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ABSTRACT

A zeolite deposit of Pliocene-Pleistocene tuffaceous origin 
2 2underlies a 65 km (25 mi ) area in the epiclastic fluvial-lacustrine 

sediments of the San Simon basin, Graham and Cochise Counties, south

eastern Arizona. The deposit contains 60-80 percent chabazite, sub

equal proportions of clinoptilolite and erionite, and lesser smectite. 

Two local zeolitic tuff beds, nearly alike in chemistry, mineralogy, 

and gross characteristics, occur. The lower bed, penetrated by only 

one drill hole at 38.4 m (126 ft) depth, is about 65 cm (26 in) thick. 

The upper bed, at 0-20 m (0-65 ft) depth, is 20-130 cm (8-51 in) thick. 

From northwest to southeast in the deposit the upper bed grades from 

an intermediate to a low CaOiNagO ratio, which is attributed to var

iations in chabazite chemical composition. The zeolite crystals are

0.1-40 ym in size, as measured from scanning electron microscope photo

graphs, and a paragenetic sequence of smectite-chabazite-clinoptilolite 

and erionite-smectite, from earliest to latest formed, is inferred. It 

is believed that the zeolites formed in a saline and alkaline environ

ment under near-surface temperature-pressure conditions with lateral 

gradations in zeolite chemical composition reflecting solution chem

istry during crystallization.

N
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CHAPTER 1

INTRODUCTION

Location

San Simon basin, Graham and Cochise Counties, southeastern 

Arizona, and Hidalgo County, southwestern New Mexico (Fig. 1), is in 

the Mexican Highland section of the Basin and Range physiographic 

province. It occupies a wide, north-northwest-trending intermontane 

valley containing the San Simon River and is bounded by the Whitlock 

and Peloncillo Mountains to the northeast and the Pinaleno, Dos 

Cabezas, and Chiricahaua Mountains to the southwest. San Simon valley 

is broad and of low relief in its central portion, appearing as a flat 

plain with upward-curving edges formed by pediment slopes of the bor

dering mountains. San Simon River flows northward through the valley 

to join the Gila River, which continues northward through the same 

structural trough. Vegetation is of the brushland type, with creosote 

bush and mesquite predominating in the warm, dry climate of the region. 

Fig. 2 is a view looking north across the valley from the zeolite area.

1
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Fig. 2. View Looking North from the Zeolite Area Across 
San Simon Valley

Natural zeolite outcrops are in the foreground (NWk sec. 27, T. 11 
S., R. 29 E.) and the Whitlock mountains are in the background.
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Within the basin, the zeolite area is in T. 11 S., Rs. 28 and 

29 E., and T. 12 S., R. 29 E., also extending into secs. 29, 30, 31, 

and 32 of T. 11 S., R. 30 E., and sec. 6, T. 12 S., R. 30 E. This area 

is shown on the topographic maps of the 15-minute Bowie and the 7%- 

minute Javelina Peak quadrangles by the U.S. Geological Survey. It is 

16 km (10 mi) by improved dirt road from the zeolite deposit to the 

nearest town, Bowie, Arizona, located on Interstate Highway 10.

The zeolitic tuff occurs as discrete, persistent beds, common

ly having a massive, basal unit overlain by thin platy units, for a

total thickness of as much as 1.3 m (4.3 ft) (Fig. 3). They underlie
2 2an area of about 65 km (25 mi ) which has a northwestward extent of 

about 13 km (8 mi) along San Simon River and 1.6-8 km (1-5 mi) in 

width, lying mostly on the southwest side of the river at elevations 

of 1,036-1,068 m (3,400-3,500 ft). The precise areal extent and bound

aries of the zeolite deposit were not established by the U.S. Geolog

ical Survey's drilling project associated with this study because too 

few holes were drilled.

Previous and Present Work

Bedded zeolitic tuff in the San Simon basin apparently was not 

recognized as such until the late 1950's; however, three ground-water 

studies (Schwennesen, 1917; Knechtel, 1938; Cushman and Jones, 1947) 

refer to tuff beds in the fluviatile and lacustrine basin sediments. 

