ft (488 m) to 1825 ft

(556 m), is thoroughly devitrified and consists primarily of alkali feldspar,

cristobalite, and quartz. Most of the original shard and pumice textures are

obscured by devitrification. In this interval, a few recognizable shards are

revealed by crude, axiolitic textures, although most are indistinguishable
from the fine-grained granophyric groundmass. Individual crystals in the
groundmass are submicroscopic and cannot be identified optically. Pumice

lapilli are coarsely crystallized compared to the shards and groundmass. The

outer edges of lapilli are marked by relatively coarse, crudely axiolitic

rinds of alkali feldspar and cristobalite. Lapilli interiors consist of

fine-grained, granophyric crystals that are indistinguishable from the ground-

mass and patches of relatively coarse spherulites up to 1 m in diameter. The

presence of tridymite in small pockets and lining some pumice vesicles

indicates minor vapor-phase crystallization at the top of the devitrified zone.

The lower zeolitized zone of the Prow Pass Member (Fig. 8) is charac-

terized by replacement of glass in shards and pumice lapilli by clinopti-

lolite. Growth of axiolitic clinoptilolite commonly begins at the outer edge

of shards and proceeds inward towards the shard's core (Fig. 9). Rather than

totally replacing the glassy framework, the growth of axiolitic clinoptilolite

is often incomplete, and the remaining glass in the shard interior has dis-

solved away. In some cases, randomly oriented, euhedral clinoptilolite

crystals crystallized from solution into these dissolved interiors (Fig. 9).

Pumice lapilli show a similar sequence of replacement; axiolitic clinopti-

lolite crystallizes along relict glass rims, and randomly oriented euhedral

crystals precipitate in dissolved open areas and in vesicles. The matrix
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supporting the larger pyroclasts consists of extremely fine-grained zeolites

and devitrification phases.

C. Secondary Minerals

Two classes of secondary minerals are important constituents of the Prow

Pass Member: (1) those resulting from high-temperature devitrification of

glass soon after ash-flow emplacement and (2) those forming through inter-

action of glass with groundwater at low temperatures. Alkali feldspar and

cristobalite, the dominant mineral phases that form through high-temperature

devitrification, are commmon components throughout the member. These two

minerals are subequal in abundance to glass in the upper vitric zone, are

dominant minerals of the central devitrified zone, and are subordinate but

important phases of the lower zeolite zone (Table I and Fig. 8). In the upper

vitric and lower zeolitic zones, devitrification phases are largely confined

to the roundmass and probably represent incipient crystallization that never

proceeded to completion, leaving the glassy shards and pumice lapilli intact.

In the central devitrified zone, however, primary devitrification resulted in

complete crystallization of all glassy components of the rock.

Zeolites are low-temperature secondary minerals that form through the

interaction of glass with roundwater. In USW GU-3, the highest occurrence of

major zeolitization is in the lower zeolite zone of the Prow Pass Member

(Figs. 3 and 8) from about 1857 ft (556 m) to the base at 1991.6 ft (607.1 m).

This occurrence corresponds to Zeolite Interval III, as defined in Sec. X of

this report. This is the first interval below the repository horizon in USW

GU-3 in which zeolites are abundant. Zeolite (clinoptilolite) generally makes

up 45 to 75% of this lower zone. Microprobe analyses indicate that the

exchancable cations are generally potassic (K57 Na33 Ca10; Fig. 7 and Table

A-I). There are some indications that potassic clinoptilolites have poorer

cation exchange properties than do calcium- or sodium-rich varieties (Bish and

Semarge 1982). However, further experiments are needed to test the effect of

zeolite compositions on cation exchange properties and the magnitude of these

effects.

No fractures or veins of secondary minerals were found in the upper

vitric zone or central devitrified zone. Small, discontinuous fractures in

the lower zeolite zone are up to 10 m wide and contain clinoptilolite and/or
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amorphous opaque oxides. These rare fractures are completely sealed by

secondary phases.

D. Glasses

The upper vitric zone of the Prow Pass Member is about 40 ft (12 m) thick

and contains 30 to 60% glass. Most of the glass is confined to the larger

pyroclasts such as shards and pumice lapilli. The original glass of the

matrix is mostly devitrified to alkali feldspar and cristobalite. Glasses in

shards and pumice are clear and colorless with only minor dissolution along
clast margins.

Before zeolitization, the basal 135 ft (41 m) of the Prow Pass Member was

apparently very similar to the upper vitric zone. Again, the larger pyro-

clasts were mostly vitric, and devitrification products were mainly confined

to the aroundmass. However, through extensive interaction with groundwater,

vitric materials in the pyroclasts were replaced by clinoptilolite.

E. Alteration History

The Prow Pass Member is a series of ash-flow tuffs that formed a single
cooling unit upon emplacement. Immediately after eruption, devitrification

began throughout the unit and resulted in the crystallization of alkali

feldspar and cristobalite at the expense of glass. Devitrification was

thorough in the interior of the member but only incipient at the top and base

where abundant glass survived.

At some later time, the water table was elevated enough to saturate the

lower part of the Prow Pass Member in USW G-3, through either inundation or

capillary action. Interaction of glass with groundwater resulted in the

formation of the lower zeolite zone. Clinoptilolite was the only zeolite to

form at this time. Paleo-water tables have apparently never risen enough to
significantly affect the upper vitric zone. The water table is presently 830

ft (253.0 m) below the lowest occurrence of significant glass in the upper

vitric zone and 440 ft (134 m) below the base of the uppermost zone of

abundant clinoptilolite (Zeolite Interval III).
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VI. BULLFROG MEMBER OF THE CRATER FLAT TUFF: 2004.7 to 2617.0 ft (611.0 to
797.7 m)

The Bullfrog Member of the Crater Flat Tuff s 612.3 ft (186.6 m) thick

tn Drill Hole USW GU-3. The lithology and syngenetic crystallization features

(Scott and Castellanos in prep.) and our data on mineral zonation and

opaque-mineral oxidation are summarized in Fig. 8.

A. Petrographic Summary

The primary lithology of the Bullfrog unit in USW GU-3 includes pheno-

crysts of plagioclase, sanidine, and severely embayed quartz, with minor

amounts (<5X) of biotite and opaque oxides. Hornblende appears near the top

of the unit and becomes more abundant with depth; it reaches a maximum

abundance of 2 about 100 ft (30 m) above the base of the unit. Amphibole

crystals are severely altered above 2189 ft (667 m) but are relatively well

preserved below 2369 ft (722 m) in the Bullfrog unit. Trace zircon appears in

association with magnetite. Phenocrysts are abundant (>20X) in the middle

part of the unit but less common (<10) at the top and bottom.

Biotite occurs in minor amounts throughout the unit and is generally

strongly oxidized. This is compatible with the oxidation of the iron-titanium

oxides, which is generally high, especially in the upper half of the Bullfrog

unit; it ranges from 5 to 7 (on a scale of 1 to 7) and averages Just above 6.

Oxidation decreases in the lower intervals, is never higher than 6, and has

averages that decrease from 5 to 4.5. The poor oxidation of iron-titanium

oxides in the lower intervals corresponds with the preservation of fresh

euhedral hornblende.

B. Devitrification Textures

Except for the zeolitized uppermost portion of the unit and the partially

welded units below the thin-bedded tuff at 2546.3 ft (776.1 m) that are also

zeolitized, the thick interior of the Bullfrog Member in USW GU-3 is com-

pletely devitrified from 2022 ft (616 m) to 2546 ft (776 m). In the upper

part of the unit, above 2177 ft (664 m), devitrification of shards is

axiolitic and distinct from the fine-grained granophyric devitrification of
the groundmass. Below that, the distinction is blurred and devitrification

becomes increasingly spherulitic and plumose; it crosses shard boundaries and
blurs the distinction between axiolitic shards and the granophyric groundmass.

Incipient spherulites, never quite complete, occur throughout this middle part
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of the Bullfrog unit in USW GU-3. In the lower zeolitized zone, from 2546 ft

(776 m) to the base of the unit at 2617 ft (798 m), devitrification is very

slight and only observed in the pumices.

C. Secondary Minerals

Clay minerals are sparse throughout most of the Bullfrog unit in USW

GU-3. The only interval in which birefringent clays are observed in thin

section is the lowest, at 2577 ft (785.5 m), where clays line some tubular

vesicles in pumice. The increased clay abundance near the base of the

Bullfrog Member is shown in Fig. 8.

Clinoptilolite is present in the uppermost and lowermost intervals of the

Bullfrog unit in USW GU-3 (Fig. 8). The uppermost occurrence represents the

bottom of Zeolite Interval III (Sec. X); the lower occurrence corresponds to

the top of Zeolite Interval IV. The sample at 2577-ft (785.5-m) depth (Zeo-

lite Interval IV) has been extensively zeolitized; shards and groundmass are

completely zeolitized and the pumices are about 50X zeolitized. Zeolite compo-

sitions are represented in Fig. 7. These zeolites are surprisingly more

calcium rich than zeolites of the overlying Prow Pass unit, a fact that

conflicts with the systematic decrease in clinoptilolite-calcium content with

depth that is observed elsewhere at Yucca Mountain (Caporuscio et al. 1982).

Fractures are not common in the Bullfrog Member in USW GU-3. Fractures

seen in thin section (2189 and 2467 ft or 667.2 and 751.9 m) are narrow

(<0.15 nm) and silica filled. Fractures examined by XRD contain quartz,

alkali feldspar, and clays (Table I). Zeolites occur in the fractures only

where they cross the zeolite zone.

D. Glass

Glass is not preserved this deep in USW GU-3.

E. Alteration History

Comparison of the oxidation of biotite and iron-titanium oxides in the

upper portion of the Bullfrog unit in USW GU-3 and the zeolitized but poorly

oxidized, nonwelded lower portion suggests that the oxidation was an early

hih-temperature event. Zeolitization occurred later and at lower tempera-

tures. The fluids, which caused complete zeolitization of glass, did not

affect the hornblendes noticeably. The lower zeolitized zone is below the
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water table, which is presently at 2462.3-ft (750.5-m) depth. Silica fills

fractures both above and below the current water table.

VII. TRAM MEMBER OF THE CRATER FLAT TUFF: 2625.4 to 3876.4 ft (800.2 to

1181.5 m)

The Tram Member of the Crater Flat Tuff has a total thickness of 1264 ft

(385 m) in Drill Hole USW G-3. It consists of 6 bedded units (ranging in

thickness from 0.04 to 8.4 m) and 13 pyroclastic flow units (ranging in

thickness from 7 to 73 m) (Scott and Castellanos in prep.). In this report,

the Tram Member has been divided into two general subunits that are very

similar to those described in Drill Hole USW G-2 (Caporuscio et al. 1982);

each is approximately half of the total thickness. These units are separated

at 3227.4 ft (983.7 m) at the base of a thin, altered vitrophyre. The

lithology and mineralogy of the Tram Member are summarized in Fig. 10.

A. Petrographic Summary

The upper part of the Tram Member consists of a sequence of nonwelded to

densely welded ash-flow tuffs and several bedded units. The lowest 55 ft

(16.7 m), from 3172.6 ft (967.0 m) to 3227.4 ft (983.7 m), consists of moder-

ately to densely welded tuff that includes a thin vitrophyre at the base with

perlitic zones. All parts of the vitrophyre are now completely altered.

Pumice pyroclasts and shards are visible as relicts and all are compacted and

welded. Relict pyroclasts have been replaced by clinoptilolite, authigenic

potassium-feldspar, and silica phases.

