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" MINERALS IN FRACTURES OF THE UNSATURATED ZONE FROM DRILL CORE
.. USH G-4, .YUCCA MOUNTAIN NYE COUNTY NEVADA

-yby
. - 'B. Arney .Carlos
- ABSTRACT : - . .- o

‘The mineralogy of fractures in ‘drill core USW G-4, from a depth
~of nearly 800 ft to the static water. level (SWL) at 1770: ft,: was
. examined to determine the sequence of. depos1t1on and the 1dent1ty of
- minerals that might be natural barriers to radionuclide migration
. from'a nuclear waste repository. Mordenite was found to-be present,
.though not abundant, at the top of the interval sampled (the top of
the lower 11thophysa1 zone of ' the Topopah  Spring - Member of the’
Paintbrush Tuff).: Heulandite occurs from about- 1245 to _1378 .ft;
“below 1378 ft, c11nopt1lo]1te rather than heulandite.occurs alone or
- with morden1te. Smectite in~ fractures ‘is abundant only “in the
. vitrophyre of the-Topopah Spring Member of: the Paintbrush. Tuff and

.at the top of the Prow Pass Member of the Crater Flat Tuff.
" The unsaturated zone below 800 ft can  be' divided into three
"‘rock . types: : devitrified, :glassy, "and --zeolitized .-host rock.
Fracture-lining 2zeolites for each of these three rock types differ
in mineralogy "and morphology.” *'Similarities "between fracture
mineralogy and host-rock -alteration:in the nonwelded zeolitic units
of the Topopah Spring Member suggest that this zone was once below
the water "table. The difference between microcrystalline (>0.01 mm)
fracture coatings . in the:vitric zone and -the: mostly:cryptocrystal-
Tine ; (<<0.01 mm) . fracture ..coatings 1in the zeolitic .zone also
suggests that the conditions“under which these two types 'of linings’
formed were different. . Nonwelded:glass shards preserved.in the host
..rock above, the zeo]1te-m1nera] transition in the fractures indicate
“that the' water table was never’ h1gher than® the 1ithic-rich base of
the ‘Topopah ‘Spring <Member .in" the' vicinity of USW:G-4. - Fracture
.linings. ,in_the zeolitic T0popah Spring Member are cl]nopt1]o]1te,
but the crysta] size (0.01-0.02 mm) 1is closer-to that of heulandite

in fractures of the vitric zone above it -than to clinoptilolite :in
- the Tuff of Calico Hills below. = .



I. Introduction

Yucca Mountain, located on the southwest margin of the Nevada Test Site
(Fig. 1), is being studied as a potential repository for high-level nuclear
waste. These studies’ are coordinated under the Nevada Nuclear Waste Storage
Investigations (NNNSI) PrOJect managed by the Nevada Operations Office of the
Department of Energy. The site at Yucca Mountain is within an upthrown block
of Miocene volcanic rocks that are 1.5-4 km thick and range in age from 12.5
to 14 Myr (Scott et al., 1983; Marvin et'al., 1970; Carr et al., 1984). The
area has been mapped by Christiansen and Lipman (1965) and by Lipman and
McKay (1965). Detailed descriptions of the ash flow tuffs comprising the
mountain are. given in Lipman et al. (1966), Byers et al. (1975), and Carr et
al. (1984). Stress reglmes, regional structure, ‘and fracture abundance and
or1entat1on have been d1scussed by Carr (1974) and by Scott et al. (1983).
The 1mportance of fractures as groundwater flow paths especially through
dense]y welded’ tuff was emphas1zed by 'Scott et al. - (1983), who presented a
hydrologic model for’ f1u1d flow in the unsaturated zone of Yucca Mountain.

‘, Understandlng natura] barr1ers to radionuclide migration is important
in evaluating  a po»entlal waste repos1tory site. Studies of sorptive
minerals such as c]ays and zeolites a]ong flow paths away from the repository
site must 1nc1ude the minerals that line fractures immediately above and
be]ow the candldate host . .rock, as we]] .as along flow paths farther from the
repos1tory. Study1ng the m1neralony in fractures and the similarities and
d1fferences between fracture and rock-matr1x mxneralogy could also provide
information about rock-a]terat1on h1stor1es ~and pa]eo water tables.
A]terat1on hlstor1es can be used to predlct what might happen in the thermal
reg1ne produced by the waste after. it is emp]aced

Several ho]es have been dr111ed 1n Yucca Mountain for geo]og1c and
hydro]og1c stud1es. Dr111 hole USN G-4 the most recent cored hole within
the proposed repos1torj ~block, was chosen for detailed study of
fracture-filling - materials because it. is c]osest to the proposed NNWSI
exploratory shaft. A study of the fracture minerals in USW G-4 drill core
should indicate conditions that can be expected along flow paths within the
northeastern part of the repository.

The general stratigraphy of drill hole USW G-4 based on Spengler et a]
(1984) is shown in Fig. 2. The unit being considered for a repository is the
2
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densely welded devitrified portion of the Topopah Spring Member of the
Paintbrush Tuff. This porticn of the tuff is above the water table
throughout the proposed repository block. : . '

~ _The Topopah Spring Member: of the Pa1ntbrush Tuff has been divided into
several zones (Fig. 2). 1In the upper Topopah Spr1ng:Member in drill hole USW
G-4, 10 ft of-nonwelded tuff overlie a. densely welded caprock of vitrophyre
and devitrified tuff. Beneath the caprock is a vapor-phase zone of partially
to densely welded dev1tr1f1ed tuff. The densely ‘welded devitrified tuff
beneath the vapor-phase zone is divided into upper and lower Tlithophysal
(>5 volz lithophysal cavities) and nonlithophysal' zones. The vitric zone
near the base of the T0popah Spring Member includes denéely welded vitrophyre
and nonwelded vitric tuff.’ The basal Topopah Spring. Member in drill hole USW
G-4 is a nonwelded primarily zeolitic tuff. :

~ The Tuffs’ ‘of Calico Hills are zeolltic, bedded and nonwelded tuffs and
the unit is-underlain by addltlonal zeol1t1c bedded tuff.  The top of the
Prow Pass Member of the Crater Flat Tuff is nonwelded and, zeolit1c. Only the
nonwelded top of the Prow Pass Member is above the water’ table in drill hole
USW G-4; the rest of the Prow Pass Memper is below the water_table at 1770
fL.x o o

Drill hdle USW G-4 was drilled in 1982 .to 3001 ft (914.7 m) and

continuously cored from 22 ft (6 7 m) to total depth (TD). The drllling
h1story, l1thology of the core, and geOphys1cal logs of the uell are given in
Spengler et al. (1984) Strat1graph1c descr1pt1ons used .in this report are
from Spengler et al. (1984) A prel1minary study of frequency and
or1entat1on of fractures in the core  is 1ncluded in Spengler et al. (1984),
and a more detailed study is be1ng performed by US Geolog1cal Survey with the
help of Fenix & Scisson geolog1sts. The present report does not duplicate
their work but {is ‘concerned with fracture—lining minerals, the sequence of
their deposition, and their relationship to host-rock mineralogy. No attempt
has ‘been madein’'this study to quantify the relative abundances of different
fracture types. .

* Information provided by J. Robison, US Geological ‘Survey (May 22, 1984).

M se s ch L e e e crtanim s s At e e N S T et Maema 8 S TS WS Lt S e see b eme Ace Smee. S o o



e T T UNSATURATED ZONE OF USW.G-4 -
) 'GENERALIZED"_ _ .INTERVALS ’ GENERALIZED
- STRATIGRAPHY o SAMPLED - TEMPERATURE LOG
- ,Dfﬂih. . 1. 95°F
°or ~30 Iy B
. | TIVACANYON I" ey To - oo '
. MEMBER .. [NONWELDED TUFFS . 3
3g .
YUCCA MTN & PAH| BEDDED AND
CANYON MEMBERS |NONWELDED TUFFS :_ - - /| - -
CAPROCK __ 223" -
VAPOR et s
PHASE ZONE . .
: 450
1 soot . ~uPPER - o 560-
‘w : LITHOPHYSAL AT e
e ZONE
> e R
- . -
5 ———————— 630
=] MIDDLE NON-
& . TOPOPAH -lumHopHYsaLzone . f - - ﬁ
g ———————— 770 =177 ;
= N ) 1= .10795
Z SPRING : Co¢ 0| =east?s -
a -883
. MEMBER |- ~ LOWER L =%87503
UTHOPHYSAL Tes -
1000 : ZONE CoL 0 | 29841001 1000
- 1033
" ‘= 1072 -
: :?%3. 1084
- -1125 T ns2 1148
. T S 1180 4473
LOWER NON=- Z 1201
UTHOPHYSAL ~. 7 | _ i
ZONE N - 1254, 1238
e aen | =13000 9318 4445
viTRic TorF_ 1o1® [ =381 1350
NONSLDES TUFE 1378 = :33: LTI
: AU 1;4‘09.7"3' et
1500 | ) - 500}
ST qurroF: | zeoume oo, | Z¥m TR
) NONWELDED AND ) 1385 1309
177 ['CALICO HILLS | BEDDED TUFFS - ;i 2. | 21337 10 ¢
) - 1043
— ~ 3705 | 'z 1894 ‘1o
| BEDDED TUFF | zeoumc turr - | 1718 w72l
« WL — = — — = 1770 | = 1763,17% 1770- . .° S y
o PROW PASS | zeoumc NoN- . | [
é u_-, E ‘AME.MBER WELDED TUFF - .. - |. ! . ol . 25 -.ap - as°c
[ R - e . - .

S N VT .-_' Fig-ZO CooLimiTe S S OE AR LY
Generalized stratigraphy (from Spengler et al., 1984), "intervals sampled,
" temperature log (Birdwell Div., Seismograph” Service Corp., Nov. 30, 1982), and
static water level (SWL) [J. Robison, US Geological Survey (1984)] in USW G-4.