These papers also give general descriptions of the geology of the area.
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Fig* 3. Zeolitic Tuff Exposed in a Pit

The massive, basal bed (foreground) is 13 cm (5.1 in) thick and the 
overlying thin-bedded tuffs are 112 cm (44.1 in) thick. The pit is 
in NWk sec. 27, T. H  s . , R* 29 E.
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Several companies have been mining small quantities of these 

zeolites for industrial use since about 1965. They have conducted 

geological investigations for their own purposes, but none of these 

has been published except abstracts of two papers read by Sand and 

Regis (1966) and Regis and Sand (1967) at professional meetings. The 

first of these describes the deposit, especially with regard to the 

four sodium-rich zeolites. The second is mainly concerned with the 

most abundant of these, chabazite, which the authors identified as 

herschelite.

The U.S. Geological Survey drilled the deposit in 1972, and 

the resulting samples consist mostly of rock chips and unconsolidated 

material from air drilling. Coring of the zeolitic tuff was attempted 

with good success wherever it was intersected. The chemistry and min

eralogy of zeolite ore from a Bowie mining claim are described by 

Sheppard (1973) in a U.S. Geological Survey open-file report, and other 

Survey geologists are cooperating in a comprehensive project on the 

Bowie deposit. One is investigating the mineralogy and chemistry of 

the massive, basal, ore-zone zeolite bed, and another is working on a 

geologic map and description of the areal geology. My investigations 

involve studies of vertical and lateral mineralogical-compositional 

relationships within the zeolite deposit and its enclosing rocks.
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Scope of Investigation

• This investigation was undertaken to describe spatial distri

butions and relations of the Bowie zeolite deposit with respect to min

eralogy, chemistry, lithology, and structure. The resulting informa

tion is interpreted in the light of a growing body of literature on 

diagenetic zeolites in sedimentary rocks, and the genesis of the zeo

lite deposit is inferred.

Core and chip samples from three drill holes— dh-20 in the 

northwest of the area, dh-14 in the center, and dh-30 in the south

east— provided the material for study, and this was supplemented by 

samples from other holes and from a measured section at a pit where 

zeolite ore was being mined. The approximate locations of this pit 

and of the U.S. Geological Survey's drill holes are showin in Fig. 4.

Because this study is broad in scope, none of its aspects is 

pursued in detail. The ore-zone zeolite bed and areal geology (those 

portions of the project being done by others) receive relatively brief 

treatment in this paper.

Laboratory Methods

Sand-silt-clay size separations of nonzeolitic samples were 

made by wet sieving and timed pipette withdrawals using the method 

described by Folk (1974, p. 37-39). Grain mounts were made from the 

sand fractions by using Lakeside cement as a suspension medium on 

microscope slides, grinding the samples to appropriate thickness, and
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eralized structural contours are on the base of the upper zeolitic 
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staining with sodium cobaltinitrite to recognize orthoclase. These 
slides were examined with a petrographic microscope and mineral abun
dance was estimated.

Powder X-ray diffractometer patterns were made of zeolite bulk 
samples and nonzeolitic sedimentary and authigenic material. Aluminum 
sample holders and nickel-filtered copper radiation were used. Some 
estimates were made of relative mineral abundances by comparing peak 
intensities. This technique was applied sparingly to the zeolites, 

however, because of the small grain size (<0.1 pm) of most of the chab- 

azite, which produces low intensity peaks even though the sample may be 
more than 90 percent chabazite. Clay mineralogy was established by 
powder X-ray diffraction using ceramic tiles for specimen substrates 
and glycolation and heating after the methods described by Carroll 

(1970).
Scanning electron micrographs of the altered tuff samples pro

vided a better means for estimating zeolite relative abundances, as 

well as showing grain sizes, morphologies, degree of crystallinity, 
and grain relationships.