Above 3173 ft (967 m), there are nonwelded to moderately welded ash-flow

tuffs with a few thin-bedded units; the lowest ash-flow tuff grades downward

into the underlying densely welded tuff. Where visible, pumice pyroclasts and

shards are flattened and welded. However, in several parts of this section,

relict textures are vague and difficult to identify. The poor preservation of

relict textures correlates with the extensive devitrification of this interval.

The upper part of the Tram Member is characterized by 15 to 25X pheno-

crysts in which potassium feldspar is about equal to quartz; it also contains

plagioclase, biotite, and iron-titanium oxides. Lithic fragments are rare,

making up only 1 to 5% of the subunit; most are older welded tuffs with some

dacitic lavas. There are also traces of fine-grained sandstone and mudstone.
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The lower part of the Tram Member consists of three pyroclastic flow
units with an aggregate thickness of 621.4 ft (189.4 m) overlying the bedded
tuff. These pyroclastic flows consist of mostly large (150-pm to 1.5-mm)

relict shards. They are distinctive, having been derived from a vesicular

magma with large (>0.5-mm) ovoid vesicles and thick (60- to 150-um) vesicle

walls. Most shards have been replaced by colorless, finely crystalline
(granular and fibrous) clinoptilolite, potassium-feldspar, and silica. Larger

shards are hollow and tabular zeolites grow into the void space. Some of the

voids are also partly filled with green clay that is too fine grained for

microprobe analysis.

Underlying the lower part of the Tram Member is a bedded tuff 27.6 ft

(8.4 m) thick. This bedded tuff consists of 10- to 100-pm-long shards in a

pale brown matrix of authigenic mineral phases. Within this bedded tuff are

thin lenses of coarser (1- to 2-mm-long) pumice pyroclasts, lithic clasts, and

concentrations (up to 20%) of phenocrysts. It is possible that this sample

was not an ash fall but was a fine-grained surge deposit with lenses of

coarser pyroclasts present as lee-side concentrations.

The lower part of the Tram Member is characterized by 7 to 15%

phenocrysts (equal amounts of plagioclase and potassium-feldspar and lesser

amounts of quartz, biotite, and iron-titanium oxides) and 10 to 25% lithic

fragments (welded tuff, epiclastic sediments, and andesitic lavas). In the

lowest bedded tuff unit there are also traces of allanite.

B. Devitrification Textures

Devitrification textures are only found in the upper part of the Tram
Member from 2718 ft (828.5 m) to 3148 ft (959.5 m). In experimental studies
of rock compressive and tensile strength, samples from USW G-1 suggested that

portions of the Tram Member with spherulitic devitrification and coarse quartz

recrystallization may be significantly stronger than those portions with

aranophyric recrystallization (Blacic in prep.). Devitrification textures

throughout the Tram Member in USW G-3 are spherulitic with coarse quartz

intergrowth, suggesting that this devitrified interval (2718 to 3148 ft or

828.5 to 959.5 m) is among the stronger of the Tram devitrification types.

Granophyric recrystallization, however, occurs in abundance comparable to

spherulitic recrystallization toward the bottom of the devitrified section

(sample taken from 3113 ft or 948.8 m).
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C. Secondary Minerals

Most vitric pyroclasts in the devitrified upper part of the Tram Member
in USW GU-3 are replaced by pale brown silica phases and authigenic alkali
feldspar. Pore spaces between pyroclasts are filled with finely crystalline

(2- to 30-um), equigranular silica phases and authigenic alkali feldspar.

These are the minerals that form the devitrification textures described above.

Clinoptilolite crystals are abundant above and below the devitrified

portion of the Tram Member in USW G-3. The upper zeolite occurrence re-re-

sents the bottom of Zeolite Interval IV (Sec. X). Deeper zeolite occurrences

are not assigned a specific interval designation. Alteration to clinoptilo-

lite and smectite clay characterizes the lower part of the Tram Member; it has

typical clinoptilolite and smectite abundances between 20 and 40X. Clinoptilo-

lite compositions vary widely, even within the area of a single thin section.

These zeolite compositions are represented in Fig. 7. Clinoptilolite from the

lower part of the Tram Member tends to have lower calcium content than

clinoptololite from Zeolite Interval IV in the upper part of the Tram Member

(Fig. 7 and Table A-I). Smectite clays do not occur in crystals or crystal-

line masses larce enough for analysis.

Although secondary silica is abundant throughout USW GU-3 and G-3, the

deepest occurrence of metastable cristobalite is within the Tram Member at

3672 ft (1119.2 m). This is deeper than the maximum depth of cristobalite

occurrence in drill cores to the north [1250 ft (381 m) in Drill Hole

UE-25a1, 2800 ft (853 m) in USW G-1, and 3400 ft (1036 m) in USW G-2). The

persistence of cristobalite to greater depth in USW G-3 is in accord with

other mineralogic indications of a lower paleogeotherm and less thermal

alteration at depth within this drill core.

D. Glasses

No lasses are preserved in the Tram Member of USW G-3.

E. Alteration History

Early recrystallization of the upper part of the Tram Member led to

formation of devitrification textures and effectively blocked the development

of low-temperature authigenic clays and zeolites. Similar restrictions on

zeolite and clay formation can be seen in the overlying tuff units; zeolites

and clays formed in abundance only where the primary vitric materials did not
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crystallize during postemplacement cooling. However, below a depth of .'3150

ft (960 m) in USW G-3, it is likely that both vitric and recrystallized tuffs

have been altered because very few syngenetic crystallization features, devi-

trified or not, are preserved from this depth to the bottom of the drill core.

VIII. LITHIC RIDGE TUFF: 3876.4 to 4873.0 ft (1181.52 to 1485.29 m) [3845- to

4782-ft (1172.0- to 1457.6-m) true vertical depth corrected for hole deviation]

The thickness of the Lithic Ridge Tuff, as drilled, is 996.4 ft (303.8

m); corrected for hole deviation, this is 937 ft (285.6 m). With a dip of

about 7, the trigonometrically corrected true thickness is about 930 ft

(283.5 m); this thickness, however, may be foreshortened by as much as 100 ft

(30 m) because of normal faults (Scott and Castellanos in prep.). A

thin-bedded interval, about 3 m thick and underlying the Lithic Ridge Tuff,

consists of indurated ash-fall and reworked tuff. This unit is not included

with the Lithic Ridge Tuff and was not sampled. Lithology and mineralogy of

the Lithic Ridge Tuff are summarized in Fig. 11. The syngenetic or primary

minerals are largely altered throughout the Lithic Ridge.

A. Petrographic Summary

The Lithic Ridge Tuff is a multiple ash-flow, compound cooling unit of

fairly constant rhyolitic composition, except in the uppermost 100 ft (30 m),

where the phenocryst assemblage contains more plagioclase and mafic minerals.

This less rhyolitic composition is associated with an increase in welding

(Fig. 11), as was also observed in Drill Hole USW G-2 (Caporuscio et al.

1982). Below this more mafic cap are zones of moderate welding separated by

zones of nonwelding to partial welding within the Lithic Ridge Tuff. Except

for the uppermost, moderately welded zone that contains unaltered sphene as

well as unaltered feldspars, the groundmass, sphene, and mafic phenocrysts are

secondarily altered in both moderately welded and less welded zones. The

faulting and fracturing of the Lithic Ridge, as reported by Scott and

Castellanos (in prep.), have provided ample fracture permeability for

mineralizing solutions even in the moderately welded tuff.

The primary mineralogy of the Lithic Ridge Tuff consists of 8 to 12%

phenocrysts, including plagioclase generally in excess of sanidine, and

subeaual quartz and mafic phenocrysts. The mafic minerals are dominantly

biotite with slightly less common altered iron-titanium oxides and rare
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hornblende or its opaque-oxide-rimmed pseudomorph. Accessory minerals are

sphene altered to titanium oxides, principally rutile, below about 4000 ft

(1220 m); allanite, also altered in the lower part of the unit; and rare

zircon and apatite. Fresh sphene and allanite rarely occur. The upper 100 ft

(30 m) of moderately welded caprock contains 15 to 20% phenocrysts with pre-

dominant placioclase, common sanidine and mafic minerals, very little quartz,

and accessory fresh sphene phenocrysts.

Xenoliths or lithic fragments form a few per cent to 25% of the tuff

(Fig. 11). A few of the lithic fragments consist of an exotic spherulitic

rhyolite with brown, hair-like crystallites; these rhyolites distinguish the

Lithic Ridoe from similar tuffs. The predominant xenolith type is an

intermediate lava that is similar to those penetrated beneath the Lithic Ridge

Tuff in Drill Hole USW G-2 (Caporuscio et al. 1982). The remaining lithic

fragments are an assortment of devitrified rhyolitic tuffs and lavas that are

typical of many tuff units and not particularly diagnostic.

B. Groundmass Textures

'The groundmass material throughout the Lithic Ridge Tuff consists of

variably flattened pumice separated by intervening shards. The primary

texture of the groundmass is preserved, even though it was replaced by

secondary minerals. Primary spherulites and primary alkali feldspar-silica

intergrowths are rare; they occur only in flattened pumice of the moderately

welded zones in the middle part of the unit.

C. Secondary Minerals

The principal secondary minerals are analcime, clinoptilolite, inter-

stratified smectite-illite clays, quartz, authigenic potassium feldspar, and

calcite. The most abundant groundmass alteration is principally analcime,

auartz, and smectite clay. Clinoptilolite is less abundant than in the

overlying Tram Member of the Crater Flat Tuff, and the deepest occurrence of

clinoptilolite in USW G-3 is at 4600 ft (1402.1 m) (Fig. 11). The average

arain size is about 2 m, but areas of clear nalcime, 5 to 10 m in diameter,

also occur. For the most part, these minerals appear to be replacing former

glass; the relict shard textures are still visible.

Secondary minerals occurring in high-angle fractures are principally

calcite and very fine grained quartz, which appears in hand specimen as
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chalcedony. The faults and shears are filled mainly with smectite clay and

minor jasperoidal quartz. In a major fault at a depth of 4600 ft (1402.1 m),

a gouge zone several centimeters wide consists of comminuted host-rock

fragments and phenocrysts that have been rotated and enveloped by parallel,

smectite shear laminae that postdate brecciated chalcedony.

The cation compositions of clinoptilolite in the Lithic Ridge Tuff are

shown in Fig. 7. The average exchangeable cation composition is about 15%

potassium, 60% sodium, and 25% calcium. This high-sodium content approaches

that of the more deeply buried clinoptilolites adjacent to or within the upper

part of the analcime zone elsewhere at Yucca Mountain (Caporuscio et al. 1982).

At Yucca Mountain, the clinoptilolites associated with analcime are

sodium rich. In USW G-2, there is an overlap interval of about 300 ft (90 m)

of sodium-rich mordenite, clinoptilolite, and analcime within the upper part

of the Tram and lower part of the Bullfrog Members of the Crater Flat Tuff.

Within the same stratigraphic interval in Drill Hole USW G-1, there is no over-

lap, but the sodium-rich clinoptilolite occurs just above the analcime zone.

The clay minerals in the Lithic Ridge Tuff range from sodium- , calcium-

rich smectite clays in the upper part (4008 ft or 1221.6 m) to potassium

smectites with depth (Fig. 12). Potassium content [based on a 20 and (OH)4

formula! ranges from about 0.6 in the smectites between 3876 ft (1181.5 m) and

4500 ft (1370 m) to 1.1 to 1.5 at depths below 4568 ft (1342.3 m). There is

some indication that the less potassium rich smectite clays are localized

alone fractures and shears. However, a fault gouge zone at 4600 ft (1402.0 m)

contains potassic clays with interlayer cation contents ranging from 0.8 to

1.3.