5

- PR - S Sty



II. Methods

Representative ‘core samples for each interval and each fracture type
within an interval were selected for study. Samples with the most extensdive
coatings for each type of fracture were chosen to provide sufficient material
for x-ray diffraction analysis (XRD);- therefore, estimating the mineral
abundances in all fractures based on the surface coverage listed in Table I
for the selected samp]es will give invalid results. A1l samples were first
examined using a binocular microscope (50x magnification). At 50x, crystals
20.02 mm can be clearly distinguished. Coat1ngs with crystals of this size
are therefore described as microcrystalline. Crystals <0. 01 mm cannot be
distinguished at 50x and coatings of this size are described as
cryptocrystalline. Representative samples wete'chosen for scanning e]ec?ron
microscope (SEM) analyses. Samples for XRD were scraped from fracture
surfaces with a steel scraper, and the scraped materials were hand—p1cked
under the binocular microscope. The samples were then crushed to powder in a
ceramic mortar and exposed to x rays either as pressed powder or as smear
samples, depending on the amount of material available. XRD patterns were
obtained in the step-scan mode with a Siemens D-500 powder difffactometer
using a copper-target x-ray tube and a diffracted-beam monochromator.
Because of the diffaerent amounts of sample obtainable from each fracture, the
times at each step weré adjusted to give acceptable signal-to-noise ratios.
Some samples that gave questionable fésu]ts at shorter scan rates or that
apparently contained substantial amounts of manganese minerals were run
overnight at a scan rate of 12 min/deg (26); other samples were analyzed at
between 1.6 and 4.2 min/deg. | ;

Mineral identifications were made by cohpéfing observed patterns with
standard patterns produced by this x-ray d1ffract1on system and by comparing
patterns with standards from the Joint Comn1ttee on Powder Diffraction
Standards (JCPDS). JCPDS card numbers and the characteristic peaks of
minerals found in Yucca Mountain tuffs were reported by Bish et al. (1981).
.The mineral concentrations were estimated by comparing peak intensities of
the unknown samples with in-lab standard patterns of known mixtures
(Caporuscio et .al., 1982). As outlined in Bish et al. (1981), several
assumptions are implicit in such ‘estimates, including an assumed lack of
significant preferred orientation and of appreciable variations in intensity

6



' TABLE 1 ’ '
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with compositional changes. Small amounts of sample often required using
smear samples or small-cavity glass slides rather than the larger-cavity
glass slides. Some particles were unavoidably oriented during this process.
Intensity humps in the XRD patterns of se?era],samp]es resulted from x rays
reflecting off the glass slide and from contamination from the vitric host
rock. Estimating intensity of XRD peaks from such samples was difficult.
Because of these ana1y£ica] difficulties and the overlapping XRD peaks of the
minerals in each sample, the concentrations in Table I, particularly those
- for alkali fé]dspar in the presence of mordenite, have sizable uncertainties.
Samples of heulandite-clinoptilolite were heated overnight at 450°C and
* x-rayed again. At this temperature, the heulandite structure breaks down but
_ clinoptilolite is stable (Mumpton, 1960). Clay separates were obtained by
differential settling in water from samples with sufficient smectite.(z50%
for the small amounts of material obtained from fractures), glycolated, and
x-rayed again to determine the amount of illite/smectite interstratification.
Thin sections of samples that had sealed fractures were made for
microprobe analysis. Making thin sections across most open fractures was
1mposs1b1e because of differentlal grinding of the softer fracture-filling
.minerals. "Elemental cowpos1t1ons of minerals were determined on an automated
Cameca electron microprobe with accelerating potential fixed at 15 kv’ and a
sample current of 15 yA on thorium oxide. Analyses were made at either 10 s
or 30 000 counts for each element. Compositions were calculated from
corrected peak intensities using the methods of Bence and Albee (1968).
' 5Ee1dspar standards were used for the zeolite analyses. The Bence-Albee
{{éorrections are thus based on a dense, anhydrous tectosilicate ‘structure
i(fe]dspaf) with assumed absorption/fluorescence of the returning X rays from
the sample based on that structure. The zeolite structure ~cqntains
. considerable void space that is normally filled with water that vaﬁbrizes
during the dnalysis. For this reason, zeolite analyses using feldspar
standardé and Bence-Albee corrections not only have low totals butJalso may
yield cation ratios thaﬁ are not as accurate as those for most anhydrous
silicates. Some sodiuh Hnigration (6Graham et al., 1984) was unavoidable. i
Because most crystals were small, a small raster had to be used, and the beam
}‘often could not be moved to new areas of the crystal during analysis. Most

'~,of the ana]yses probab]y indicate slightly 1less sodium than is actually

present. Zeolite analyses given in Table II and cation ratios discussed in

8
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MICROPROBE ANALYSES OF FRACTURE-LINING ZEOLITES IN'THE UNSATURATED ZONE OF DRILL CORE USW G-4

) . . . . ‘ ‘ ‘ te s

AR 3 BN

A, _Compositions of Heulandite fn Fractures

Depth 1258 ¢ . - AEEETREL 'Y T : o

1341
$102 62,44 64.81 . 63,23 62.32 62,05 , 59.77 61,35 61,78 . 62,67 63,14 60,34 61,19 '63.66 62,24 61,93 61,43 51,73 58,00 57,83  49.68
1102 0.04 , 0,04 . 0,03 _ 0,02 ©0.00° 0,10 0.0 000 000 0.0 0.00 0,00 000 0.00 0.00' 0,00 0.16° 0,03 0,13  0.00
AT203 18,317 14,62 14,36 14,26 1371 13,54 12,64 14,08 14,14 14,28 13.12 13,06 12,42 13.41 13,14 13.20 11,33 12,23 13.00 11,94
Fe203 0,00 0,03 0,02 0,00 0.00 ©0.03 0.05 0,00 000 0,05 0.00 0.00 0.03 000 0,060 0,00 0.45 0,09 0,23  0.27
490 . 1,35 1,31- 711,29 | 1.51 0.8 - 1,26 :0,78 1,29 1,39 1.3 0.5 0,01 - 0,13 0,07 0,13 0,55 0,03 0,00 0.2 0.1l
a0 8,72.. +4.65 4,75 - 4,60 5.47 4,95 511 5.0 514 5,13 5,33 5,63 5,47 5,63 550 4,97 4,060 4,50 4.4 3.66 .
Ba0 0.00 0.09 0.03 0.05 0.12 003 009 0,00 005 0,09 0.16 0,16 0,03 0,10 0.7 0.06 0.14 0.02 0,00 0.11
Na20 0,33 0.35.. 0,32 0,17 0.18 . 0.20- 0,13 0,25 0.31 0.2l 0,22 0.9 0,23 0,99 _0.84 0,78 0.93 09 1,09 1.89 55
X20 0.,34" 0,53- 0,28 " 0,26 0,37 - 0,34 -0,26 0,28 0,33 0,27 0.44 0.41 0.61: 0,46 0.59  0.49 C . 0,95 1,74 - 1.20 1,16+ ¢
Total 83,53 86,43 ''84,31 ‘83,19 ' 82,75 80,22 " 80.45 82,65 84.03 84,51 80,16 81,37 82,58 -82,90 82,35 81.48 69.83 77,55 78.08  68.82
Cation Formulae
si 28,48  28.59:-28.55 28,50 -- 28,65 29.45 29,03 28,50 23,48 , 28,50 28.78 28.85 29,38 28.80 28.86.28.83 28.59 28,87 28.55  28.06
T 001 0,0 0.1 .001 . ..0,00:..0.04 ;001 0.0 0,00 ,0.0! © 0,00 0,00 0,00 0,0 000 000, 0,07 0,01 ' 0,05  0.00
A 7,70 7.60.. 7.65 " 7.69 .. ‘1.46 7,60 7,05 7.63 1.5 1,60 7.3 7,26 6,76 1,31 1,22 1,30 741 77,18 1,97 7.95
Fe - '0.00 0.01 _ 0.0 0.00 0,000 0,001 0,02 0,00 0,00 °'0,02 0,00 000 0.01 0.00 -0.00 000 ~ -019°-0,03. 00 0l
Mg 0,92 0,86- -0,87. - 1,03 058 .0.89 " 0.55 0.89 0,98 ' 0,88 ] 0.39 0.01 0,09 005 -'0,13 0,38 - 002.- 000 ..0,09 0,09
Ca 2,31 2,200 2,30 12,25 ©2.71 ' 2,52 2,59 2,481 2,50, 2.48 . 2,72 .2,84 201, 2,09 :2,15. 2,50 - 2.40 . 2,40 .2.35 2,21
Ha ‘0,00 0,02-* 0.01 ;0,01 - -002--001 002 000 001 0,02 0.03 0,03 0,01. 0,02 :0.03 -0,0 © 0,037 0,00 000 0,02
Ha 0.29 0,30 ,0.28 . 0.15 . 0.16..0.18 012 0,22 0.2 . 0,18 0,20 - 0,83 0,21 0,8 0,76 _0.71 11,00°°0,91 *71.08 2.07
X L0200 030 0.6 005 . 022 0,21 006 016 0.9 0.6 0.27 0.25 0.3 0.27 0.5 0.29 .7 0,67 "1.11 *°0,76 0,84
. " o R e : . . ’ “ : ot B [ R | N ', -’A\: Coy
Coordfmation of Catfons ' v MR e e . - T oo e cer o
Tet, 36,19 - 36,22 36,22 136.20 36,11 36,09 36,12 136,13 36,05 136,13 36.15 '36.11 36,15 36,11 36,08 136,13 36,25 36.10 36,24 36.12
Other 3.1 3,67 0 361 3.60 3.69  3.81 3.43 3715 3,92 3 3.62 3,96 3.37* 4,027 4,01 1,9 4,13 4.42 4.2 5.24
Ratio of S{ to Al¢Fe ., - L Coee i o E
73,00 376373 3.1 DT 3880 3,74 U401 3,73 3,760 3,74 - U7 3,00 . 3,97 4041 3,947 4,00 13,95 <7 3,76 .+4.00 3,73 3.48
" Y - B Y B S~ t . N : N : haend
Al+Fe/2Mg+2Ca+2Ba+Nask - " S PR o E . . : . ; . , -
L1l 113 "°103 1°1.2 0 o0 1,07 (1.05 . 1.07  1.67 1,03 1,07 - - 1,09 - 1,06 1.0 - 1,06- 1,08 1,08 1.15. 1,06 . 1.15 107 .
Y . . Al ER R [ o ’e ) 4] .
Mol.% Potassium,Sodfum,and Calcfum plus Magnesfum .. .. . A )
K 5.3 0 8.2. 45 . "2 . : 5.9 | 5.4 46 44 49, 42 ' 1.5 63 107 68 ' 88 15 16,4 - 250 17,8 16,0
Na 797 8,2 7.8 42 - 44 48 ' 15 60 7.0 " 50" 5.7 21,2 6.1 .0 22,2 19,1i 18,3 ¢ 24,3 . 20,6 . 286  39.7
CaMg  86.8- 837 87,8 91.6 'L89,7 89,7 91,9 89,6 88.1 ° 90.8 86,9 72,6 832 710 72,1 : N4.2 - 59,3 5.4 51,5 443
. vtaY ! ' ISP AR Ve ce R - PR} vy T s LT (R
Oxides Recalculated to 100%
si02 74,75 .. 74,99 ..15,00. 74.91 L.74,99 74,51 16,26 74.75 74,58 1471 75.27 75,20 77.09 75,08 75,20 175,39 74.08 78,79 14,10 72,19
7102 0.05... 0,05 0,04 0,02 0.00, 0.2 0,05 0,00 000 0,04 0,00 "~ 0,00 0,00 0.00 0,00 000 - 023 ~-004% ‘017 0,00
A1203 17,13 16,92 17,03 17,14 16,57 16,88 15,71 16,99 16.8) 16,90 16,37 . 16,05 15.04 16,18 15,96 16,20 - 16.30 15.77 16,65 11.35
Fe203 0,00 .. 0,03 . 0,02 .. 0,00__ .. 0,00 .0,04. 006 0,00 0.00 0.06 0.00 0,00 0.04 0,00 0,00 0,00 0.64 0,12 0.29 0.3
M0 © 1,62 1.52° 1,53 71.82 7't + 1,03 1,57 .0 0,97 1,56 1,65 1,56 0.6 0,01 0.16 008 0,22 0,68 0.04 0.00 0,15 0,16
a0 5.65 5,38 5,63 5,53 6.61 6.17 6,35 6.06 6,12 6,07 6.65 6.92 6,62 6,79 6,68 6,10 5.81 5.80 5,69 5.3
8a0 0,00 - 0,10 0,08 0,06 0.15 0,04 0,11 000 006 0,11 0,20 0,20 0,04 0.2 0,21 0,07 0,20 0.03 000 0.15
Na20 0.40 040 0,38 0,20 0.22 025 0,16 030 037 0.25 0.27 1.2 028 1,19 1,02 0.9 1.33 1.21 40 2,75
0.41 0.45 042 0,32 0,34 039 0,32 0.5 0.5 0,74 0.55 0,72 0.60 1.36 224 154 189