Bulk samples of zeolitic tuff were analysed by atomic absorp

tion. Electron beam microanalysis was used for five elements in very 
small samples of chabazite-rich zeolitic tuff prepared by ultrasonic- 

ally disaggregating bulk zeolite samples and settling them through 
columns of water. The minute chabazite grains remain suspended in 

water indefinitely so that a portion can be drawn off after a few days 

and evaporated to dryness, producing a relatively pure chabazite

9



sample, as verified by X-ray diffraction. These samples were pressed 
into small discs which were, in turn, cast in epoxy resin and pol
ished for probe use.

Emission spectrographic analyses were made of clay minerals 
from the fluviatile and lacustrine sediments, which were disaggre
gated and settled through columns of water. After the clay samples 
were dried and pressed into pellets, they were trimmed to uniform 

weight, placed in carbon electrode sample holders, and burned in the 

spectrograph arc for two minutes. Two of the American Petroleum 

Institute's analysed clay standards, API 31 and 34, were also run for 
comparison to give semiquantitative chemical results for the Bowie 
clays.

Finally, all of the core and chip samples from the 35 drill 
holes were logged according to macroscopic lithology.

10



CHAPTER 2

GEOLOGIC SETTING

The thick Tertiary and Quaternary detrital sediments of San 
Simon valley were deposited in the southernmost 110 km (70 mi) of a 
wide, north-northwest-trending structural trough that is about 225 km 

(140 mi) long, extending from Rodeo, N. Hex., in the south to Globe, 

Ariz., in the north. San Simon basin is about 32 km (20 mi) wide in 
its central part near Bowie and San Simon. It is bounded on the east 
by the Peloncillo and Whitlock Mountains, which separate it from 
Animas Valley, and is bounded on the west by the Pinaleno, Dos 

Cabezas, and Chiricahua Mountains, which separate it from Sulphur 
Springs Valley. This northwest-trending structural grain of elongate 

basins, separated by mountain ranges, characterizes the Basin and 
Range province, and it was proposed by Gilbert (1928, p. 1) that this 

topography is the result of block faulting with the valleys corre
sponding to grabens.

According to the geologic map of Arizona (Wilson, Moore, and 

Cooper, 1969), the Peloncillo and Whitlock ranges are composed of 

Tertiary and Quaternary volcanic rocks of basaltic, intermediate, and 

silicic composition. The core of the Pinaleno and Dos Cabezas Moun

tains and the north end of the Chiricahuas are Precambrian gneisses 
and granites. Overlying these older rocks are widespread intermediate 

and silicic Tertiary lavas, which also account for the main bulk of the

11
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Chiricahua range. According to Schwenneson (1917, p . 6) Paleozoic 
limestone, sandstone, shale, and quartzite also overlie the Precambrian 
basement rocks of these mountains west of San Simon basin.

Knechtel (1938, p. 194-195) reported that the exposed Pliocene- 
Pleistocene fill of the Gila and San Simon valleys shows little evi
dence of deformation. Major mountain building probably occurred in 

this area prior to late Miocene or early Pliocene deposition of the 

Gila Conglomerate because this unit lies nearly horizontally over large 

areas. Perhaps as a result of this deformation, water became ponded in 
several valleys to form lakes such as that in San Simon basin.



CHAPTER 3

SEDIMENTARY UNITS OF THE SAN SIMON BASIN

The rocks of the San Simon basin are nearly flat lying and nat
ural exposures are poor. Zeolitic tuff beds crop out locally as ledges 
or small flat areas resembling pavement because these beds are more re

sistant than the enclosing sediments. Core or chips from drill holes 
or wells provide the only means for examining the lithology of an ap
preciable thickness of stratigraphic section.

Neither folding nor faulting was recognized in the field. In
dividual beds are not laterally persistent in lithology, and no marker 

beds except the zeolitic tuffs could be found. The sediments are lo

cally thinly bedded or massive. Variable intervals of clean, unconsol

idated sand and gravel suggest dissection by stream channels. Thick, 
unconsolidated fill and reworked fragments of zeolitic tuff in the 
northern part of the area indicate that dissection was more extensive 
there. Current ripple marks are on the lower and upper surfaces of the 

basal, massive zeolitic tuff bed and on surfaces among the platy zeo- 
litized units in the pit near the measured section in sec. 27, T. 11
S., R. 29 E. and indicate a north-northwest paleocurrent direction, 

paralleling the present San Simon River.