Although a careful search was made of all thin sections for its presence,

no authigenic albite was observed.

D. Glasses

No glass remains in the Lithic Ridge Tuff in Drill Hole USW G-3. What

appears to have been glass, judging from well-preserved relict shards and

pumice, is now largely analcime with smaller amounts of intergrown, fine

quartz and smectite platelets.
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E. Alteration History
Most of the Lithic Ridge Tuff was originally partially to moderately

welded and chilled to a lassy roundmass. The interiors of the moderately
welded zones (Fia. 11) crystallized to spherulites and a silicic-feldspathic
qroundmass. After burial near or below the water table, the glassy portion

crystallized to clinoptilolite, possibly heulandite, and minor silica
minerals. Such a zeolitized sequence in the Lithic Ridge Tuff is exposed at
its type locality near Topopah Spring, where the Lithic Ridge is nonwelded to
partially welded. With deeper burial and increasing temperature and pressure,
analcime formed and is intergrown with quartz and smectite clay. In the lower
part of the Lithic Ridge Tuff below about 4600 ft (1400 m), smectites richer
in potassium were formed.

Durinq the later stages of alteration, faults and fractures opened up

pathways for mineralizing solutions. Veinlets and fractures formed with very
complex multiple sequences of mineral deposition. A veinlet at 4416 ft
(1346 m) exemplifies these complex paragenetic relations:

(1) the host-rock tuff was altered to a microscopic aggregate of anal-
cime, fine quartz, and smectite clay; shards and primary apatite
were preserved;

(2) minor, early chalcedony lined parts of the veinlet;
(3) a major amount of calcite was deposited in the veinlet, where it

generally lines walls;
(4) very minor chalcedony was deposited on the wall-lining calcite;

(5) a central vein-filling of altered host rock was injected with
parallel flow layers of relatively pure analcime, which alternate
with smectite-rich zones; and

(6) very thin (5- to 10-um) veinlets of both calcite and chalcedony
transected the interior host-rock aggregate.

Veinlets such as these are not uncommon at this depth and provide some
evidence of the complexity of postemplacement recrystallization events.

IX. OLDER TUFFS - UNIT A: 4883.0 to 5031.0 ft (T.D.) (1488.3 to 1533.45 m)
(T.D.) [4792.0- to 4925.7-ft (1460.6- to 1501.4-m) true vertical depth

corrected for hole deviation]
Drill Hole USW G-3 penetrated 148 ft (45 m), which is equivalent to

133.7-ft (40.8-m) true vertical penetration, into the upper part of Unit A, a
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welded ash-flow tuff of the older tuffs penetrated in USW G-1. The uppermost

part is nonwelded to partially welded and grades downward through partially

welded to moderately welded (Fig. 11).

A. Petrographic Summary-.'

Unit A of the older tuffs is largely altered in USW G-3, except for the

felsic phenocrysts, biotite, and accessory minerals. Phenocryst abundance

increases downward with degree of welding from 13 to about 20X in the

moderately welded zone toward the bottom of the drill hole. Phenocrysts

consist of subequal amounts of quartz, sanidine, and plagioclase with minor

biotite and less than a per cent of opaque minerals. Zircon, allanite, and

apatite occur sparsely.

The opaque iron-titanium oxide minerals in the uppermost partially

welded zone are intermediately oxidized to 4 on a scale of 1 to 7, and the

tuff also contains pyrite (Fig. 11). The iron-titanium oxide minerals in the
moderately welded zone near the bottom of the hole have a higher degree of

oxidation (5.3), and no pyrite is present.
Lithic fragments are rare to sparse in Unit A, in contrast to their

occurrence in the Lithic Ridge Tuff, and they generally form less than a few

per cent of the rock. Spherulite fragments with brown "hair" are

characteristic, as in the Lithic Ridge Tuff, and constitute a significant

amount of the lithic fragments; the remainder are devitrified rhyolite lavas

and welded tuff. No pilotaxitic lavas of intermediate composition occur as
lithic fragments, as they do in the Lithic Ridge Tuff.

B. Groundmass Textures

The roundmass of Unit A is composed of pumice separated by relict

shards. The groundmass is now replaced by secondary minerals. Former

cristobalite has recrystallized to quartz in association with sparse primary
alkali feldspar. Most of the groundmass feldspar has been replaced by

authigenic potassium feldspar. The pumice is of three different mineralogical

compositions: (1) clay, (2) analcime with quartz and authigenic potassium

feldspar (Or100), or (3) relict granophyric quartz and alkali feldspar.

C. Secondary Minerals

The secondary minerals in Unit A are chiefly analcime, smectite clays,

authicenic feldspar, and quartz. Calcite is absent or very sparse, occurring
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in pumice or occasionally in fractures. Analcime is fairly common, ranging

from 30 to 40X in the uppermost partially welded zone. In this zone, it

occurs as a replacement for relict shards and pumice and is intergrown with
authigenic potassium feldspar. In shard cavities of the moderately welded

zone near the bottom of the hole, rinds consisting of spheroidal aggregates of
quartz after cristobalite occur within analcime and are in turn filled with

analcime.
The smectite clay in Unit A of the older tuffs is generally less

potassic than in the lower part of the overlying Lithic Ridge Tuff. The
compositions of these clays are shown in Fig. 12. It should be noted that two
analyses of smectite clay in pumice from the moderately welded zone at 5014 ft
(1495.4 m) are relatively low in alkalis, which is typical of smectites much

hioher in the hole (Table A-I).

The authigenic potassium feldspar is probably the low-temperature form,
adularia. It replaces roundmass alkali feldspar and forms veins crossing
feldspar phenocrysts.

D. Glasses
No glass remains in Unit A; it has mostly recrystallized in the upper

partially welded zone to analcime, quartz, smectite clay, and authigenic
potassium feldspar. In the moderately welded zone, relict granophyric quartz-
feldspar intergrowths indicate that this moderately welded zone was devitri-
fied, rather than glassy, before zeolite and clay formation.

E. Alteration History
In general, Unit A of the older tuffs, although it underlies the Lithic

Ridoe Tuff, is slightly less altered. This state is probably related to much
less fracturing within Unit A (0.2 fractures/m) compared to the Lithic Ridge

(0.6 fractures/m) (Scott and Castellanos in prep.). Moreover, no faults were

identified in the core within Unit A, whereas 65 faults were identified in

core through the Lithic Ridge Tuff (Scott and Castellanos in prep.). Very

little calcite is present in Unit A; this is not surprising in view of the

fact that calcite commonly occurs in fractures and faults and records the

passage of bicarbonate-bearing waters. It seems reasonable, therefore, that

the slightly less altered condition of Unit A with respect to the Lithic Ridge

Tuff is the result of its less fractured and faulted condition.
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X. MAJOR DIFFERENCES IN THE DEGREE OF ALTERATION MIONG DRILL-HOLE LOCALITIES

AT YUCCA MOUNTAIN

Within USW GU-3 and USW G-3, secondary minerals are less abundant and

generally of lower grade (lower temperature of formation) than in drill cores

from USW G-1 and G-2, UE-25a#1 and 25b#1, or J-13. Work by Levy (1984)

suagests that cores from USW GU-3 and G-3 are also less extensively altered

than the samples from USW H-4, although the degree of alteration in USW GU-3

and G-3 may be roughly comparable to that in USW H-5 and H-3. Five major

differences in alteration mineralogy are described below.

A. Less Alteration within the Southern Exploration Block

Samples from USW GU-3/G-3 tend to be less altered than samples from com-

parable depths in the northern part of Yucca Mountain and in the eastern part

where the dip of the beds brings the tuff of Calico Hills near the static

water level. Whereas the Topopah Spring unit north of Drill Hole Wash may

contain an upper and lower vitrophyre, the lowermost 200 ft (61 m) of the

Topopah unit in USW GU-3 is also vitric, as is the underlying 200 ft that

includes the tuff of Calico Hills and the upper part of the Prow Pass Member

of the Crater Flat Tuff. Aside from the lower vitrophyre of the Topopah, this

vitric material is mostly nonwelded. The preservation of so much vitric rock

indicates that these units were not beneath the water table for any extended

time following their emplacement. Hydrology Hole USW H-5, also at the Yucca

Mountain crest and within the exploration block, has abundant glass within the

Calico Hills and upper Prow Pass units. Hole USW H-4, however, at the eastern

edge of the exploration block, has abundant glass only at the top of the

Calico Hills unit, which overlies a thoroughly zeolitized zone. The differ-

ences between USW H-5 and USW H-4 may indicate that the present eastward dip

of lithostratigraphic units was already well developed at the time of

zeolitization (Levy 1984).

Alteration beneath the water table is also less extensive at USW GU-3/G-3

than in the drill holes in and north of Drill Hole Wash. The vein-filling

assemblage calcite-quartz-barite in USW G-2 and the abundant vein-associated

pyrite in UE-25b#1 are not found in USW GU-3/G-3. Calcite concentrations in

USW GU-3/G-3 are generally less than 1% at all depths; this contrasts with an

average above 1 in USW G-2 at depths below 3900 ft (1189 m) and in UE-25b#1

below 2800 ft (853 m). Barite is absent in USW GU-3/G-3, and pyrite is scarce
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(traces only below 3700 ft or 1130 m). The first appearances of key index

minerals are also deeper in USW G-3/G-3 than in the more northerly drill

holes. Clinoptilolite appears in abundance at 1827-ft (557-m) depth (vs 1300

ft or 400 m in UE-25a#1, 1400 ft or 427 m in USW G-1, and 1630 ft or 497 m in

USW G-2, discounting probable perched-water-table occurrences); analcime

appears at 4000-ft (1220-m) depth (vs 3370 ft or 1027 m in UE-25a#1, 3100 ft

or 945 m in USW G-1, and 3250 ft or 990 m in USW G-2). Authigenic albite does

not occur at all in USW G-3. These mineral zones are summarized in Fig. 3.

In accord with the decreased alteration of USW GU-3/G-3, relatively

unstable silica phases persist to greater depth than in the drill holes in and

north of Drill Hole Wash. Tridymite is found as deep as 2070 ft (630 m) in

USW G-3, whereas it occurs no deeper than 320 ft (100 m) in UE-25a#1, 1100

ft (335 m) in USW G-1, and 900 ft (275 m) in USW G-2. Cristobalite occurs as
deep as 3700 ft (1130 m in USW G-3 but no deeper than -'1250 ft (380 m in
UE-25a#1, 2800 ft (850 m) in USW G-1, and 3400 ft (1035 m) in USW G-2.

B. Reduced Clay Abundance in USW GU3/G-3
The USW GU-3/G-3 samples have fewer and generally smaller clay crystals

(<10 um) than those from the more northerly drill holes. Clay abundances in

upper USW GU-3/G-3 average less than 1, with a few samples >10% in bedded

zones or fractures; below 3500 ft (1070 m), clay abundances of A% become

common. In contrast, clay abundances of 10% or more are common throughout

UE-25a#1, UE-25b#1, USW G-1, and USW G-2. Samples from USW GU-3/G-3 also lack

the coarse illites that occur in USW G-2 (see Fig. 7 of Caporuscio et al.