K20

. 0.61 0,33 0.3
Y
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© TABLE IT (cont)

B, Compositions of Clinoptilolite in Fractures

Depth ) 1381 ‘ 1384 1436
$i02 65.22 66,06 65,35 67.09 66.19 65.89 66.36 66,04 68,37 67.02 67.33 67,53 67.38 67,94 68,69
Ti02 0,01 0.00 0.00° 0,01 0.03 0.0 0,00 0.00 0.00 0.03 0.03 0.01 0.03 0.02 -0.02
A1203 13.21 13.30 12.96° 12,94 13.07 12,76  13.07 13.32 11.60 12.01 11.76' 12,94 12,10 12.33 . 12,16
Fe203 0.11 0.12 0.00 -~ o.11 0,06 0,07 - 0.06 0.02 0.00 0.00 - 0,03° - 0,00 0.00  0.00 0,00
g0 0,00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.02 0.02 0,00
Cad’ 2.53 2.36 2.63 2,24 2.44 2,23 - 2.40 2.46 1.8% 0.99 -0,92. -.1.25 1.03 . 1.04. 0,90
8a0 0.00 0.09 0.00 0.00 0.00 0,00 0.00 0.02 0.09 0.00 0.00 0.03 0.00 0.00 0.03
Na20 2,35, 2,29 2.22 2,26 2.45 2.31 2.13 2.15 1.56 2.81 2,86 2.74 2.86 2.19 2.68
K20 | 4.45 4,36 4.05 4.51 4.48 4,13 3.89 4.43 4.13 5.54 5.27 5.25 5.45 5.16 5.71
Total 87.88 838,58 87,21 89,16 88.72 83,01 88,16 88.44 87.60 88.41 83,21 89,75 83,92 89,30 90,19
Cation Formulae
Si 29.03 29,12 29.19 29.33 29.16 29.27 29.27 29.13 30,12 29.67 29,80 29.41 29.65 29.67 29.77
Ti 0.00 0.00 0.00 0.00 . 0.01 0.00 0.00 0.00 0.00 0.01 g.01 0.00 0.01 0.0l 0.01
Al 6.93 6.91 6.83 6.67 6.79 6.68 6.80 6.93 6.03 6.27 6.14 6.64 6.28 6.35 6.21
Fe 0.04 0.04 0.00 0.04 0.02 0.02 0.02 0.01 0.00 0.00 0.01 0,00 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.00 0.00 0.0! 0.00 0,00 0,00 0.01 0.01 0.00 0.01 0.01 0,00
Ca 1.21 1.11 1.26 1.05 ° 1.15 1.05 1.13 1.16 0.87 0.47 0.4 0.58 0,51 0.49 0.42
Ba 0.00 0,02 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.01
Na 2,03 1.96 1.92 1.92 2.09 1.99 2.4 ' 1.84 1.33 2.41 2.45 2.31 2.44 2,36 2.25
K 2.53 2.45 2.31 2.52 2.52 2.68 2,19 2.49 2.32 3.13 2.98 2.92 3.06 2.88 3.16
Coordinatfon of Cations
Tet. 36.00 36.07 36.02 36.03 35,97 35,98 36,08 36.07 36.15 35,94 35,96 36.06 35,93 36,03 35.99
Other 5.76 5.594 5.49 5.48 5.76 5.74 5.36 5.50 4.54 6.02 5.87. 5.82 6.02 5.74 5.83
Ratio of Si to Altfe .
4.17 4.19 4,28 4,37 4.28 4.36 4,29 4.20 5.00 4,73 4,85 4.43 4,72 4.67 4.79
Al+Fe/2Mg+2Ca+2Ba+Ratk :
. 1.00 1.04 1,01 1.03 0.98 0.99 1.05 1.04 1.11 0.97 0.97 1.04 0.96 1.02 0.99
Mol.% Potassium,Sodfum,and Calcium plus Magnesium .
43.9 44,4 42,0 45.9 43.7 46.7 40.8 45.4 51.3 52.0 50.7 50,2 50.8 50.1 54.2
Na 35.2 35.4 35.0 35.0 36.3 34.7 38.0 33.5 29.4 40.1 41.8 39.8 40,5 41.2 38,6
CatMg 20.9 20.2 22,9 19.1 20,0 18.6 21.2 2.2 19.3 7.9 1.5 10.0 8.7 8.7 1.2
Oxjdes Recalculated to 1002
$i02 74.21 74,58 74,93 75.25 74.61 14.87  75.27 74.67 78.05 75.81 76.33 75.24 75,78 76,08 176,16
Ti02 0.01 0.00 0.00 0.01 0.03 g.01 0.00 0.00 0.00 0.03 0.03 0.01 0.03 0.02 0.02
A1203 - 15,03 15,01 14.86. " 14.51 14.73 14.50 - 14.83 "15.06 13,24 13.58 13,33 14.42 13.61 13.81' 13.48
Fe203 0.13 0.14 0.00 0.12 0.07 0.08 0.07 0.02 0.00 0.00 0.03 0,00 0.00 0.00 0.00
g0 0.00 0.00 0.00 0.09 0.00 0.01 0.00 0.00 0,00 0.01 0.01 0.00 0.02 0.02 0.00
Ca0 2.88 2.66 3.02 2.51 2.75 2.53 2.712 2,78 2.11 1.12 1.04 1.39 1.21 1.16 1.00
Ba0 0.00 0.10 0.00 0.00 0.00 0.00 0.00 0.02 0.10 0.00 0.00 0.03 0.00 0.00 0.03
Na20 2.67 2.59 2.55 2.53 2,176 2.62 2.70 2.43 1.78 3.18 3.4 3.05 3,22 3.12 2.97
6.27 5.97 5.85 6.13 5.78 6.33

- K20 5.06 4.92 4.6 5.06 5.05 5,37 4.41 5.01 4.71
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TABLE TI (cont) ' - ,