Basing his interpretations on the water wells that reached a 

maximum depth of 402 m (1,320 ft), Schwenneson (1917, p. 7-9) classi

fied the detrital deposits near the center of the basin as younger

13



14
stream deposits, lake deposits, and older stream deposits. The first 
of these is the uppermost 46 m (150 ft), which consists of clay, silt, 

sand, gravel, and caliche. The lake deposits, which are about 107 m 
(350 ft) thick, are an impermeable blue clay underlying the coarser 

sediments. The older stream deposits are clay, silt, sand, gravel, 

sandstone, and conglomerate. These are about 229 m (750 ft) thick and 
contain artesian water held under confining pressure by the overlying 

clay.
Most of the U.S. Geological Survey's drill holes were 10-25 m 

(33-82 ft) deep, penetrating only through the zeolitic unit beneath 

the younger stream deposits. However, drill-hole 14, near the center 
of the project area, went to 61.9 m (203 ft) and penetrated 35 m 

(115 ft) of the lake deposits. A generalized column of these semicon- 

solidated sediments (to 61.9 m) near the center of the zeolite area is 

shown in Fig. 5.
The younger stream deposits are poorly sorted and range from 

claystone through medium sandstone, locally containing gravel as well 

as clean, unconsolidated sand and gravel. Colors are variable through 

gray, dusky-yellow, tan, brown, red and olive shades. Cements are 

carbonate and clay minerals; some of the core shows reaction to dilute 

hydrochloric acid, and some does not. However, the reactivity could 

not be correlated with litholigy, depth, proximity to zeolite beds, or 

any other parameter. Caliche zones are present, especially near the 

surface, and rare nodular to lenticular calcareous concretions are at 

greater depths. These stream deposits are mostly poorly consolidated.
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EXPLANATION
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Enclosing the Bowie Zeolitic Tuffs
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fine, sandy mudstone and fine, sandy siltstone, becoming more homoge

neous in grain size as they fine to mudstone near the upper zeolitic 

tuff bed. Within a few meters below the zeolite bed, the sediments 
grade into blue clays of the lake deposits, which contain rare fine 
sandy intervals. A second zeolitic tuff bed occurs in these clays at 
a depth of 38.4 m (126 ft) in drill-hole 14 and has the same mineral

ogy and general thickness as the upper zeolitic tuff bed. Also, sev

eral dolomite units, 13-16 cm (5.1-6.3 in) thick, were encountered in . 

the bottom 8 m (26 ft) of this deepest hole.

The clay-silt-sand sediment-size composition is shown in Fig.

6 for various depths in drill-hole 14 and in Fig. 7 for the horizon 

immediately underlying the upper zeolitic tuff bed in several holes 
located from north to south across the area. The first of these dia

grams indicates the two regimes of younger stream deposits and lake 

deposits and the general fining with depth which reflect changes of 
sedimentary environment with time. The lateral fining of particle 

size to the south shown in Fig. 7 probably indicates that the basin 
center was in that direction. The sample from drill-hole 20 is an ex

ception to the pattern and may illustrate local random variations of 
depositional environment.

Gravel is composed of subrounded to subangular granules and 

pebbles to 3 cm (1.2 in), mostly of volcanic rock fragments which in

clude dense, reddish pieces of apparent rhyolite-to-andesite and rare 

vesicular basalt. Some frosted, milky quartz and quartzite fragments
are also seen.
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Sand