1982). The limited smectite-to-illite transition in USW GU-3/G-3 is discussed
in detail under Sec. E (below).

C. Relative Absence of Mordenite in USW GU3/G-3

Detailed XRD studies of USW GU-3/G-3 (Table I) indicate that mordenite is

virtually absent from bulk tuff samples (excluding fractures). This is in

striking contrast to the data from UE-25a#1, UE-25b#1, USW G-1, and USW G-2,

where mordenite is an abundant alteration phase within the tuff matrix.

Mordenite does occur in abundance along several fractures in USW GU-3/G-3.

Data from Hydrolocy Holes USW H-3, H-4, and H-5 (Levy 1984) are limited;

mordenite may also be scarce in USW H-5, but it has been observed in USW H-3

and H-4. The patchy distribution of mordenite within the exploration block
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suggests limitations on its usefulness as a natural sorptive phase, unless

flow is restricted to fractures.

D.- Transition from Calcium Heulandite in the Topopah Spring Unit to

Potassium- , Sodium-Clinoptilolite at Depth

Open-channel zeolites such as clinoptilolite/heulandite and mordenite

have reater sorptive capacity than zeolites of less open structure (for

example, analcime). Among the sorptive zeolites, clinoptilolite and

heulandite appear to be most abundant and most consistently present in USW

GU-3 and G-3. Heulandite is distinguished from clinoptilolite by its lower

short-term thermal stability (it rapidly becomes structurally amorphous at

A4501C). Available data from Yucca Mountain indicate that heulandites here

have hiaher calcium and magnesium content and clinoptilolites have more sodium

and potassium. Heulandite-clinoptilolite compositions in USW GU-3 and G-3 are

summarized in Fig. 7 and listed in Table A-I.

Caporuscio et al. (1982) and animan et al. (in press) have noted that

the heulandites and clinoptilolites from USW G-2, at the northern end of Yucca

Mountain, indicate a transition downward from calcium- , magnesium-rich

heulandite above the Topopah Spring unit to potassium-rich clinoptilolite in

the Topopah Spring and Calico Hills units (depths of 1745 and 2158 to 2430 ft

or 532 and 658 to 741 m) to sodium-rich clinoptilolites in the underlying Prow

Pass and Bullfrog units (depths of 3067 to 3250 and 3492 ft or 935 to 991 and

1064 m). This trend from (calcium + magnesium) to potassium to sodium enrich-

ment with increasing depth has been noted by Hoover (1968) as typical of

zeolite zonations in the NTS region. The data from USW G-1, which is farther

south than USW G-2, are comparable in trend, but the various units may have

average zeolite compositions very different from their compositions at

equivalent depths in USW G-2 (Caporuscio et al. 1982).

In contrast to that from USW G-1 and G-2, the data from Drill Holes USW

GU-3 and G-3, much farther south at Yucca Mountain, suggest that the trend of

(calcium + magnesium) to potassium to sodium zeolite zonation is less well

defined with depth. There is a sharp contrast between the calcium-rich heul-

andites at 1195 ft (364.2 m) in the Topopah Spring unit of USW GU-3 (Fig. 6)

and the potassium--, sodium-rich clinoptilolites of the underlying units.

However, the pattern of compositional variation from potassium- to sodium-rich

with depth is less well defined above the Lithic Ridge Tuff (Fig. 7).
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The correlation of heulandite thermal stability with calcium content may

be an item of concern. In addition to the correlation between thermal

stability and composition, the possible effects of these variations in large

cation type (calcium-magnesium, sodium, or potassium) on sorption are unknown.

Although the current target zone within the Topopah Spring unit is not

zeolitized, zeolites do occur at the top of the immediately underlying

vitrophyre. Moreover, the presence of zeolites below the target zone may

provide an important part of retardation during the isolation period of

repository life. For these reasons, it is important to understand the

sorptive capabilities of those zeolites.

E. Lack of Illite Clay

The transition from expandable to poorly expandable clay is abrupt in USW

G-2 and occurs between the Bullfrog and Tram units at 3500 ft (1065 m); clays

below this depth are potassium rich, are mostly illites, and have a high inter-

layer cation content (1.4 to 1.7). In contrast, the clay data from cores USW

GU-3 and G-3 suggest that the transition to illite is less than 20% complete

as deep as 5031 ft or 1533 m (USW G-3 T.D.). Interlayer cation contents are

correspondingly low, typically 0.7 to 0.8, but never more than 1.4 (Table

A-I), although cation composition may vary greatly (Fig. 12). The x-ray data

confirm this limited transition to illite.

The clay minerals in USW GU-3 and G-3 were studied by XRD to determine

the temperature of alteration in the hole and to estimate the expandability

and cation exchange capacity of these clays. Data were obtained using <2-m

fractions for XRD analysis. Based on computer-simulated x-ray patterns of

randomly interstratified illite-smectites, the type and amount of inter-

stratification with illite and the thickness of the ethylene glycol-smectite

complex can be determined. The thickness of the complex can be related in a

general way to smectite layer charge and exchange capacity (Bish 1981). The

data indicate clay alteration temperatures less than 40°C. This contrasts

sharply with the data from USW G-2, where illites with formation temperatures

greater than 235°C occur below 5100-ft (1554-m) depth (Bish and Semarge 1982).

In USW GU-3 and G-3, the maximum percentage of illite layers interstratified

with sectite is (15 to 25%) and occurs at the bottom of the USW G-3 (Table

II). The (001) spacings of the smectites in USW GU-3 and G-3 at room temper-

ature and a given humidity can be used as an indicator of interlayer cation
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composition. Most smectites have basal (001) spacings of 12 to 14 A and
probably have mixed sodium-calcium interlayers (Table II). Spacings between

10 and 12 A at the bottom of the Tram unit are consistent with mixed

potasslum-sodium or potassium-calcium smectiteS (Table 11, samples 3799.0 and

3847.5). There are no clear trends in the thickness of the ethylene

glycol-smectite complex; most smectites in USW GU-3 and G-3 have a normal to

slightly higher than normal layer charge, although the smectites between
3799.0 and 3847.5 ft (1157.9 and 1172.7 m) have low layer charges. A low
layer charge is consistent with a lower cation exchange capacity.

XI. CONCLUSION: IMPLICATIONS OF VARIABLE ALTERATION FOR PREDICTING ZEOLITE

ABUNDANCE ALONG TRANSPORT PATHWAYS

The diminished alteration of USW GU-3/G-3, which is reflected in reduced
clay abundance, rare mordenite, and virtual absence of clinoptilolite in the
vitric tuff of Calico Hills, indicates that the abundances and distributions

of sorptive secondary minerals throughout the exploration block (Fig. 1) may

be variable. Because sorption is one of the three major processes (with

precipitation and physical obstruction) that retard radionuiclide transport,

this variability poses a serious question. Can one predict the effective

abundance of sorptive minerals along transport pathways? Using the data in

this report and comparisons with data from other reports (Levy 1984;
Caporuscio et al. 1982; Bish et al. 1981; Sykes et al. 1979; and Carroll et
al. 1981), it is now possible to answer this question for sorptive zeolite
minerals.

To predict overall sorption at Yucca Mountain, necessary data include the
total amount of zeolites along pathways away from a repository in the Topopah
Sprinq unit. In the saturated zone, these pathways are still poorly defined.

In the unsaturated zone, however, it is reasonable to assume that the

direction of transport is primarily downward, and it is possible now to assess

the extent and composition of major zeolite barriers that would occur between
a repository in the Topopah Spring unit and the static water level.

Table III summarizes the data we have collected to date on zeolitization
in four major intervals or horizons beneath the exploration block at Yucca
Mountain. It is important to recognize that zeolitization is a secondary
mineralogic feature that does not correlate directly with formal stratigraphic
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Ln
TABLE III

DEPTHS, THICKNESSES, AND ZEOLITE ABUNDANCES IN COMMONLY ZEOLITIZED INTERVALS BENEATH YUCCA MOUNTAINa

UE-25at1
USI G-1 UE-25bo1 USW G-4 USW 11-4

SWL-577 deep SWL-470 a deep SWL-541 deep SWL.519 d

Interval 1 depths: 392 to depths: 385 to depths: 396 to depths: 352
bove the lower 392.7 388 U 400.5 * 361

Topopah Spring (0.7 a thick) (3 thick) (4.5 . thick) (4 thick)
vitrophyre 151 cpt 71 cpt 101 (112) cpt no nalyses

Interval II: depths: 425 to depths: 404 to depths: 420 to depths: 400
aseof the 566 556 * 545 . 504

Topopah Spring 1141 a thick) (152 a thick) 1125 u thick) 1104 m thicl
unit tuff of 52S (117) cpt 611 (6) cpt 50 (191 cpt 63s 113) cl
Ca11co Hills 771 1220) mord 5 (17) word 81 (112) No

Interval I: depths: 622 to depths: 636 to depths: 600 to depths: 596
between the 706 * 710 m 682 m 698
Prow Pass and (84 a thick) 174 * thick) (82 m thick) 1102 m thici
Bullfrog units 45S ( 12) cpt 601 cpt and 321 1121 cpt no analyses

18s *18) mord mord 19 (01 mord

Interval IV. depths: 779 to depths: 863 to depths: 28 to depths: 7b5
between the 823 690 860 . 774
Bullfrog and (44 * thick) (27 a thick) (32 m thick) (9 * thick)
Tram units 371 (16) cpt 41 4) cpt 8S Is) cpt no analyses

151 (*11) mard 161 (210) word 381 (321 mord

a cpt * clitnoptilolfte and heulndite. mord - uordenite. and SWL * static water level.

eep

to
a

U5M H-5
SL=704 deep

depth; 485 a
(thickness
unknown)
10 cpt

US H-3
5uL-754 deep

depths: 367 to
to 371 

(4 w thick)
no analyses

US5 GU-3
USI U-4

5ML(see USW H-j)

depths: 360 to 364 a
(4 a thick)
trace cpt

to depths: 584 to
1 594 w VITRIC VITRIC
t) (t m thick) (nonzeolitized) (nonzeolitizeu)
Pt
rd 37S cpt

to depths: 655 to depths: 549 to depths: SS to
3*" 689 610 613 

(34 thick) (61 thick) (56 a thick)
601 cpt 681 cpt b8s (1b) cpt

to no depths: 732 to depths: 776 to
* samples 760 w u22 

(28 m thick) 14b * thick)
521 117) cpt 361 (b) cpt
181 (113) ord



units (formations and members); formal units can not be identified as being
consistently zeolitized or consistently nonzeolitized. However, it is
possible to identify commonly zeolitized intervals underlying a fixed area
(for example, the exploration block at Yucca Mountain). On this basis, the
four commonly zeolitized intervals beneath the exploration block at Yucca
Mountain are listed below.

Interval I: The zeolite- and clay-rich zone that commonly occurs at the top

of the lower Topopah Spring vitrophyre. Zeolitization here may be a

result of alteration concentrated along the devitrificatlon front at the

top of the vitrophyre. This is an interval where heulandite (isostruc-

tural with clinoptilolite but with lower thermal stability) occurs. This

interval tends to be very thin (less than 4 m).

Interval II: The relatively thick zeolitized zone that may occur in the

nonwelded and poorly welded tuffs, and in some cases in the lower

vitrophyre, at the base of the Topopah Spring unit, and in the underlying

tuff of Calico Hills. In this interval, clinoptilolite predominates,

although mordenite may also occur. A critical feature of this interval
is its lateral inconsistency, for it is unzeolitized in USW GU-3 and in
USW H-3. Elsewhere, it is a zone of zeolitization that ranges from 9 m
thick in USW H-5 to about 150 m thick in UE-25a#1. These large ranges in

thickness indicate that this zeolite interval is thin or absent along the

crest of Yucca Mountain but thickens dramatically down-dip to the east

and toward Drill Hole Wash.