8

B. ** _ Compositions of Clinoptilolites (cont)

o

C. COmposiﬂons of Nordé;\ite in One Fracture

. Depth ‘ o1 1436 . 1763 - - Depth -1315
5102 66.88 -- 57,68 ''68,22 67.93 67.31 67,38 67,27 69.84 68,47 - 69.20 - sfoz - 63.13 61,41
Ti62 - 0,04.. 0,00 - 0,02 ":0,05 0.03 0.03 . 0,04 0.00.> 0,00 ,° 0.00 »o Ti02 0.00  0.00
A1203 12,05 10,78 ;.12.42 11.66 12,34 12.06 12.48 13.79 13,34 - 13.66 . . A1203 8.60  "9.47
Fe203 - -0,00 - 0,00 ;0,00 0.00 0,00 0,00 : 0,00 0,00 - 0.09 0.02 - Fe203 0.00 0,00
Mg0~ ‘' 0,000 0,00 0,02 . 0.00 0.1 0.0 0,00 0.15. 0.13 0.1 Hg0 0.00 .0.00
Ca0 : .. 1.15:- 1,02 1,01 ~-0.92 1,04 1.08 1.30 1,88 1.80 1.89 ~ . Ca0 2.87 2,81
Ba0 ! 0,027 0,00 70,10 ‘°0.00 0.05 0.00 0.00 0.00 0,07 0,03 Ba0 0,96  .0,00
-Na20 - 2,92.. 2.54 - 2,59 ;.2.63 2,63 2.87 . 2.81 3.56.. 2,94 3.37 : Na20 .77  .1.98 .
K20 " 5,29-- 4,90 < 546 -~5.56 5.41 5,26 - 4.89 3.77+ 3,48 2,9 - K20 . 035 044 - :
Total ' 88.35 76.92 89.84 88.75 88,82 88,68 88.79 92,99 90,32 ' 91.30 ° Total © 77,68 76,11 " -
Cation Formulae -© °° o : : ot " Cation Formulae o
S1 .. .. 29.62: 29.43729.66 " 29.89 29,62 29.69 29.55 29.21. 29,37 29.31 . si. - 30,95 30.54
ST 0,01  0.00..0,00 - 0,02 0,01 0.01 0.0 0.00 0,00 - 0.00 T 0,00 0.00 .
Al 0 6,29, 6,49'Y 6,37 16,05 6,40 6,26  6.46 6.80. ° 6,75 . 6.82 A 4,97  5.55 :
Fe.' - 0.00:- 0,00 ~"0,00 :50.00 '0,00 .0.00 ' 0.00 0,00 003 001 - - Fe . 0,00 000 .
Mg.: . 0.00" 0,00 - 0,01 :°0,00 0,001 0,00 .0.00 0.09°° 0.08 "0.09 @ . Mg - 0.00 0.00
“Ca'r ' 0i55-, 0,56 “- 0,47 . 0.43 : 0,49 0,51 - 0,61 0.84 0,83 .. 0.86 - C o - 181 1,50
‘Ba‘y .7 0.00 0,00 .: 0,02 :.0,00 0,001 0,00 : 0.00 0.00- 0.01 - 0.00 Ba. - ..0,18 70,00
Na “» .- 2,510 2,51 2,18 . 2,24 12,28 2,45 . 2,39 2,89 2,45 - 2.1 T Na Tt o168 - 1,01
SR 2099 3,19 ;0 3,03 53,12 -3.04 2,96 ..2.74 2,00-- 1,90 162 .. © . K' . 0.2 0,28 ' ,
N ; - . s N v . .'f R IR . . . ™ ' T ‘_' o “ 4
Coordination of Catfons ¢~ o . *, - . o e .. -+ Coordinatfon of Cations
Jet. 35,92 - 35,92 136,04 (35,95 36,03 35,96 36,03 36.01:- 36,15 36,14 - Tet. - 35.92 ° 36.09
~Other - 6.05. 6,26 . 671 58 ..579 5092 5.5 5.83.7 5.27 7 5.33 - .. oOther. 3.59 T 3.60
. Ratfo of Si to Al+Fe . - . N C Ratfo of Si to Al+Fe _: .
Do it AL 454 4,66 4,94 463 474 457 0 4,300 4,33 4.29 S L 6,23 . 5,50 |
- Al+Fe/2Mg+2Ca+2Basha+k 1 .. . ; - . ,U 1. Al#Fe/2Mgi2CatBaNatK: -
"ocpno:. 095 095 0 1,02 . 097 © 1,02 0,97 ‘1.02 . 1,00 1,00 1,09 - - - 0.94 . 107 .
Mol.t Potassfum,Sodium,and Calcium plus Magnestum - - D e Mol.2 Potassium,Sodium,and Calcium plus
st 49,8 . 51,0 -53,2 53.8 52,6 50,0 47,7 . 3#4.5 36,2 10,3 - . Magnesium:- - o =
Na': " 418 “ 40,1 38,3 38,7 -38,8 41.4 4L.7 - 49,5 46,5 51.9 - K 64 716
CatMg -+ 9,0 »» 8.9 :.8,5 ."7.5 .8.6 8.6 10.6 . 160 . 17,3 17,8 . Na -49.4 51.8
N SRS, : it iy ) T L CatMg’ 44,2° - 40.6
- Oxides Recalculated to 100% °, ’ . Lo ol o - o o
. sf02 - 75,70-°74.99 75,94 76.54 75,78 75.98 ;75.76 - 75,10, 75.81.75.79. Oxides Recalculated to 1002
T102 0.05 0,00 0,02 0,06 0,03 0,03 0,05 = 000, 0,00: 000 - - " §§02 ° 981,27 0.00 -
A1203 13.64 14,01 13,82 13,14 13,89 13.60 14.06 - 14.83 14,77.,14.96 ©Ti02:. 0,00 - 0,00
Fe203 0,00 000 000 0.00 000 ..0,00 0.0 -: 0,00 0,10 0,02 - - A]203 11,07 0.00
Mg0 000 0,00 0,02 000 0,01 0,00 .0.00 ‘. 0.16° 0,14 015 . ° __  Fe203- ,0.00 . 0,00 -
a0 1,30 133 L12 1.04 1,17 1,22 1.46 2,02 1,99 2,07 Mg0 -7 0,00 0.00
Ba0 0,02 0,00 0,11 0,00 0.06 0.00 0,00 0.00 0,08 0.03 ca0 3.69 0.00 .
Na20 331 3,30 2,88 29 2.9 3,24 3.16 3.83 3,26  3.69 Ba0 1.24 0.00
K20 5.99 6.37 6,08 6.26 6.09 5,93 5,51 4,05 3,85 3,27 Ha20 2,28 0.00

K20 0,45 6.00

. )
s




the section on chemical trends should be used only to compare analyses
performed by this method. They are not necessarily as accurate as analyses
made by other methods.

Imaging and qualitative composition studies were made on an ISI model
DS-130 scanning electron microscope, operated between 15 to 40 keV.

‘“‘:QQalitative.analySes fromiprimany x-ray signals were obtained on a Kevex

model 7000 energy-dispersive system with the electron beam operating at 15
keV. Semlquantltatlve -analyses were attempted on open fractures, but the
' roughness of the sample surface and the absorpt1on of x-rays by the gold coat
on the sample made the. analyses useful only for mineral identification, not
for determining trends in- mineral composition with depth. * In particular,
sodium may have been lost during many analyses. Aluminum values given by
standardless qualitative analyses are also lower than the actual values.
Although the apparent Si:Al ratios obtained by this method are therefore much
hjgher,than the abtua] ratios, the apparent ratios for known zeolites are
-di§tinctive'and are much higher than for feldspars. Although clays cannot be
"Ih%éﬁinguished using Si:Al fatios, comparing cations present .with zeolite
analyses from the drill hole indicates whether the material in,qhestiqn might
“ibe a zeolite. The SEM photographs wused in this report are of
secondary-electron images.

‘III. Descriptions of Fracture Linings by Stratigraphic Unit

fopopah Spring Member of the Paintbrush Tuff
Lower Lithophysa] Zone (770-1128 ft)

Litﬁbph}sa]-ﬁype fractures contain a EOarsely interlocking granular
Tining of silica minerals (quartz, tridymite, and cristobalite) and
alkali feldspar. Trace amounts (<17) of oxide materials occur on the
fracture surfaces and 1nterst1t1a]1y between quartz grains (Fig. 3).
These ox1de m1nera1s include bladed crystals (pseudobrook1te’), massive
1nterst1t1a] manganese oxides (probab]y 11th1ophor1te), 1ron: and
mdnganese; oxides and intergrowths of' varying composition, and minor

sulfides (Fig. 4). These fractures are characterized by bleached zones
several times thicker than the width of the actual fracture (F1g. 5).

12
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Lithophysal-type fracture. Sample is from.984 ft.; field of view is 3 mm.,

. R RS C e ' .
e I ALY <A
e s
S Py Rt R ARt i -
wery TRV il Fopte sty 20 17 X
Lo AR e L R TR S R TR
PRI Kol T

FANS ]

i

§ 5'4ﬁ—"f~'.. ~
,;a“-\‘ Fawt P
P
H
' Tl

Pseudobrookite(?) and manganese and iron oxides on” 'surface of lithophysal-
type fracture. Blue-white patches are mordenite. - Sample ‘is from 1008 ft;
field of view is 1 cm.

13



14

The bleached zones resemble zones surrounding lithophysae and
frequently the fractures connect or extend from lithophysae. The
mineralogy of the fractures is similar to that of the lithophysal
coatings. These are the initial frdctures and are associated with
cooling and devitrification of the ash flow. Lithophysal-type
fractures in the core may be open.or closed (thicker ones are commonly

' open), but' closed fractures may break .open during sampling.

Fracture-wall coverage by the granular fillings is 100%.

In the lower lithophysal zone, mordenite occurs in most high-angle
(>60° dip) ffactures,as isolated, réisgd scaly patches varying from a
fraction of - a millimeter to a centimeter in diameter. Fractures
containing mordenite may cut across sealed lithophysal-type fractures
(Fig. 6), or morden1te may coat the surface of Tlithophysal-type
fracture f1]]1ng material. The mordenite is ‘extremely fine grained,
blue white to white, and usually has a waxy luster. At hign (>40 x)
magnification the patches commonly appeaf to be banded (like travertine
or agate) (Fig. 7). Crystal faces are not visible at 50 x. All of the
observed mordenite’ occurs in open fracturesrin'the core; the closed
fractures sampled in the 1lower 1lithophysal zone are all of the
Tithophysal type., However, mordenite patches coat only 5-15% of the
surface of the .fractures in which they occur and might not be
detectable in closed fractures. The abundance of mordenite within the
fractures increases with depth.” Some of the fractures that contain
patches of mordenite and no lithophysal fill material are partly
covefed':(~1;2%) by .raised patches, as large as l-mm diameter, of
ménganeséfbxideé of Undéfermiﬁed minera]ogy (Fig. 8). Because these
ménganéée;dxidé patchés are not in direct contact with the mordenite,
their paragen9t1c relationship could not be determined.