18 5 12 U

Fig. 6. Ternary Diagram Showing Clay-Silt-Sand Size Composi
tion for Sediments at Various Depths, Drill-Hole 14
Samples above the upper zeolitic tuff bed are represented by dots; be
low the tuff by circles. Depths are: 1-4.0 m (13 ft); 2-4.3 m (14
ft); 3-4.6 m (15 ft); 4-7.9 m (26 ft); 5-11.0 m (36 ft); 6-12.2 m (40 
ft); 7-13.7 m (45 ft); 8-15.2 m (50 ft); 9-15.8 m (52 ft); 10-19.2 m 
(63 ft); 11-24.4 m (80 ft); 12-29.0 m (95 ft); 13-33.5 m (110 ft); 
14-42.1 m (138 ft); 15-45.4 m (149 ft); 16-46.0 m (151 ft); 17-50.6 m 
(166 ft); 18-61.9 m (203 ft).
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Sand

Fig. 7. Ternary Diagram Showing Clay-Silt-Sand Size Composi
tion for Sediments Immediately Underlying the Upper Zeolitic Tuff; 
Various Locations

Locations are: (1) drill-hole 14; (2) drill-hole 20; (3) drill-hole
21; (4) drill-hole 29; (5) drill-hole 30.



The sand is generally finer than 2 <|>, but ranges from -1 $ 
through 4 <j>, with the coarser particles tending to be subangular to 

subrounded and the.finer particles subrounded to rounded. Within the 

semiconsolidated sediments, sorting is poor; but it is locally good 

within intervals of clean, unconsolidated sand. All sand is an 
arkose, composed of subequal amounts of quartz and orthoclase, to
gether with much lesser quantities of plagioclase, microcline, and 
calcite(?). Muscovite is in trace quantities together with magnetite, 
which accounts for as much as 1 percent of the total and gives the 
sand a salt-and-pepper appearance. Various other mafic grains are 

present in trace amounts, and the coarser the sand, the greater the 

abundance of volcanic rock fragments.
The silt fraction is also dominated by quartz and orthoclase, 

as inferred from X-ray diffractograms. Low intensity peaks indicate 

subordinate muscovite and rare carbonate. Analcime is in variable 

quantities, becoming more abundant toward the southern edge of the 
area.

Uplifted source areas surrounding the basin are reflected in 

the clastic sediments. The arkosic sand is derived in large part from 
the granitic rocks of the Pinaleno, Dos Cabezas, and northern Chiri- 

cahua Mountains. The basaltic, intermediate, and silicic volcanic 

fragments are from various areas in the Pinaleno, Dos Cabezas, Chiri- 

cahua, Whitlock, and Peloncillo ranges. Magnetite and muscovite grains 

could have been derived from the granitic rocks and the gneisses of 

the Pinaleno and Dos Cabezas Mountains.

19
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Clay fractions separated from the basin sediments contain, in 

addition to clay minerals, minor quartz, orthoclase, and analcime. 

Also, much of the dolomite in the lake deposits consists of clay-size 
particles.

The clay minerals of both the younger stream deposits and the 
lake deposits are a noninterlayered mixture of smectite and illite.
The two clay minerals commonly separate during clay sample prepara

tion. After the water has been evaporated at the end of the process, 

a chin, glossy brown or green layer overlies a thin, earthy white 

layer on the bottom of the beaker. The first of these is mostly 
illite, and the other is smectite-rich. The low intensity, broad 

diffractogram peaks imply that both clays are poorly crystallized, and 

no attempt was made to estimate their relative amounts because 
diffraction-peak intensity is an indication of crystallinity as well 
as concentration.

Semiquantitative emission spectrography was used to obtain 
chemical data for the clay, and these results are shown in Table 1. 

However, inconsistencies were apparent between the American Petroleum 
Institute's published analyses (Kerr and Hamilton, 1949) for the 
A. P. I. clays used in this procedure as standards and the actual 

spectral line intensities obtained. Large variations have been 

reported by Weaver and Pollard (1973, p. 5) among clay analyses, so 

it must be concluded that the accuracy of these analyses of Bowie 
clays is probably poor.
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Table 1. Semiquantitative Analysis of Clay Samples.