Interval III: The poorly welded and bedded tuffs that occur between the Prow

Pass and Bullfrog Members of the Crater Flat Tuff. This is another

interval, like Interval II, in which clinoptilolite predominates,

although mordenite may also occur. This interval is relatively thick in
all drill cores (34 to 91 m), but it occurs below the static water level

at Drill Hole Wash (USW G-1 and UE-25b#1) and at the eastern edge of the

exploration block (USW H4 and G-4).

Interval IV: The poorly welded and bedded tuffs that occur between the

Bullfrog and Tram Members of the Crater Flat Tuff. Clinoptilolite is
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typically abundant in this interval, although mordenite predominates in

one drill core (UE-25b#1). This interval varies in thickness from 27 to

44 m. It occurs above the static water level only at the southern part

of the exploration block (USW H-3 and USW GU-3/G-3).

Using these zeolitization intervals, it is possible to evaluate the

zeolite abundance between a potential repository in the Topopah Spring unit

and the underlying static water level for each of the seven localities listed

in Table Il. As a first approach, one can calculate the total thicknesses of

zeolitized tuff intervening between a repository horizon in the Topopah Spring

unit and the static water level. The results of such calculations are shown

in Table IV. Calculated cumulative thicknesses of zeolitized tuff above the

static water level range from 44 to 142 m. As a second approach, one can

calculate the cumulative equivalent thickness of 100% zeolite between a

repository in the Topopah Spring unit and the static water level:

Tz = Z (per cent zeolite) x (thickness of interval i),
i

where TZ is the equivalent thickness of 100% zeolite (mordenite or

clinoptilolite-heulandite) summed over each interval (i) or portion of an

interval down to the static water level. Interval I is not included in the

summation because this interval is very thin and still poorly constrained in

some drill holes. These equivalent thicknesses of 100% zeolite are also
summarized in Table IV.

It should be noted that the data in Table IV are approximate. The

standard deviations in Table III are 10 to 35% of the clinoptilolite-

heulandite estimates and often more than 100% of the mordenite estimates.

However, the cumulative abundance of zeolite between a repository in the

Topopah Spring unit and the static water level remains typically equivalent to

a column several tens of meters thick. This is a simple treatment of a com-

plex mineralogic and petrologic environment; nevertheless, it is a treatment

that provides a prediction of effective zeolite abundances along transport

pathways in the unsaturated zone.
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TABLE IN

ZEOLITES BETWEEN A REPOSITORY N THE TOPOPAH SPRING UNIT
AND THE STATIC WATER LEVEL, AT SEVEN DRILL HOLE LOCALITIES

(A) Cumulative Thicknesses of Zeolitized Tuft

UE-25a#1
USW G-1 UE-25b#1 USW G-4

126 m

USW H-4 USW H-5 USW H-3

87 m

USW GU-3
USW G-3

60 m142 m 69 m 108 m 44 m

(B) Equivalent Thicknesses of 100% Zeolitea

UE-25a#1
USW G-1 UE-25b#1

73 of
cpt

44 of
cpt

USW G-4

61 m of
cpt

6 m of
mord

USW H-4

66 m of
cpt

USW H-S

24 of
cpt

USW GU-3
USW H-3 USW G-3

53 m of
cpt

32 m of
cpt

11 m of
mord

8 m of
mord

4 m of
mord

a cpt = clinoptilolite and heulandite; mord = mordenite.
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APPENDIX - TABLE A-I

ELECTRON MICROPROBE ANALYSES OF GLASSES AND MINERALS
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r%) APPENDIX - TABLE A-I (cont)

MICROPROBE ANALYSES OF CLINOPTILO-
LITE/HEULANDITE IN THE TPOPAH
SPRING MEMBER MICROPROBE ANALYSES OF CLINOPTILOLITE IN THE PROW PASS MEMBER

Depth
(ft)

SI 02
Ti02
AL203
FeO
190
Co
BaO
Na2O
K20
Total

1195 1195 1195 1195
Depth
(ft) 1874 1874 1874 1874 1874 1986 1986 1986

64.71
0.03

13.17
0.30
0.91
4.28
0.04
0.70
0.36

84.49

66.96
0.04
12.34
0.25
0.72
4.00
0.13
0.77
0.78

85.98

63.12
0.05
11.78
0.83
0.93
3.85
0.19
0.48
0.94
82.17

66.64
0.04
12.19
0.50
0.85
3.76
0.01
0.61
0.65

85.26

S102
T102
Al203
FeO
M90
CaO
BaO
Na2 0
K20
Total

66.47
0.00
11.20
0.02
0.00
1.69
0.00
1.76
3.95

85.10

67.28
0.01
11.98
0.05
0.00
1.57
0.00
1.84
5.04

87.77

67.59
0.04
11.98
0.09
0.00
1.84
0.00
1.64
5.44

88.61

68.18
0.00

11.90
0.00
0.00
1.95
0.00
1.69
5.20

88.92

68.97
0.03
11.83
0.03
0.00
1.59
0.00
1.52
5.05

89.02

36(0)
15.018
0.005
3.037
0.005
0.000
0.371
0.000
0.642
1.403

64.21
0.00
11.40
0.00
0.00
0.59
0.00
1.65
6.51

84.37

65.55
0.00
11.57
0.01
0.00
0.64
0.00
2.10
6.12

87.00

66.91
0.00

11.91
0.06
0.00
0.60
0.00
1.96
6.49

87.93

CATION FORMULAE BASED ON 36(0)
S1 14.571 14.819 14.708 14.844
Ti 0.005 0.007 0.009 0.007
Al 3.496 3.220 3.236 3.201
Fe 0.056 0.046 0.162 0.093
Mg 0.305 0.237 0.323 0.282
Ca 1.033 0.949 0.961 0.897
Ba 0.004 0.011 0.017 0.001
Na 0.306 0.330 0.217 0.263
K 0.103 0.220 0.279 0.185

COORDINATION OF CATIONS
TET. 18.068 18.039 17.945 18.045
OCT. 1.812 1.801 1.968 1.728
Sum 19.880 19.840 19.913 19.773

Si 15.069
TI 0.000
Al 2.993
Fe 0.004
Mg 0.000
Ca 0.411
Ba 0.000
Na 0.774
K 1.142

TET. 18.062
OCT. 2.330
Sum 20.393

CATION
14.907
0.000
3.129
0.009
0.000
0.373
0.000
0.790
1.425

FORMULAE BASED ON
14.879
0.002
3.109
0.017
0.000
0.434
0.000
0.700
1.528

14.925
0.007
3.071
0.000
0.000
0.457
0.000
0.717
1.452

14.917
0.000
3.122
0.000
0.000
0.147
0.000
0.743
1.929

18.039
2.820

20.859

14.956
0.000
3.065
0.002
0.000
0.154
0.000
0. 915
1.755

18.021
2.826

20.847

14. 921
0.000
3.128
0.011
0.000
0.143
0.000
0.847
1.844

18.032
2.845

20.877

COORDINATION OF CATIONS
18.036 17.988 17.997 18.055
2.599 2.685 2.627 2.426

20.635 20.673 20.624 20.481

RATIO OF S TO S+Al
0.806 0.822 0.820 0.823

RATIO OF S TO S+Al
0.834 0.826 0.827 0.829 0.832 0.827

MOL.S POTASSIUM, SODIUM, AND
PLUS MAGNESIUM

K 5.9 12.7 15.7
Na 17.5 19.0 12.2
Ca+Mg 76.6 68.3 72.1

CALCIUM

11.3
16.2
72.5

K
Na
Ca+Mg

MOL.S
49.1
33.3
17.6

POTASSIUM.
55.1
30.5
14.4

SODIUM,
57.4
26.3
16.3

AND CALCIUM PLUS MAGNESIUM
55.3 58.1 68.4
27.3 26.6 26.4
17.4 15.4 5.2

0.830 0.827

62.1 65.1
32.4 29.9
5.5 5.1



APPENDIX - TABLE AI (cont)

MICROPROBE ANALYSES OF
CLINOPTILOLITE IN THE
BULLFROG MEMBERMICROPROBE ANALYSES OF CLINOPTILOLITE IN THE PROW PASS MEMBER (cont)

Depth
Cft)

SI02
TI02
Al 203
FeO
MgO
CaO
BaO
Na 20
K20
Total

1986 1986 1986 1986 1986 1986 1986
Depth
Cft)1993 2577 2615

66.68
0.01

11.90
0.00
0.00
0.68
0.00
2.18
5.68

- 87.13

67.99
0.00
11.66
0.00
0.00
0.59
0.00
2.13
5.74

88.11

67.54
0.01
11.85
0.06
0.00
0.63
0.00
2.54
5.45

88.08

69.10
0.00
12.28
0.00
0.00
0.61
0.00
2.60
5.51
90.09

65.13
0.00
11.97
0.14
0.00
0.59
0.00
2.41
6.06

86.30

65.56
0.00
11.72
0.05
0.00
0.66
0.00
2.11
5.91

86.01

65.75
0.00

11.32
0.20
0.00
0.66
0.00
2.05
5.56
85.54

67.75
0.00
12.14
0.00
0.00
0.64
0.00
2.40
5.86

88.80

Si0 2

TI02
A12 03
FeO

CaO
BO
Na 2 0
K2 0
Total

67.17
0.00
12.74
0.89
0.21
3.04
0.07
1.56
1. 75

87.45

62.86
0.00
11.31
0.00
0.00
1.53
0.00
2.91
2.97

81.58

Si
TI
Al
Fe
Mg
Ca
Ba
Na
K

- 14.921
0.002
3.139
0.000
0.000
0.163
0.000
0.946
1.622

15.020
0.000
3.037
0.000
0.000
0.140
0.000
0.912
1.618

18.057
2.670

20.727

CATION FORMULAE BASED ON 36(0)
14.943 14.931 14.804 14.899
0.002 0.000 0.000 0.000
3.091 3.128 3.208 3.140
0.011 0.000 0.027 0.010
0.000 0.000 0.000 0.000
0.149 0.141 0.144 0.161
0.000 0.000 0.000 0.000
1.090 1.089 1.062 0.930
1.538 1.519 1.757 1.714

14.988
0.000
3.042
0.038
0.000
0.161
0.000
0.906
1.617

18.030
2.722

20.753

14.897
0.000
3.147
0.000
0.000
0.151
0.000
1.023
1.644

CATION

Si
Ti
Al
Fe
Mg
Ca
Ba
Na
K

FORMULAE BASED ON
36(0)

14.759 14.880
0.000 0.000
3.300 3.156
0.164 0.000
0.069 0.000
0.716 0.388
0.006 0.000
0.665 1.336
0.491 0.897

TET. 18.060
OCT. 2.732
Sum 20.792

COORDINATION OF
18.034 18.059
2.790 2.750

20.824 20.809

CATIONS
18.012
2.990

21.002

18.039
2.813

20.853

18.045
2.818

20.863

RATIO OF S TO SAl
0.826 0.832 0.829 0.827 0.822 0.826 0.831 0.826

K
Na
Ca+Mg

MOL.S POTASSIUM, SODIUM, AND
59.4 60.6 55.4 55.2
34.6 34.2 39.2 39.6
6.0 5.2 5.4 5.1

CALCIUM
59.3
35.8
4.8

PLUS MAGNESIUM
61.1 60.2
33.2 33.8
5.7 6.0

COORDINATION OF CATIONS
TET. 18.059 18.037
OCT. 2.109 2.621
Sum 20.168 20.658

RATIO OF S TO SI+Al
0.817 0.825

MOL.S POTASSIUM, SODIUM,
AND

CALCIUM PLUS MAGNESIUM
K 25.3 34.2
Na 34.3 51.0
Ca+Mg 40.4 14.8

58.3
36.3

5.4

CM
L.