Slickensides. (usual]y red brown) "are daveloped on, and therefore
postdate, the mordenite and manganese m1nerals (Fig. 9). In the one
fracture‘in which_tﬁey‘were readily detectable at 20 x magnification,
the rake of the slickensides was horizonta1 _nearly parallel to the
plane. of fo]1at1on ‘of the densely welded tuff. Soft, red-stained 3

' ‘coatxngs probab]y 1nc1ude small amounts of mordenite and a paste of

rock fragments. An SEM photograph of mordenite from 810 ft shows
slickensides (Fig. 10).
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_ Fig. 7.
" Closeup of mordenite patch-seen in.Fig. 6 showing banding and waxy luster.
(Red color is paint used to mark core.) Field of view is 3 mm.
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Raised patch. of manganese -mineral{s). White areas are devitrification in
host rock. Sample is from 1111 ft; field of view is 5 mm.
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Slickensides generally predate white powdery coatings of smectite
and mineral fragments that const1tute the final type of fracture fill
observed in this interval. This white or beige, fine-grained material
displays .no crystal morphology at 50_x'magnification. In SEM images
some of these coatings have the morphology of smectite (Fig. 1l).
Qualitative e]emehta]nanalyses indicate highly variable composition for
these powders: Fragments of feldspar and silica minerals incorporated
into the coatlngs probably represent devitrified tuff ground into a
powder. whether these fragments are the result of tectonic movement or
drilling cannot be determ1ned They may have been deposited in open
fractures beFore or during drilling. Euhedral crystals of these
minerals were. not found (Fig. 12). Some of these coatings form
cellular patterns (Figs. 12 and 13). 4here the powdery coatings occur
with mordenite they coat the surface of the mordenite and thus postdate
its deposition. White and beige powders coat from 10 to 90% of the
surface of the fractures in which they occur. The powders have only
been noted in open fractures; if they occur in closed fractures, the
grains may be too small to identify.

A single open fracture lined with calcite 2-3 mm thick on one side
was noted in this interval but was not sampled. The calcite vein does
not intersect any other fractures in the core and the paragenetic
relation of calcite to other fracture minerals is unknown.

Lower NonTithophysal Zone (Candidate Host Rock) (1128-1316 ft)

L1thophysa]-type fractures occur throughout the nonlithophysal
zone, aIthough they are less abundant and thinner than in the
11th0physa1 zone and are usually subhorizontal They are characterized
by bleached zones. *

A set of near vertical fractures with similar mineralogy occurs in
this zone. These fractures contain coarse granular, locally euhedral
quartz . and feldspar in flattened. crystals *(Fig. 14). Minor (<1%2)
cryptocrystal]1ne, massive' manganese-oxides. octur with the silicate
minerals. Unllke the 1lithophysal-type fractores, these fractures
contain no tridymite and lack a surrounding bleached zone. Mordenite
partially coats. manganese oxides and quartz in one fracture of this
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SEM image of cellular deposit of fragments and/or clays from same fracture
shown in Fig. 12. At this magnification the different types of particles are
mostly indistinguishable. :
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type (F1g 15). ,F1ne-gra1ned powder coats the coarse quartz, feldspar,
‘manganese ox1des, ‘and ‘mordenite in p]aces and obv1ous]y postdates them
'(F1g. 16) ‘The re]at1onsh1p of these fractures to the 11thophysa1 type
was” not observed : : :

) B]ue-whlte, cryptocrysta111ne morden1te coat1ngs in high-angle
fractures are 1ncreas1ng]y abundant- with depth 1n this interval. The
extent of - surface coverage by mordenite w1th1n the fractures and the
§s1ze of the fibers seen in SEM. 1mages ‘also 1ncrease w1th ~depth.

Approx1mate1y halfway through this 1nterva1 (f1rst noted at 1245
fft) heuland1te occurs “in. fractures that range from horizontal to
‘vertlcal. . Fractures conta1n1ng heu]and1te are usual]y nearly 100%
‘coated andxaimost a]]dcontain ‘some mordenite.‘ The- hed]andite occurs as
coarse euhedra] crysta]s of". either pr1smat1c or tabular morphology
(Figs. 16 and 17).  The. mordenite _that " occurs w1th heulandite is
coarser than the cryptocrystalline varietj'found.a]one-in fractures at
shallower depths, and in many places it resembles  cobwebs draped over

. the heulandite (F1gs. 17 and 18). In some fractures heulandite coats

the earlier. blue-white- cryptocrysta]11ne morden1te (F1gs. 19 and - :20).
Heulandite also coats the manganese and iron oxides in these fractures .
;(F1gs. 21 and 22).° D e
o Sl1ckens1des in hlgh-ang1e fractures in th1s 1nterva1 are stained
;red -and most are- nearly horlzontal S]1ckens1des str1ate the mordenite
:and manganese minerals (Flg 23) but not the heulandite. If heulandite
jcoats s]1ckens1des, the str1at1ons cannot be seen through the zeolite
5crysta1s.g ST A

‘As 1n the over1y1ng 1ower 11thophysa1 zone, a f1ne-gra1ned powder
of . fragments, and poss1b]y smect1te,' coats . the morden1te and the
'slickensides. SEM photos show what - appear to be clay minerals
fpostdat1ng heu]and1te (F1gs. 19 and 24). “The m1neralogy of these small
grains. could not be determ1ned by qua11tat1ve e]ementa] analyses from
‘the SEM S B ," L
f _ A few . sparry ca1c1te veins occur near ‘the base - of this interval.
iThey are - often th1ck (1 3 mm) and ‘massive- and trans]ucent to opaque
white. Cristobalite lines the walls of closed fractures in the same
interval and mordenite f1115 the centers. In open fractures calcite
postdates the mordenite (F1g 25) One ca]cite-fi]led fracture  coats

21




L
IS

. > Lo
e
Y

. -7

L akom b

: - Fig. 15. . :
Powdery coating on mordenite, manganese minerals, surface of nonlithophysal
quartz, and feldspar. Sample is from 1201. ft; field of view is 3 mm. .
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Crystals of heulandite on surface of fracture from 1310 ft. Field of view is
2.5 mm. '
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. i Fig. 17. . i :
'~ SEM 1image of, prismatic and- tabular heulandite- (H) :.over-cristobalite  (CR).
Late mordenite (M) drapes heulandite.-:Fracture is:from 1310 ft. -

C_Fig 18,
mineral) “‘draped over -heulandite "(euhedral
crystals) in same fracture shown in Fig. 16. Field of view is-3 mm. '

" ‘Mordenite ~ (blue - transiucent’"
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. ) Fig. 19.
SEM image of prismatic heulandite (H) over mordenite (M). Late clays (SM?)
on heulandite.” Sample is from 1254 ft. :
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Fig. 20.
‘Tabular heulandite over mordenite on surface of fracture from 1310 ft. Field
of view is 2.5 mm. ' |
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- ..o Fig. 21.
Clear heulandite coating iron-and manganese oxides ~on surface of fracture
from 1258 ft. Field of view is 2.5 mm. _ o
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' - Fig. 22.
SEM image of heulandite coating iron .mineral, possibly hematite. Sample
from 1258 ft. o . : :
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Fig. 23.

Slickensides at 1244 ft striating mordenite and manganese mineral. Field of
view is 3 mm. ‘
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‘ , Fig..24.

-SEM image of heulandite coating fracture surface at 1258 ft. Small 1light
crystals are late clays. '

26



J ﬁ"ft""" P \*ﬂ

g* ‘s Aw\ ;
the trace of . nd ear11er morden1te—f111ed fracture of different
orientation. Cr1stoba11te, 1f present 15 not 1dent1f1ab1e at 50x
magnification. .+ The ca1c1te 1s not s]1ckens1ded - but does exhibit
we]]-deve]oped c]eavage that m1ght resu]t from stra1n.

Vitrophyre and Underlying Nonwe]ded Vitric Zones'(1316-1378 ft)

Textures of the fracture "minerals 1in this .interval differ
con51derab1y from those in the devitrified zone above. Megascopic and
identifiable - m1croscop1c crysta]s are nonex1stent'_ instead, the
fracture, fi11 is cryptocrystalline and is .identified by XRD as
primarily.heulandite and mordenite. Smectite is more abundant (based
on XRD data) than in higher ‘intervals but; 1like the other crypto-
.crysta111ne minerals, it cannot be identified 0pt1ca11y even at 50x.

‘ The v1trophyre conta1ns abundant vertical and nearly vertical
fractures (as closely Spaced as 1-2 mm in the lower part). Sparse,

: . subhorizontal. fractures predom1nate near. the middle of the interval.

A1l fractures are coated with' as many ‘as three 1ayers of subm1crometer
grained, pasty material. A thin blue layer, primarily heulandite, and
;cristoba]ite,‘ lines all -vertical fractures. It 1is postdated by a
cream-colored coat1ng up to 1 mm thick of smect1te and heulandite (Fig.
26); The widest fractures have a. final coat” of bewge material that is
pr1nar1]y heu]and1te “and ‘mordenite. The layers are. identifiable by
;co]or and” can be f]aked off and separated fa1r]y read1]y. Mineral
*1dent1f1catlons are based ‘on XRD ana]yses because individual _crystals
-are: not opt1ca11y 1dent1f1ab1e ;even at 2000x.-- Because smectite
:apparent]y ‘does not form a separate layer. it must 'be intergrown with
.the zeo]1tes.; S]lckens1des 1nd1cate that movement along many of these
‘fractures’ occurred after the coat1ngs were depos1ted (Fig. 26).
%Subhor1zonta1 fractures were. not exam1ned