APPENDIX - TABLE A-I (cont)

MICROPROBE ANALYSIS OF CLINOPTILOLITE
IN THE LITHIC RIDGE TUFF

MICROPROBE ANALYSES OF CLINOPTILOLITE IN THE TRAM MEMBER

Depth
(ft)

SI02
TI02
Al 203
FeO
M90
CaO
BaO
Na 20
K20
Total

2695 3226 3226 3226 3475 3589 3672 3672 3672 3672 3759

65.80
0.01
11.97
0.36
0.00
1.98
0.00
2.54
3.19

85.84

66.73
0.00

12.07
0.29
0.04
1.96
0.00
2.43
2.88

86.39

67.47
0.00

12.40
0.54
0.04
2.29
0.00
2.31
2.45

87.50

65.80
0.00

12.15
0.68
0.03
1.91
0.00
2.78
2.93

86.28

66.87
0.07

12.28
0.07
0.30
1.19
0.07
2.89
3.57

87.34

67.01
0.00

11.37
0.26
0.00
0.88
0.13
2.20
4.47

86.33

64.45
0.00

11.84
0.22
0.04
1.07
0.00
2.98
3.93

84.53

65.69
0.00

12.52
0.04
0.07
0.96
0.23
2.63
5.61

87.79

66.89
0.00
11.78
0.07
0.00
1.12
0.01
2.42
4.36

86.67

67.23
0.00

12.53
0.00
0.00
1.04
0.91
2.27
5.02

89.03

ON 36(0)
14.804
0.000
3.253
0.000
0.000
0.245
0.079
0.969
1.410

66.79
0.00

12.16
0.08
0.00
1.09
0.00
3.69
3.20

87.01

Depth
(ft)

SiO 2
T102
Al603
FeO
MgO
CaO
BaO
Na 0
K20
Total

4423

65.29
0.00
12.62
0.12
0.22
2.35
0.27
3.21
1.15

85.25

Si 14.833
Ti 0.002
Al 3.181
Fe 0.068
Mg 0.000
Ca 0.478
Ba 0.000
Na 1.110
K 0.917

CATION FORMULAE BASED ON 36(0)
14.884 14.843 14.776 14.819
0.000 0.000 0.000 0.012
3.174 3.216 3.217 3.208
0.054 0.099 0.128 0.013
0.013 0.013 0.010 0.099
0.468 0.540 0.460 0.283
0.000 0.000 0.000 0.006
1.051 0.985 1.210 1.242
0.820 0.688 0.839 1.009

15.047
0.000
3.010
0.049
0.000
0.212
0.011
0.958
1.281

CATION FORMULAE BASED
14.814 14.697 14.957
0.000 0.000 0.000
3.208 3.302 3.105
0.042 0.007 0.013
0.014 0.023 0.000
0.264 0.230 0.268
0.000 0.020 0.001
1.328 1.141 1.049
1.152 1.601 1.244

14.848
0.000
3.187
0.015
0.000
0.260
0.000
1.591
0.908

CATION FORMULAE
Si
TI
Al
Fe
Mg
Ca
Ba
Na
K

BASED ON 36(0)
14.709
0.000
3.352
0.023
0.074
0.567
0.024
1.402
0.331

TET. 18.014
OCT. 2.575
Sum 20.589

COORDINATION
18.058 18.060
2.406 2.325

20.464 20.385

OF CATIONS
17.993
2.647
20.640

18.027
2.664
20.691

18.057
2.510

20. 567

18.022
2.800

20.822

COORDINATION OF CATIONS
17.999 18.062 18.056
3.023 2.575 2.703

21.023 20.637 20.760

18.035
2.773
20.808

COORDINATION
TET.
OCT.
Sum

OF CATIONS
18.061
.4 20

20.481

RATIO OF Si TO Si+Al
0.823 0.824 0.822 0.821

RATIO OF S TO S+A1
0.822 0.833 0.822 0.817 0.828 0.820

RATIO OF Si TO S+Al
0.8140.823

K
Na
Ca+Mg

MOL.% POTASSIUM,
36.6 34.8
44.3 44.7
19.1 20.5

SODIUM, AND
30.9
44.3
24.8

CALCIUM
33.3
48.0
18.6

PLUS MAGNESIUM
38.3 52.3
47.2 39.1
14.5 8.6

41.8
48.2
10.1

53.5 48.6 53.7 32.9
38.1 41.0 36.9 57.7
8.5 10.5 9.3 9.4

MOL.% POTASSIUM, SODIUM, AND CALCIUM
PLUS MAGNESIUM

K 13.9
Na 59.1
Ca+Mg 27.0



APPENDIX - TABLE A-I (cont)

MICROPROBE ANALYSES OF SECONDARY FLDSPARS
IN THE LITHIC RIDGE TUFF

MICROPROBE ANALYSES OF
SECONDARY FELOSPARS IN THE

OLDER TUFFS AND LAAS

Depth
(ft)

Sib2
TI0
Al ,
Fes
MgO
CaO
BaO
Na20
K20
Total

4297 4297 4423 4708 4756

66.45
0.09
18.87
0.36
0.00
0.57
0.05
7.49
5.86

99.75

64.85
0.08

18.81
0.14
0.00
0.59
0.14
6.40
7.00

98.00

64.9
0.00

21.57
0.27
0.00
2.96
0.76
9.50
0.62

100.63

66.77
0.08
17.08
0.00
0.00
0.03
0.07
0.03
15.23
99.34

66.58
0.03
17.28
0.00
0.00
0.00
0.10
0.04
14.26
98.32

Depth
(ft)

S102
T102
A1203
FeO
M90
CaO
BaO
Na2O
K 20
Total

5014

66.46
0.00

18.75
0.00
0.00
0.16
0.09
3.93
10.17
99.59

Si
Ti
Al
Fe
Mg
Ca
Ra
Na
K

TET.
OCT.
Sum

CATION FORMULAE BASED ON 8
2.981 2.972 2.865
0.003 0.003 0.000
0.998 1.016 1.122
0.014 0.005 0.010
0.000 0.000 0.000
0.027 0.029 0.140
0.001 0.003 0.013
0.651 0.569 0.813
0.335 0.409 0.035

OXYGENS
3.076
0.003
0.928
0.000
0.000
0.001
0.001
0.003
0.895

3.080
0.001
0.942
0.000
0.000
0.000
0.002
0.004
0.842

CATION FORMULAE BASED ON
8 OXYGENS

S1 3.011
Ti 0.000
Al 1.001
Fe 0.000
Mg 0.000
Ca 0.008
Ba 0.002
Na 0.345
K 0.588

COORDINATION OF CATIONS
3.979 3.988 3.987 4.003
1.032 1.018 1.011 0.903
5.011 5.006 4.998 4.907

4.022
0.848
4.870

COORDINATION
TET.
OCT.
Sum

OF CATIONS
4.012
0.942
4.955

TO S1+Al
0.750

RATIO OF S TO S1+Al
0.749 0.745 0.719 0.768 0.766 RATIO OF Si

MOL.2 POTASSIUM,
K 33.1 40.6
Na 64.2 56.5
Ca 2.7 2.9

SODIUM,
3.5
82.3
14.2

AND CALCIUM
99.5 99.6
0.3 0.4
0.2 0.0

MOL.% POTASSIUM, SODIUM.
AND CALCIUM

K 62.5
Na 36.7
Ca 0.8

tn



a) APPENDIX - TABLE A-I (cont)

MICROPROBE ANALYSES OF VAPOR PHASE FELDSPARS
IN THE TOPOPAR SPRING EMBER

482 525 525 525 1130 1130 1130 1130 1130 1130 1130 1130 1130 1130
Depth
(ft)

S102
T102
Al 20 3
FeO
MgO
CeO
BaO
Na20
K20
Total

66.58
0.07

19.10
0.43
0.00
0.98
0.13
6.76
6.39

100.45

66.70
0.05
19.18
0.18
0.00
0.66
0.23
5.96
7.58

100.53

67.99
0.03
18.60
0.21
0.00
0.36
0.16
5.32
9.00

101.67

66.68
0.07

19.10
0.23
0.00
0.41
0.00
6.11
7.58

100.18

66.63
0.02

21.14
0.06
0.00
2.39
0.09
9.91
0.93

101.18

66.22
0.00
18.50
0.09
0.00
0.10
0.04
4.30

10.34
99.59

67.16
0.00

21.10
0.00
0.00
1.95
0.19
9.86
1.45

101.69

66.74 65.39
0.00 0.03
18.70 21.33
0.05 0.00
0.00 0.00
0.02 2.66
0.07 0.07
4.67 9.75

10.15 0.91
100.40 100.14

66.82
0.05
18.56
0.00
0.00
0.09
0.19
3.80

11.20
100.72

66.93
0.00

18.68
0.05
0.00
0.12
0.26
4.08
10.72
100.84

66.95
0.01
18.36
0.08
0.00
0.09
0.13
4.58

10.16
100.36

67.11
0.05
18.22
0.05
0.00
0.11
0.04
5.45
8.77

99.80

67.31
0.00

20.79
0.04
0.00
1.63
0.07
9.50
1.87

101.20

Si 2.973
TI 0.002
Al 1.006
Fe 0.016
Mg 0.000
Ca 0.047
Ba 0.002
Na 0.585
K 0.364

TET. 3.979
OCT. 1.017
Sum 4.996

CATION FORMULAE BASED ON
2.982 3.014 2.986 2.905
0.002 0.001 0.002 0.001
1.011 0.972 1.008 1.086
0.007 0.008 0.009 0.002
0.000 0.000 0.000 0.000
0.032 0.017 0.020 0.112
0.004 0.003 0.000 0.002
0.517 0.457 0.531 0.838
0.432 0.509 0.433 0.052

8 OXYGENS
3.008 2.916
0.000 0.000
0.991 1.080
0.003 0.000
0.000 0.000
0.005 0.091
0.001 0.003
0.379 0.830
0.599 0.080

3.006
0.000
0.993
0.002
0.000
0.001
0.001
0.408
0.583

3.998
0.995
4.993

CATION FORMULAE BASED ON 8
2.883 3.011 3.009 3.017
0.001 0.002 0.000 0.000
1.109 0.986 0.990 0.975
0.000 0.000 0.002 0.003
0.000 0.000 0.000 0.000
0.126 0.004 0.006 0.004
0.001 0.003 0.005 0.002
0.833 0.332 0.356 0.400
0.051 0.644 0.615 0.584