- The under1y1ng nonwe]ded v1tr1c zone (1345-1378 ft) has few verti-
?ca] or h1gh-angle fractures. Fracture coat1ngs ‘are sparse and are
’d1scont1nuous where they occur._ In the upper: part of the interval,
where they are th1ckest the coat1ngs megascop1ca11y resemble coatings
in the vitrophyre. Deeper 1n the vitric. 1nterva1, coatings are sparser
and‘appear powdery. W1croscop)ca11y, a]t of the_coat1ngs ‘consist of
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.- , . Fig. 25.
Calcite (white mineral) lining fracture previously coated with mordenite and
possibly cristobalite from 1315 ft. Field of view is 1 cm.
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L o . Fig. 26. :
Submicrometer cryptocrystalline coatings from fracture at 1341 ft. Blue and

ccream-colored layers are .shown. Striations in the cream-colored layer are
slickensides. Field of view is 3 mm.
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balls or c1usters ,(up to 0.5 mm d1ameter) of white to clear,
0.01-0.02-mm. crysta1s (Fig. 27). Three SEM samp]es show a mineral with
the morphology of ,smect1;e e(F}g. 28),. but the XRD data indicate
primarily heu]andite‘7with lpn]y 'minor' smectite in the two samples
1ana1yzed Mordenite,fwhich waé identified by :XRD in the sample at 1362
ft, was visible on]y by SEM ~and _then- as s1ng1e fibers. Manganese
oxides are relat1ve1y abundant in the upper part of the interval
(coating up to '40% of the fracture surface) and apparent]y occur
between the host rock and the wh1te coat1ng Both the manganese oxddes
and the white coat1ng are strlated by s11ckens1des (F19. 29)

Nonwelded Zeo]itit Base of Topopah Spring Member of the Paintbrush Tuff
and Underlying Bedded Unit (1378-1409 ft)

Fractures are not common in the nonwelded zeolitic interval at the
base of the Topopah Spring Member, but the few present are continuous
over several feet although not all are filléd. -The samples studied are
from a lithic-rich zone (1378 to 1388 ft) but appear to represent the

_entire interval. An open fracture at 1381 ft has a clearly crystal-
lized coat1ng, the blocky crysta]s and individual faces are apparent at
50x and can-be seen more ‘clearly in the SEM images at >100x (Fig. 30).
Analysis by XRD 1nd1cates that the fracture coat1ng is clinoptilolite
and cristobalite. A thin section of ‘the sample from 1381 ft shows
younger open veins coated with elipopti1olite crosscutting closed
ckistoba1ite‘ veins (Fig. "31). This is the .shallowest fracture
occurrence - of c11nopt11o11te samp]ed in. USW ;G—4. .-The present open
fracture’ did-" not comp]ete]y fol]ow - the  'trace- of the older
c11nopt11011te-coated fracture. Apparent]y c11nopt1lol1te coated 100%
of the o]der fracture,' which was who]]y' or part]y sealed and later
reopened (during7eofing7) Port1ons -of the open-fracture that do not
fo]]ow the older fracture contain no coatlng mater1a1

‘ The samp]e at 1384 ft has a. f1ner-gra1ned coat1ng of tiny, clear
crystaIs over a smooth botnyo:daT trans]ucent surface The fracture
at 1334 ft apparent]y reopened a]ong an older part]y sealed fracture
coated with cristobalite: and clinoptilolite. SEM examination shows
that the clear crystals - are-similar to the clinoptilolite in the
, . o e . 29
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Fig. 27.

Clusters of clear to white microcrystalline heulandite on surface of fracture
at 1350 ft. Field of view is.3 mm.
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; ' Fig. 28. g
SEM image of heulandite(?) at 1362 ft. See text.
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Slickensides striating mordenite and manganese minerals at 1350 ft. Field of

-

,
.
i

AT
g NG
t 2

=

I

A ,~ B " :‘ u 3 ;\. : R * “ i
Y TN "\ g o B Poms® (Ll iy P,
P S QUM A E S eIy

87

s Lo Xokiin 2 f.

L S T T34, A0 e Y

. a3k B -t :

.. .-Fig. 30.
: - -+ SEM-image of clinoptilolite at 1381 ft.
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E Fig. 31. . :
SEM image of closed veins filled with silica (SI) (cristobalite?) cut by open
veins lined with cristobalite (CR) and clinoptilolite (CL). Sample is from
1381 ft. .
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Fig. 32.
SEM image of clinoptilolite (CL) and a-cristobalite (CR) at 1384 ft.
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1381-ft sample . but have d1fferent term1nat1ons (compare Fig. 30 with
Fig. 32). The surface wh1ch at 50x appeared smooth and botryoidal, is
very fine-grained cristobalite. -

Tuffs of Calico Hills

Bedded and Nonwelded Tuffs (1409-1705 ft)

: Few{hdgh;ang1e fractures occur from 1409 to 1600 ft; but below 1600
ft fractures are slightly more abundant. The:coatings of two high-
angle fractures at 1436 ft closely resemble those in-the Tithic-rich
zone of the lower nonwe]ded Topopah Spring Member described above. One
of these fractures conta1ns nearly pure microcrystalline clinoptilolite
with a dusting of white powder'(Fig. 33); the other fracture contains a
trace of a similar looking white powder of unidentified mineralogy.
The clinoptilolite-lined fracture was the only one observed in this
core ‘interval that was coated’ with microcrystalline- crystals (visible
" "at <50x magnification). -

Some fractures in this zone have no coatings and may have been
-produced during’ coring or hand11ng Most coated'fraCtures throughout
‘ th1s 1nterva1 contain cryptocrysta111ne nmter1a1 that has a-plastery

appearance with, no v1s1b1e crysta]s at 50x magn1f1cat1on (Fig. 34).
Du11 black stawnlngs and specks, presumab1y manganese oxides, occur on
some coatings,. and some .are scored w1th s11ckens1des with rakes of
55-65?.* Ana1yses by XRD show that these coatxngs are .clinoptilolite,
mordenite, and p0551b1y |n1nor smectite. -The - gra1ns ‘are not micro-
scop1ca11y 1dent1f1ab1e but ‘can_be seen at magn1f1cat1on '>1000x on SEM
1mages (F1g '35 and 36) In add1t1on to euhedral. c11n0pt1lo11te, which
is eas11y 1dent1f1ab1e by 1ts nnrpho1ogy (F1g 35), many fractures in
this interval . conta1n un1dent1f1ed blocky” gra1ns (<10—cm diameter)
embedded 1n the morden1te mats (F1g 36) A few fractures have a
part1a1 coat1ng (30- 40% of the surface) of a. wh1te ‘cellular network
that, at Tow magn1f1cat1on, appears s1m11ar to that found in the lower
11thophysa1 and- 1ower we]ded zones of the Topopah Sprlng Member of the

*Information prov1ded by M. P. Chornack US Geo]og1ca1 Survey (1984)
-||',._4-: RS [ . . 33
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Fig. 33. ' _
Microcrystalline clinoptilolite in fracture at 1436 ft. Field of view is

5 mm. . ) . )
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Fig. 34. _
Cryptocrystalline fracture coating at 1542 ft depth. This is typical of
coatings throughout Tuffs of Calico Hills. Field of view is 1 cm.
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SEM image of unidentified blocky grains in net of mordenite that coats
fracture from 1569 ft. . ‘ ' ‘
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Paintbrush Tuff. However, SEM studies of the Tuffs of Calico Hills
suggest that these network "coatings are mordenite (Figs. 37 and 38)
rather than smectite or crushed tuff fragments as seen in the Topopah
Spring Member of the Paintbrush Tuff.

Bedded Zeolitic Tuff at the Base of the Tuffs of Calico Hills (1705-1761 ft)

This bedded tuff unit contains fewer high-angle fractures than the
nonwelded Tuffs of Calico Hills above it. Horizontal fractures
predominate, but there are not many of these. A few fractures contain
white or pink coatings, but most have no coatings and may have’ formed
during coring or handling. Where minerals in high-angle fractures are.
discernible from théﬂzeolitfzed_wall rock, they form a thin gray-whita
cryptocrystalline (<0.01 mm grain size) coating that covers 20-40% of
the fracture surface. Analyses by XRD indicate that the white crypto-
crystalline material 1is mordenite with some clinoptilolite. Orange
staining is common but cannot be attributed to any visible mineral.
Where both orange and white coatings occur together, the white
cryptocrystalline material overlies the stained fracture surface (Fig.
39). A sample. at 1721 ft contains small patches of bright-yellow
cryptocryst311ine ‘chloride(s) (Fig. 40) but the lack of sufficient
matéria} prevented XRD analysis; e]emenf identification by SEM
indicated K, Ti, and some Fe in the chloride.

Prow Pass Membef of Crater Flat Tuff

36

Nonwelded zeolitic tuff [1761-1770 ft (SWL)]

The ~upper -part -of-<this zone contains’ healed,‘ nearly vertical
fractures filled with microcrystal]ine,' clear ~ciinopti]olite (Fig.
41). -These thin, healed fractures ara difficult- to see on the core
surface and were identified only because one sample broke open along
one of the fraétﬁrés“during the preparation of a sample for SEM study.
No continuations of these fractures were identified in the unbroken
core disks. The healed fractures are cut by 1later closely spaced
horizontal (disk) fractures that are filled with microcrystalline,



37,

Fig
ork of mordenite coating fracture at 1566 ft.
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Fig. 39.
Gray-white cryptocrystalline coating on fracture at 1707 ft. Field of view
is 1 cm.
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Fig. 40.
Yellow chloride cn surface of fracture at 1721 ft. Field of view is 5 mm..
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- crumbly orange; mater1a1 - This - material. yasrdetermined,by XRD to be
smectite, poss1b1y w1th c11n0pt11011te, that' is- 1oca]1y coated with
white, waxy cryptocrysta111ne morden1t° (F1g 42).

., . Below this .upper interval of closely spaced horizontal fractures,
.vert1ca1 and h1gh—ang1e fractures . contain discontinuous, white
cryptocrysta111ne and orange crumb]y coat1ngs apparently similar to
those noted in the horizontal fractures.. D1st1ngu1sh1ng these coatings
from the zeolitized wall rock ~which also contains cristobalite and
smectite* is difficult. e B

IV. Mineralogical and Chemical Trendstf:Fracture.Coatingsjwith Depth

Cryptocrystalline' mordenite is the first zeolite that appears in
fractures of drill hole USW G-4. It occurs in small amounts at 810 ft at the
top of the lower 1lithophysal zone; it may also occur in fractures at
. shallower depth Deeper in the ho]e, morden7te apparent]y formed before
heulandite. A coarser mordenite crystalllzed w1th or. after the heu]and1te.
The mordenite at 1315 ft fills closed fractures that are 11ned w1th ear11er
cr1stoba11te. Results of m1croprobe analyses of the mordenite are given in
Table Ii “Most zeolite-lined fractures in the dense1y welded zone of the
Topopah Spring Member of the Pa1ntbrush Tuff .are’ open -and . thin sections
across’ them could not be made. - The f1rst zeo11te (both in terms of depth and
time) to ‘have formed in the. fractures is- nnrden1te whereas the shallowest
occurrence of zeo11te in the whole rock 15 heu1and1te 1dent1f1ed from the XRD
pattern of core from 1299 ft * . S :

Apparent]y two generat1ons of heu]and1te occur in fractures in the
lower non11thophysa1 zone. Large tabu1ar crysta1s (<0 5—mm d1ameter) occur
on or protrude from the - surface coated wWith' much finer grained, more
pr1smat1c crystals “whose form can ‘be seen on]y by SEM The composition of
cryptocrysta111ne (<0 005-mm) fracture 11n1ngs and that of the visible
(>0. OZ-mn) embedded crysta]s is. identical. f The very 1arge euhedral crystals
(>0.2 mm) have not been ana1yzed ' 4

. Heulandite -in the v1trophyre has a d1fferent habit from heulandite in
fractures in- the devitrified tuff'apove it. The XRD pattern still clearly

*Information provided by D. Bish;rLosJAIamos NationallLaporatory.(1984);f‘
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Fig. 41.

M{érocrystalline, clear clinoptilolite that lines vertical fractures at 1763
ft. Field of view is 3 mm.

' ' Fig. 42. ' -
Crumbly orange material (smectite and clinoptilolite) coated by waxy white

mordenite in horizontal (disk) fractures that cut vertical fractures at 1763
ft. Field of view is 1 cm. ' '
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indicates heulandite. (rather than an amorphous?pater1a1), but the peaks are
broad rather than sharp (Fig. 43). The material is ‘poorly crystallized, and
even at-2000x (SEM) dindividual crystals-—are not-visible. --Microprobe analyses
indicate a variable composition, but one that is more sodic and potass1c than
heulandite at the base of the densely welded _zone immediately above (Fig.
44A). Because the XRD peaks are broad and difficult to 1nterpret and
individual crystals cannot be identified 1in this materia1; the analyses
possibly represent a fine-grained intergrowth of heulandite and some;other
material rather than pure. heulandite. The sample at 1341 ft (from the
vitrOphyre)jispthe on1y heulandite-clinoptilolite that completely decomposed
upon heating (Fig. 43).::Heu1andite from the densely we]deq.devitrified zone
above and the vitric zone below had much less intense XRD peaks after they
were heated but the- peaks did not disappear completely (Figs. 45 and 46).
Partial destruction of heuland1te at 450°C was described by Boles (1972). He
called these ‘samples Group 2 heulandites and correlated the response to
heating with the Si:Al ratio. He defined Group 2 heulandites as having Si:Al
ratios, >3.57, whereas Group-l heulandites, which are destroyed by heating to
450°C for 15 hours, has Si:Al ratios <3.52. Few analyses have been performed
on heulandite from fractures jn USW G-4, but most have Si:Al ratios >3.7
" (Fig. 47). . . - '
Smectite clays first appear 1in abundance in the vitrophyre. XRD
ana1ysis of a g]ycolated, sedimented sample indicated nonordered interstrati-
fied dioctahedral smectite/illite with >75% smectite. The small sample size
gave poorly defined peaks that prevented more precise interpretation.
Heufandite in ~the vitric tuff underlying the vitrophyre is
microcrystalline, visua11y unidentifiable at 50x magnification, but visibly
crystallized. SEM photos show nothing that resembles the familiar forms of
heulandite (compare Fig. 22 with Fig. 27). The XRD_analysis of the ‘sample
from 1350 ft has a clear heulandite pattern with only about 10% snectité
(Fig. 46). Heu]and1te and m1nor smectite are ‘also indicated in the’ samp]e
from 1362 ft, although its pattern is “obscured- by a background of.vitric
material. After both samples were heated, XRD patterns 1nd1cated heuland1te
rather than c11nopt11o11te. No closed fractures were’ found for th]n-sect1on_
analysis in these samples. "—3“3?-' ‘ . _
Fracture coatings within “the entire glassy section (v1trophyre and
nonwelded vitric tuff below it) are qu1te different from coatings within the
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Na-K-Cat+Mg terhary plot of zeolites in the unsaturated zone of¥ﬂSW G-4. A -
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- Fig. 47. . :
Si:Al ratio in clinoptilolites and heulandites lining fractures,* USW G-4.
Numbers in vertical column are sample depths.

devitrified tuff above and the zeolitized tuff below. The coatings are
heulandite and mordenite, as in the devitrified tuff, but are much finer
grained. Smectite is a major constituent in some of these fractures. Levy
(1983) concluded that alteration within the vitrophyre was related to
devitrification at the top of the vitrophyre and along fractures and
therefore was related to the initial cooling of the tuff; however, most of
the rock is unaltered. - ’

In zeolitized nonwelded tuff in the lower Topopah Spring Member of the
Paintbrush Tuff and in the Tuffs of Calico Hills, fracture mineralogy more
closely resembies,;he setondary minerals in the whole rock. This zone of
zeolitic tuff above.fhe water table is part of zeolitic interval II (Bish et -
al., 1983) and is the highast occurrence of clinoptilolite in both the
fractures and the whole rock in drill hole USW G-4. The fracture-filling
c]inopti]o]ité s microcrystalline (0.01-0.02 mm) in the zeolitized,
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nonwelded Topopah Sprihg Member and in the bedded tuff beneath it. Although’
clinoptilolite is a major fracture mineral down to the SWL, throughout most
of the Tuffs of Calico Hi]is_ and units below it 1is cryptocrystalline,
producing a sharp XRD pattern,,but»visua11y jdentifiable only on SEM images.
Although the compositions vary:(With”a possible trend toward more sodium with
depth), all c11n0pt1]o11te ana]yzed plots on the potassic and sodic side of
the Ca-K-Na ternary diagram (F1g 44) whereas all heulandite is calcic, some
with as much as 1.3 wt¥ (25 cation % Mg) Mg0. The difference in Si:Al ratios
(Fig. 47) appears consistent; the Si:Al rat1o is lower for heulandite than
for c11nopt11011te. No mordenite occurs in the fractures or whole rock above
~1500 ft in the Tuffs of Calico Hills. | :

Smectite is a major fracture-filling mineral immediately above the
SWL. As in the vitrophyre, the t]ays are randbmly: interstratified,
dioctahedral smect1te/1111te with "at least 75% smectite layers. The small
sample sizes gave poor]y defined XRD peaks so the exact amount of smectite
could not be determ1ned ‘

V. Summary of -Fracture-Mineral Paragenesis-and DiscuSSigg

Within "the unsaturated zone in -drill ho]e USN G-4 fracture-]in1ng
minerals that formed. in severa1 d1fferent reg1mes .can be recognized. The
types of fracture 1linings deposited "change with time from 1lithophysal
minerals to zeolites to smectite, but there is also a chahge in mineralogy
with depth. Fractures in densely welded deV1tr1f1ed -tuff, in vitric
material, and -in zeolitized nonwelded tuff conta1n d1fferent minerals as well
as different morphologies of the same minerals (F1g 48) One would not
necessarily expect fractures in the Tuffs of Ca11co H11ls to contain the same
minerals or even the same sequence of .minerals as those in the Topopah Spring -
Member of the Paintbrush Tuff because they are different erupt1ve units, and
fractures within -the " Tuffs of-{Ca]ibo--Hi]]s may ~have  formed and been
mineralized before deposition -of¢-the-vPainterSHEfTuff, . However, a more
significant break in fracture mineralogy apparentji‘beéﬁrs between heulandite
and clinoptilolite at the top of the nonwelded zeolitic tuff 'in the Topopah
ASpr1ng Member, rather than at- the strat1graph1c break between the Tuffs of
'“Ca11co Hills:and the Top0pah Spr1ng Member.l :
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In the dense1y'ueidéd devitrified Topopéﬁ §oring Member, 1ithophysal-
type fractures were the first formed and filled.® Their 'minera1ogy and
re]at1onsh1p with ‘and ° 51m11ar1ty to the Tithophysae’ suggest that these’
fracture’ f1111ngs were probab]y ‘the résult of vapor-phase crysta]11zat1on and
migrating h1gh-t°mperature fluids during ear)y cool1ng and devitrification of
the  tuff. The re1at10nsh1p of cristobalite-lined ~fractures ~to the
lithophysal fractures is not known. Cristobalite preddtes mordenitd, ‘thus it
also ~ formed relatively ear1y in the fractire-filling”isequéence of the
Pa1ntbrush Tuff. T ST

" Apparently enough time 'elansed before - cryptocrystaliine " (waxy)
mordenite was dep051ted for some’ 11thophysa1 fractures to ‘seal and for new,
crosscutt1ng fractures to form. In other 1ithophysal fractures, mordenite
coats the quartz "and fe]dSpar and obv1ous]y postdates them. Calcite occurs
in few intervals in "the unsaturated: zone. Imred1ate1y above ‘the v1trophyre,
ca1c1te postdates cr1stoba11te and ‘mordenite. =~

' Movement caus1ng visible ‘slickensidés in some fractures -occurred after
the f1ne—gra1ned ‘morderfite - dep051t1on. Slickensides do “not occuron the
ca1c1te but “the calcite does have a strong preferent1a1 cleavage that may
result from movement along the fracture. : )

: Drusy heu]and1t°'and coarse nnrden1te (cobweb-1ike masses' rather than
waky patches) were depos1ted in some ~of -the fractures containing
slickensides. These coarse-grainodfieolites probably postdate ‘major tectonic
movement because they appear unaffected ‘by s11cken51des " Smectite rosettes
‘and cellular crusts of quartz and "alkali fe1d5par fragments (mode of
depos1t1on unknown) postdate zeolite formation in "these fractures. -
' Fracture minerals’ in the’ glassy Zone are unlike' those above or below
it. The m1nera1s are mostly very f1ne gra1ned as” in "the:zeolitic zone
" below, but’ the zeolites are heu]andjte ‘and morden1te§‘as-inftheﬁdevitrified
zones ~above. Smectite is more "abundant in this zome than “in'any’‘other,
'except just ‘above “the water: ‘ta51e;‘: Levy -:(1984) “‘concluded = that the
Asmect1te-heu]and1te alteration ‘and 'fracture f1111ng in" the vitrophyre may
~ have occurred dur1ng 1ate stage ‘devitrification of the’ Topopah 'Spring ‘Member

"~ of the Paintbrush Tuff. 1f so, these minérals: predate other ‘zeolitizdtion in

the Topopah Spring Member.’ w1tn “the exception of one sample at ‘the top of
the lower lithophysal zone, smectite is--abundant -abové the Prow ‘Pass’ Member
only in the vitrophyre and upper vitric zone, suggesting that conditions
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during deposition of fracture minerals in this interval were different than
they were in fracfures in the intervals above and below it.