OXYGENS
3.024 2.933
0.002 0.000
0.968 1.068
0.002 0.001
0.000 0.000
0.005 0.076
0.001 0.001
0.476 0.803
0.504 0.104

COORDINATION OF
3.993 3.987 3.995
0.993 0.995 0.994
4.986 4.982 4.989

CATIONS
3.991 3.999
1.005 0.987
4.996 4.986

3.995
1.004
5.000

3.992
1.013
5.004

COORDINATION
3.997 3.999
0.985 0.983
4.982 4.981

OF CATIONS
3.993 3.991
0.994 0.990
4.987 4.981

4.001
0.985
4.986

RATIO OF S TO SAl RATIO OF S TO S+Al
0.747 0.747 0.756 0.748 0.728 0.752 0.730 0.752 0.722 0.753 0.752 0.756 0.758 0.733

MOL.% POTASSIUM,
K 36.5 44.1 51.8 44.0
Na 58.8 52.7 46.5 54.0
Ca 4.7 3.2 1.7 2.0

SODIUM,
5.2

83.7
11.2

AND CALCIUM
61.0 8.0
38.5 82.9
0.5 9.1

MOL.; POTASSIUM,
58.8 5.1 65.7 63.0
41.1 82.5 33.9 36.4
0.1 12.4 0.4 0.6

SODIUM, AND
59.1 51.2
40.5 48.3
0.4 0.5

CALCIUM
10.6
81.7

7.7



APPENDIX - TABLE A-I (cont)

MICROPROBE ANALYSES OF GLASS IN THE
TIVA CANYNON MEM8ER MICROPROBE ANALYSES OF GLASS IN THE TOPOPAM SPRING MEMBER

Depth
(ft)

5102
T102
Al 203
FeO
MgO
CaO
BeO

K 20
Total

CATION
Si
TI
Al
Fe
Mg
Ca
Ba
Na
K

Depth
(ft)356 356 356 356 1195 1227 1227 1227 1227 1227 1227 1227

74.12
0.13

12.17
0.73
0.00
0.05
0.11
4.00
5.05

96.39

74.41
0.05

11.87
0.40
0.00
0.05
0.02
3.78
5.30

95.93

73.72
0.03

11.23
1.23
0.11
0.89
0.00
4.43
2.77

94.73

73.86
0.07

11.84
2.34
0.23
1.19
0.00
5.43
1.85

97.30

Sil02
Ti0a
A1203
FeO
MgO
CaO
BaO
Na2O
K20
Total

74.95
0.10

11.86
0.74
0.00
0.21
0.19
3.40
5.78

97.23

74.18
0.09

11.73
0.14
0.00
0.34
0.00
3.36
5.31

95.15

73.73
0.04

11.97
0.60
0.00
0.40
0.00
3.39
5.61

95.74

73.40
0.05

11.71
0.91
0.05
0.59
0.16
3.40
5.45

95.73

73.54
0.08

11.66
0.83
0.00
0.27
0.13
3.31
5.63

95.44

74.11
0.11

11.82
0.73
0.00
0.24
0.07
3.41
5.55

96.04

74.45
0.09

11.54
0.81
0.00
0.22
0.04
3.27
5.58

96.00

FORMULAE BASED ON 8 OXYGENS
3.336 3.357 3.359 3.305
0.004 0.002 0.001 0.002
0.646 0.631 0.603 0.625
0.027 0.015 0.047 0.088
0.000 0.000 0.007 0.015
0.002 0.002 0.043 0.057
0.002 0.000 0.000 0.000
0.349 0.331 0.391 0.471
0.290 0.305 0.161 0.106

Si 3.351
Tf 0.003
Al 0.625
Fe 0.028
Mg 0.000
Ca 0.010
la 0.003
Na 0.295
K 0.330

TET. 3.976
OCT. 0.669
Sum 4.645

CATION FORMULAE BASED ON 8 OXYGENS
3.365 3.342 3.339 3.349 3.349 3.363
0.003 0.001 0.002 0.003 0.004 0.003
0.627 0.640 0.628 0.626 0.630 0.615
0.005 0.023 0.035 0.032 0.028 0.031
0.000 0.000 0.003 0.000 0.000 0.000
0.017 0.019 0.029 0.013 0.012 0.011
0.000 0.000 0.003 0.002 0.001 0.001
0.296 0.298 0.300 0.292 0.299 0.286
0.307 0.324 0.316 0.327 0.320 0.322

73.96
0.08

11.84
0.95
0.00
0.37
0.00
3.24
5.50

95.94

3.346
0.003
0.632
0.036
0.000
0.018
0.000
0.284
0.317

3.978
0.658
4.636

COORDINATION OF CATIONS
TET. 3.981 3.988 3.963 3.930
OCT. 0.675 0.655 0.651 0.739
Sum 4.657 4.644 4.614 4.669

COORDINATION OF CATIONS
3.992 3.982 3.966 3.975 3.979
0.628 0.666 0.687 0.669 0.663
4.620 4.648 4.654 4.645 4.642

3.978
0.653
4.631

RATIO OF Si TO SWIAl
0.838 0.842 0.848 0.841

RATIO OF S TO SAl
0.843 0.843 0.839 0.842 0.843 0.842 0.845 0.841

MOL.S POTASSIUM, SODIUM.
AND CALCIUM

K 45.2 47.8 27.0 16.7
Na 54.4 51.8 65.7 74.3
Ca 0.4 0.4 7.3 9.0

MOL.I
K 52.0 49.6
Na 46.5 47.7
Ca 1.6 2.7

POTASSIUM, SODIUM,
50.5 49.0 51.7
46.4 46.5 46.2
3.0 4.5 2.1

AND CALCIUM
50.8 52.0
47.4 46.3
1.8 1.7

51.2
45.9

2.9



APPENDIX - TABLE A-I (cont)

MICROPROBE ANALYSES OF GLASS IN THE TUFF
OF CALICO HILLSMICROPROBE ANALYSES OF GLASS IN THE TOPOPAH SPRING MEMBER

Depth
I ft)

S102
T102
Al 20 3
FeO
MgO
CaO
BaO
Na2O
K20
Total

Depth
(ft) 1537 15371227 1227 1303 1303 1303 1303 1303 1303 1394 1394 1394 1637 1531 1537

73.81
0.07

11.67
0.46
0.01
0.52
0.13
3.13
5.72

95.51

74.20
0.04

11.74
0.20
0.00
0.31
0.00
3.47
5.58

95.54

74.64
0.09

11.87
0.77
0.02
0.29
0.00
3.42
5.59

96.78

75.36
0.01

11.58
0.38
0.00
0.36
0.00
3.32
5.50

96.52

73.39
0.04

11.98
0.69
0.04
0.32
0.12
3.39
5.49

95.54

74.13
0.04

12.12
0.66
0.00
0.34
0.00
3.58
5.66

96.59

74.43
0.07

11.94
0.55
0.00
0.29
0.12
3.44
5.66

96.56

74.12
0.03

11.67
0.54
0.00
0.36
0.00
3.20
5.68

95.66

73.88
0.00
11.80
0.85
0.02
0.43
0.00
3.49
4.93

95.43

72.40
0.05

11.66
0.80
0.02
0.43
0.00
3.41
4.89

93.71

73.60
0.05

11.97
0.78
0.00
0.43
0.06
3.69
4.80

95.39

S102
T102
A1203
FeO
MgO
CaO
BaO
Na2 0
K20
Total

74.46
0.01

12.14
0.63
0.00
0.60
0.75
3.21
4.92

96.75

73.95
0.07
11.84
0.71
0.00
0.57
0.00
3.06
5.13

95.34

72.87
0.05

11.82
0.62
0.00
0.61
0.00
3.18
5.03

94.17

73.94
0.07

11.82
0.55
0.00
0.60
0.00
3.1'
S.00

95.11

73.13
0.04
12.08
0.58
0.00
0.52
0.00
3.38
5.05

94.80

S1 3.354
Ti 0.002
Al 0.625
Fe 0.017
Mg 0.001
Ca 0.025
Ba 0.002
Na 0.276
K 0.332

CATION FORMULAE BASED ON 8
3.360 3.349 3.375 3.339
0.001 0.003 0.000 0.001
0.627 0.628 0.611 0.643
0.008 0.029 0.014 0.026
0.000 0.001 0.000 0.003
0.015 0.014 0.017 0.016
0.000 0.000 0.000 0.002
0.305 0.298 0.288 0.299
0.322 0.320 0.314 0.319

OXYGENS
3.336 3.348
0.001 0.002
0.643 0.633
0.025 0.021
0.000 0.000
0.016 0.014
0.000 0.002
0.312 0.300
0.325 0.325

3.360
0.001
0.624
0.020
0.000
0.017
0.000
0.281
0.328

3.351
0.000
0.631
0.032
0.001
0.021
0.000
0.307
0.285

3.346
0.002
0.635
0.031
0.001
0.021
0.000
0.306
0.288

3.341
0.002
0.641
0.030
0.000
0.021
0.001
0.325
0.278

CATION FORMULAE
S1 3.344 3.354
Ti 0.000 0.002
Al 0.643 0.633
Fe 0.024 0.027
Mg 0.000 0.000
Ca 0.029 0.028
Ba 0.013 0.000
Na 0.280 0.269
K 0.282 0.297

BASED ON 8 OXYGENS
3.347 3.357 3.339
0.002 0.002 0.001
0.640 0.633 0.650
0.024 0.021 0.022
0.000 0.000 0.000
0.030 0.029 0.025
0.000 0.000 0.000
0.283 0.276 0.299
0.295 0.290 0.294

TET. 3.979
OCT. 0.656
Sum 4.635

COORDINATION OF CATIONS
3.987 3.977 3.986 3.981 3.979
0.651 0.665 0.634 0.666 0.680
4.638 4.642 4.620 4.647 4.659

3.981
0.664
4.645

3.983
0.649
4.632

3.982
0.647
4.629

3.982
0.649
4.631

3.982
0.656
4.638

COORDINATION OF CATIONS
TET. 3.987 3.987 3.987 3.989
OCT. 0.628 0.623 0.633 0.618
Sum 4.615 4.610 4.620 4.607

3.989
0.642
4.631

RATIO OF S TO S+A1 RATIO OF S TO S+AI
0.843 0.843 0.842 0.847 0.839 0.838 0.841 0.843 0.842 0.840 0.839

RATIO OF S TO S+A1
0.839 0.841 0.839 0.841 0.837

K 52.4
Na 43.6
Ca 4.0

MOL.S POTASSIUM, SODIUM,
50.2 50.7 50.7 50.3
47.5 47.1 46.5 47.2
2.3 2.2 2.8 2.5

AND CALCIUM
49.7 50.8
47.8 47.0
2.5 2.2

52.4 46.5
44.8 50.1
2.8 3.4

46.9 44.6
49.7 52.1
3.5 3.4

MOL.8 POTASSIUM,
K 47.8 50.0
Na 47.4 45.3
Ca 4.9 4.7

SODIUM, AND
48.5 48.7
46.6 46.4
4.9 4.9

CALCIUM
47.5
48.4
4.1



APPENDIX - TABLE A-I (cont)

MICROPROBE ANALYSES OF SMECTITES IN THE LITHIC RIDGE TUFF MICROPROBE ANALYSES OF SMECTITES IN THE LITHIC RIDGE TUFF

Depth
(ft) 4008 4240 4240 4240 4240 4240 4240 4240

Depth
(ft) 4240 4240 4240 4240 4297 4568 4568

Si02 58.19
Ti0 2 0.09
A1203 18.22
FeO 5.93
MgO 3.65
CeO 0.66
BaO 1.69
Na20 1.28
K20 1.07
Total 90.93

Si 7.882
Ti 0.009
Al 2.909
Fe 0.672
Mg 0.737
Ca 0.096
Ba 0.090
Na 0.336
K 0.185
Sum 12.915

55.64
0.11

18.10
1.87
4.44
1.71
0.00
1.67
0.57

84.21

53.81
0.13

17.59
2.48
4.32
1.33
0.00
1.55
0.33
81.55

54.82
0.13
18.46
1.70
4.38
1.78
0.00
1.49
0.39

83.18

56.30
0.11

17.95
1.75
4.39
1.48
0.00
1.11
0.43

83.52

53.84
0.13

17.75
1.79
4.06
1.61
0.00
1.86
0.57
81.60

52.27
0.07

17.39
2.27
3.98
2.07
0.00
1.72
0.56

80.34

54.02
0.14
17.43
1.60
4.18
1.61
0.00
1.76
0.57

81.31

S102
T102
Al 203
FeO
MgO
CaO
BaO
Na2O
K20
Total

56.76
0.18
19.68
2.93
4.17
1.73
0.00
0.87
0.85
87.18

57.28
0.18

20.04
2.42
3.85
1.95
0.01
1.15
0.66
87.54

56.63
0.16

19.44
2.21
3.78
1.55
0.00
1.01
0.53

85.35

58.46
0.20

19.80
2.23
3.95
1.23
0.01
1.01
0.64

87.59

58.86
0.00
17.48
3.87
4.95
1.82
0.00
1.21
0.91
89.09

56.79
0.13

18.83
5.47
3.66
1.35
0.01
1.00
2.86

90.21

59.24
0.09
19.47
4.52
3.92
2.17
0.07
0.85
1.56

92.01

CATION FORMULAE BASED ON 22 OXYGENS
7.874 7.862 7.830 7.968 7.860 7.798
0.012 0.014 0.014 0.012 0.014 0.008
3.020 3.030 3.108 2.995 3.055 3.058
0.221 0.303 0.203 0.207 0.219 0.283
0.936 0.941 0.932 0.926 0.883 0.885
0.259 0.208 0.272 0.224 0.252 0.331
0.000 0.000 0.000 0.000 0.000 0.000
0.458 0.439 0.413 0.305 0.526 0.498
0.103 0.062 0.071 0.078 0.106 0.107

12.884 12.859 12.844 12.714 12.915 12.967

7.900
0.015
3.005
0.196
0.911
0.252
0.000
0.499
0.106

12.885

Si
TI
Al
Fe
Mg
Ca
Ba
Na
K
Sum

CATION FORMULAE BASED ON 22 OXYGENS
7.780 7.795 7.868 7. 905 7.947 7.743 7.812
0.019 0.018 0.017 0.020 0.000 0.013 0.009
3.180 3.215 3.184 3.156 2.782 3.027 3.027
0.336 0.275 0.257 0.252 0.437 0.624 0.498
0.852 0.781 0.783 0.796 0.996 0.744 0.770
0.254 0.284 0.231 0.178 0.263 0.197 0.307
0.000 0.001 0.000 0.001 0.000 0.001 0.004
0.231 0.303 0.272 0.265 0.317 0.264 0.217
0.149 0.115 0.094 0.110 0.157 0.498 0.262

12.801 12.788 12.706 12.684 12.899 13.111 12.906

RATIO OF S TO Si+Al
0.710 0.708 0.712 0.715 0.741 0.719 0.721

RATIO OF S TO SAl
0.730 0.723 0.722 0.716 0.727 0.720 0.718 0.724

MOL.% POTASSIUM, SODIUM.
K 30.0 12.5 8.7 9.4 12.8
Na 54.5 55.9 61.9 54.6 50.2
Ca 15.5 31.6 29.4 36.0 37.0

AND CALCIUM
12.0 11.4
59.5 53.2
28.5 35.4

12.4
58.2
29.4

K
Na
Ca

MOL.t POTASSIUM, SODIUM, AND
23.4 16.3 15.7 19.9 21.3
36.5 43.2 45.6 47.8 43.0
40.1 40.5 38.7 32.2 35.7

CALCIUM
51.9
27.6
20.6

33.4
27.6
39.0
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APPENDIX - TABLE A-I (cont)

MICROPROBE ANALYSES OF SMECTITES
IN THE LITHIC RIDGE TUFF

MICROPROBE ANALYSES OF SECTITE3
IN THE LITHIC RIDGE TUFF

Depth
(ft)

SI 02
TI 02
Al 203
FeO

CaO
BaO

Al2O
FeO
Mg0
CaO
BaO

Na 
K20
TotSl

S1
T1

Fe
Mg
Ca
Ba
Ho
K
Sum

Depth
(ft)4600 4600 4708 4708 4708 4708 4756 4756 4756 4756

56.59
0.05
18.93
4.95
3.34
0.85
0.22
0.48
4.33

89.93

55.61
0.52

19.06
3.63
3.59
0.75
0.29
0.59
3.96

88.09

59.50
0.15

20.48
1.80
4.21
1.83
0.07
1.08
1.38

90.61

58.99
0.13
19.85
1.71
4.09
2.15
0.00
1.04
1.11

89.20

58.22
0.11
19.73
1.97
3.93
1.91
0.04
1.02
1.15

88.11

55.35
0.10
19.02
1.89
3.72
1.87
0.90
0.98
1.03

84.90

S102
T1 02
A1203
FeO
MgO
CaO
BaO
Na2O
K20
Total

CATION
Si
Ti
Al
Fe
Mg
Ca
Ba
Na
K
Sum

55.65
0.21
19.64
5.93
3.03
0.83
0.13
0.51
3.59

89.71

56.01
0.13
21.11
4.70
2.81
1.50
1.58
0.86
2.97
91.81

I

I

CATION FORMULAE BASED ON 22 OXYGENS
7.778 7.738 7.832 7.874 7.868 7.827
0.005 0.054 0.015 0.013 0.011 0.011
3.067 3.127 3.178 3.124 3.144 3.171
0.569 0.422 0.198 0.191 0.223 0.224
0.684 0.744 0.826 0.814 0.792 0.784
0.125 0.112 0.258 0.307 0.277 0.283
0.012 0.016 0.004 0.000 0.002 0.050

0.128 0.159 0.276 0.269 0.267 0.269
0.759 0.703 0.232 0.189 0.198 0.186
13.127 13.076 12.818 12.781 12.782 12.804

FORMULAE BASED
7.674 7.577
0.022 0.013
3.193 3.367
0.684 0.532
0.623 0.567
0.123 0.217
0.007 0.084
0.136 0.226
0.632 0.513
13.092 13.095 1

57.04
0.13
19.56
4.53
2.88
0.65
0.01
0.43
2.14
87.45

ON 22
7.871
0.013
3.182
0.523
0.592
0.096
0.001
0.115
0.317
12.770

51.28
0.21

17.48
5.38
2.76
1.29
0.07
0.65
2.82

82.10

OXYGENS
7.715
0.024
3.100
0.677
0.619
0.208
0.004
0.190
0.541

13.077

RATIO OF S TO Si+Al
0.717 0.712 0.711 0.716 0.715 0.712

RATIO OF Si TO S+Al
0.706 0.692 0.712 0.713

K
Na
Ca

MOL.S POTASSIUM, SODIUM,
75.0 72.2 30.3 24.7
12.6 16.3 36.0 35.2
12.4 11.5 33.7 40.2

AND CALCIUM
26.7 25.2
36.0 36.4
37.3 38.4

MOL.8 POTASSIUM, SODIUM,
AND CALCIUM

K 70.9 53.6 64.1 57.7
Na 15.3 23.6 19.6 20.2
Ca 13.8 22.8 16.3 22.2
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APPENDIX - TABLE A-I (cont)

MICROPROBE ANALYSES OF SMECTITES IN THE OLDER TUFFS AND LAVAS
MICROPROBE ANALYSES OF SMECTITES IN

THE OLDER TUFFS AND LAVAS

Depth
(ft) 4906 4906 5014 5014

Depth
(ft)

SbOTI 02
T10
Al ,
FeO
MgO
CO
Bao
Na 2 O
K20
Total

Si
Ti
Al
Fe
Mg
Ca
Ba
Na
K
Sum

4906 4906 4906 4906 4906 4906 4906 4906

57.31
0.23

18.81
4.66
3.59
1.69
0.00
1.23
1.99

89.70

7.795
0.024
3.016
0.530
0.728
0.246
0.000
0.324
0.345
13.008

56.06
0.44
18.02
7.77
3.82
1.58
0.29
0.79
5.02
94.05

54.47
0.55
16.87
7.62
3.50
2.13
0.13
0.60
4.59

90.70

53.61
0.43
16.92
8.02
3.46
1.32
0.01
0.61
4.78
89.30

54.04
0.44

16.98
8.75
3.43
1.20
0.16
0.58
5.03

90.88

53.59
0.23

17.96
6.40
3.14
1.29
0.00
0.98
3.34
87.20

58.53
0.11

19.14
4.41
3.58
1.30
0.02
1.32
1.94

90.55

58.21
0.05

19.09
3.51
3.78
1.52
0.00
1.39
1.43

89.10

SlO25102

Al603
FeO
MgO
CaO
BaO
Na2O
K20
Total

57.34
0.27
18.07
6.93
3.82
1.45
0.00
0.77
4.14
93.06

53.09
0.27

16.18
7.38
3.33
1.42
0.02
0.60
4.20

86.76

I

I

I

CATION FORMULAE BASED ON 22 OXYGENS
7.584 7.631 7.623 7.606 7.667 7.851 7.871
0.045 0.058 0.046 0.047 0.025 0.011 0.005
2.874 2.786 2.837 2.817 3.029 3.027 3.043
0.879 0.893 0.954 1.030 0.766 0.495 0.397
0.770 0.731 0.733 0.719 0.669 0.716 0.762
0.229 0.320 0.201 0.181 0.198 0.187 0.220
0.015 0.007 0.001 0.009 0.000 0.001 0.000
0.207 0.163 0.168 0.158 0.212 0.343 0.364
0.866 0.820 0.867 0.903 0.610 0.332 0.247

13.471 13.409 13.430 13.470 13.235 12.962 12.908

CATION
Si
Ti
Al
Fe
Mg
Ca
Ba
Na
K
Sum

FORMULAE BASED
7.717 7.729
0.027 0.030
2.867 2.777
0.780 0.899
0.766 0.722
0.209 0.221
0.000 0.001
0.201 0.169
0.711 0.780

13.278 13.328 1

58.00
0.04

18.91
4.06
3.89
2.20
0.00
0.79
1.67
89.64

ON 22
7.834
0.004
3.011
0.459
0.783
0.318
0.000
0.207
0.288
2.904

57.84
0.00

18.83
2.98
4.22
2.23
0.00
0.69
1.25

88.09

OXYGENS
7.873
0.000
3.022
0.339
0.856
0.325
0.000
0.182
0.217

12.815

RATIO OF S TO SAl
0.721 0.725 0.733 0.729 0.730 0.717 0.722 0.721

RATIO OF S TO SAl
0.729 0.736 0.722 0.723

K 37.7
Na 35.4
Ca 26.9

MOL.S POTASSIUM,
66.5 63.0 70.1
15.9 12.5 13.6
17.6 24.5 16.3

SODI UM,
72.7
12.7
14.6

AND CALCIUM
56.5 38.5
25.2 39.8
18.3 21.7

29.7
43.8
26.5

MOL.S POTASSIUM. SODIUM,
AND CALCIUM

K 63.4 66.6 35.4 30.0
Na 17.9 14.5 25.4 25.1
Ca 18.7 18.9 39.2 44.9

-a
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