' Identifying the sequence of fracture-lining events .n the vitric zones
is difficult. - In_ the vifrophyre, all coatings are cryptobrystal]ine'and are
. visually unidentifiable, but XRD ana]yse§ of the different layers indicate a
sequence of primarily heulandite and cristobalite, with some smectite;
primarily . smectite,  with .heulandite; and primarily heulandite, with
. mordenite. -In the vitric -tuff below the vitrophyre, the minerals are
visually unidentifiable. The morphology observed in SEM images does not
correspond with the XRD patterns. Analyses by XRD indicate heulandite (1350
ft) and heulandite with mordenite (1362 ft). ,

As the host rock changes with depth in drill hole USW G-4 from
nonwelded vitric tuff to nonwelded zeolitic tuff (zeolite interval II of Bish
et - al., 1983), the fracture-filling zeolite becomes clinoptilolite rather
than heulandite as in the tuffs above the zeolitic zone. Based on SEM
-.images, mordenite apparently postdates clinoptilolite where the tﬁo occur
together. A second generation of clinoptilolite postdates the mordenite or
is deposited directly -on the original clinoptilolite where there 1is no
mordenite in the fracture. Evidence suggests that fracture linings in this
. interval formed under different conditions from those for fracture linings in
the unzeolitized tuffs. Mineralogy and grain size of fracture minerals in
-~ this zone are different from those in the zones above, and fracture
mineralogy closely resembles the groundmass alteration in this zone.

Hoover (1968) and Moncure et al. (198l) have discussed the formation of
zeolites in tuffs at the Nevada Test Site. Hoover (1968) favors an open

._-system with a chemical gradient, ponding of water above impermeable zones,

. and temperatures near the present gradient. Moncure et al. (1981) believe
‘the zeolites. formed in a, closed system (presumably below the water. table)
-with virtually no transport of elements in or out of the tuff units and that
zeolitization occurred at somewhat elevated temperatures soon after the tuffs
formed and a water table was established. Both Hoover (1968) and Moncure et
~al. (1981) are looking at rock alteration in which water reacts with vitric
- material to form zeolites in place. The zeolites in the fractures are
- precipitation minerals. Little or no reaction occurs with grains of the host
rock intersected by the fractures.
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-+ Zeolites occur “only "in -fractures throughout> most of the devitrified
zone, with the exception of a 16-ft (5-m) interval .immediately above the
vitrophyre, where heulandite occurs in-the whole rock. A.60-ft-thick, glassy -
~ zone beneath the.devitrified zone is most]yvuhaltered_(except'inuand'near
- fractures). ‘The presence of nonwelded vitric tuff in this .zone.suggests that
it has never " been below the'fwater;;ta51e, .Because the -fracture-coating
‘zeolites are different above and below- this glassy zone, they. must- have
‘formed from different solutions.  The microcrystalline zeolites :in fractures
‘above _the zeolitic-tuff zone were probably formed by water -moving through
-fractures in unsaturated-tuff in-.an open hydrologic system. The host tuff is
unaltered, -even where it-.is vitric, -and -there is .no evidence of ponding (a
‘perched .water table), except possibly in the. lower 16 ft (5 m) of the
-devitrified zone.. Only within the«zeo1itic_tuff5»of the unsaturated zone are
the - fracture :1inings and- rock-alteration minerals -similar, and therefore
possibly deposited from the ;-same:. fluids. _-In drill ~hole USW G-3
c]inbpti]o]ite‘1S“present in the rock matrix - (in the Prow Pass ‘Member of the
~ Crater Flat ~Tuff) ~630 . ft above - the .present SWL (Vaniman et. al., .1984),.
- Clinoptilolite at -that -depth -could be :attributed to a paleo- water table
relatively .higher than the present: one (for example, -the water table was
higher or the rock-mass was lower).: Similar zeolitization-in the host rock
"and-in the fractures of zeolitic interval II:from USW. G-4 suggests similar
conditions of formation, (that is,:water throughout the entire rock unit and
not just -in the fractures). Near-total. saturation presenfly occurs in some
* units well. above -the zeolitic zone (Scott et al.,. 1983), yet -the only.other
"‘zone of host-rock zeolitization (and :it is -minor .there):is just above the
*"vitrophyre, where water may also have.accumulated. and.moved more -slowly than
in the devitrified zones above. . Therefore, zeolite formation:below-the ‘paleo
water table seems to explain the similarity of rock-matrix alteration and
fracture minerals (and their continuity across 1lithologic formations).
Figure 44 shows the similarity in chemical composition between.the fracture
‘minerals and host-rock alteration below 1432 ft. The vitric unit above the
“lower zeolitized ~Topopah:-- Spring. Member.. is nonwelded .and, if. the saturated
ponditions;underfwhich~zeo1ite‘fdrnatjon_pccurrediwere;paused,by capillary
action rather than by a higher water téb]e,_it~is difficult to explain the
break within the nonwelded base of the Topopah Spring Member.. The origin of
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* the ch1orides'ét 1721 ft and their relationship to the fracture zeolites in
this interval are not known.

One exception to the apparent uniformity of . mineral chemistry within
the zeolitic unsaturated zone is the microcrystalline clinoptilolite at 1763
~ft in the upper Prov Pass Member. This clinoptilolite is markedly lower in K
“and higher in Na than microcrystalline clinoptilolite higher up in the core
(Table II and Fig. 44). This clinoptilolite may represent an earlier episode
of zeolitization (it occurs in an older tuff unit), but because this study
did not continue below the SWL, it is not yet known if there are similar
occurrences deeper in the core. Studying the saturated zone (that- is, below
the SWL) will ‘determine whather the prasent water table marks any difference
in fracture mineralogy and whether a consistent change in the composition of
fracture-lining clinoptilolite occurs with depth.' Clinoptilolite in host-
rock samples from drill hole USW G-4 is more calcic with increasing depth.* ‘

Microscopic, blocky euhedral crystals of clinoptilolite in the lower
Topopah Spring Membar of the Paintbrush Tuff, upper Tuffs of Calico Hills,
and upper Prow Pass Member of the Crater Flat Tuff have morphology similar to
- the heulandite in the ‘devitrified zona and therefore may have formed under
similar conditions (above the water table). A1l coarsely crystalline’
clinoptilolite may not have formed during the same zeolitization episode, and
the lower occurrence (1763 ft) may even have formed before deposition of the
Topopah Spring Member. Cryptocrystalline coatings fill most of the fractures
in the zeolitic host-rock interval, and, except for the abundance of smectite
in horizontal fractures in the Prow Pass Member, closely resemble the. whole
rock alteration; all these coatings may postdate the microcrystalline
clinoptilolite seen in the sample from 1763 ft. However, the crosscutting
relationships to verify this occur only in the horizontal disk fractures at
‘the top of the Prow Pass Member.

VI. Conclusions

Fracthre;]ining minerals in tuff may be very different from minerals in
the surrounding'trock matrix. In the unsaturated zone of USW G-4, the

*Information provided by D. Broxton, Los Alamos National Laboratory, (1984).
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’-fracture .mineralogy uaries greatly w1th the nature of . the host rock
(devitrified, glassy, or zeolitized). The differences between host-rock and

i fracture m1neralogy are greatest in the devitrified and’ g]assy units.

In the dev1tr1f1ed zone, the ear11est fracture-f1111ng m1nera1s are
quartz and fe]dSpar » wh1ch occur in fractures connected with 11th0physae.
‘Morden1te, the ear11est zeo11te formed 1n fractures, occurs over the entire
- interval samp1ed in the dev1tr1f1ed zone. -Some. mordenite-lined fractures
crosscut earlier, sealed quartz-feldspar fractures. Manganese oxides/
_ hydrox1des usua11y occur with or JUSt beneath ‘the mordenite. The.single
. ca1c1te fracture sampled crosscuts some morden1te—11ned "fractures.
S]1ckens1des striate mordenite and manganese ox1des in many‘*fractures.
Heulandite and coarse mordenite that occur. in fractures from 1245 ft to 1315
- ft are ‘not s11ckenswded" Smal] smect1te clusters-and fragments of quartz and
fe]dspar (p0551b1y tuff pu]ver1zed dur1ng coring) - coat -all other fracture
‘minerals. e . o o
" In the glassy zone (inc]ud1ng the v1trophyre and nonwe]ded v1tr1c tuff)
the zeolites are heu]and1te and nmrden1te, but they are f1ne gra1ned and
v1sua11y unldent1fiab1e. ‘ Swect1te . accompan1es . the zeolites in . some
fractures. Zeolites in fractures in the devitrified -and’ glassy zones thus
occur. at much sha11ower depths. than 1n the host rock. }
| .'From the zeolitic zone in the ‘nonwelded Topopah Spr1ng to. at least the
t0p of the Prow Pass Member (SWL at 1770 ft) fracture m1neralogy is similar
_to the’host-rock alteration. This“zone may once have been below the SWL.
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