Determinations are by emission spectrograph. Accuracy is 
estimated at ±10% for SiO„, ±15% for A1„0-, ±30% for total 
Fe as Fe-Ogi and ±50% for^MgO, CaO, NagO, KgO, and Ti02. 
Trace Mno, V-Om, SrO, and CuO were detected in all samples; 
PgOg and LigO were looked for but not detected.

weight percent
1 2 3 4 5 6 7 8 9 10 11 12 13

Si02 53 53 53 53 53 53 53 53 48 53 53 43 53

A1203 21 21 21 18 21 21 21 21 13 13 21 18 13

Fe2°3 7 7 7 7 7 7 7 7 7 7 7 7 7

MgO 6 6 6 6 6 15 3 3 6 10 6 10 10

CaO 6 5 6 4 5 10 4 3 5 3 9 5 4

Na20 5 5 5 5 5 5 5 5 5 4 7 6 7

k 2o 3 3 3 3 3 3 3 3 3 3 3 3 4

TiO- 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6

1.
2.
3.
4.
5.
6 .
7.
8. 
9.
10.
11.
12.
13.

drill-hole 14, 
dh-14, 15.8 m. 
dh-14, 25.4 m, 
dh-14, 25.4 m, 
dh-14, 50.6 m. 
dh-14, 58.2 m. 
dh-14, 61.9 m, 
dh-14, 61.9 m, 
dh-20, 8.1 m. 
dh-26, 13.3 m. 
dh-30, 24.1 m. 
dh—32, 21.0 m. 
dh-34, 18.3 m.

91.1 m depth.

light-colored clay fraction, 
dark-colored clay fraction.

light-colored clay fraction, 
dark-colored clay fraction.

NOTE: To convert to feet, multiply by 3.281
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Nevertheless, in drill-hole 14 the clay chemistry is rela

tively consistent for most oxides; but there are lateral gradations 
in sodium content from hole to hole. In general, the clay becomes 
more sodium-rich from north to south; but a sample from the northern

most drill hole (No. 34) contains as much sodium as in drill-hole 30, 

which lies farthest to the south. This northern area, which extends 
into Whitlock valley, may represent a somewhat different physical and 

chemical environment. In any case, within the southern part of the 
project area, analcime in the clay-sized sediment fractions accounts 

for some sodium. Halite and thenardite, although they are not spe
cifically identifiable in the clay-sized fractions, do finally pre

cipitate in the clay samples as a consequence of evaporation. These 

saline minerals are recognizable in diffractograms of sediments from 
the southern part of the area and no doubt account for some of the 

sodium in these semiquantitative analyses of the clays.
Calcium concentration is variable with depth and from hole to 

hole in a seemingly random fashion. This may be due to variations in 
smectite-illite chemistry and in the abundance of microcrystalline 

calcite or gypsum, although the contribution of the latter two min
erals must be small because they are not identifiable in many diffrac

tograms , even of high-calcium samples. Magnesium, which may occur in 

the smectite-illite or in microcrystalline dolomite, is in rather high 

abundance for clays, and is also erratically variable vertically and 

horizontally. Again, chemical variations in the clay minerals must be



the major factor because dolomite diffraction peaks are only rarely 
seen except for the discrete dolomite layers deep in drill-hole 14.

Because the minerals in the clay fraction are chiefly authi-i
genic, they reflect depositional and post-depositional conditions in 

the basin. The presence of saline minerals implies saline paleocon- 
ditions. The presence of analcime also suggests saline and alkaline 
conditions. The increase of sodium among minerals toward the south
ern part of the area implies a chemical gradient. More will be said 
about these matters in the last section of this paper concerning the 

genesis of the deposit.



CHAPTER 4

BEDDED ZEOLITES

The Important structural and chemical characteristics of zeo
lites can be briefly summarized (Deer, Howie, and Zussman, 1963, p. 
351-352). They are hydrated aluminosilicates of the alkali and alka

line earth metals and are tectosilicates, conforming to an atomic 
ratio of 0:(A1+Si)=2. Their basic framework consists of (Si,Al)0^ 
tetrahedra with each oxygen shared between two tetrahedra. Thus, the 

structure extends indefinitely in three dimensions as a very open 
framework that encloses cavities interconnected by channelways. The 
net negative charge resulting from aluminum substitution for silicon 

in the tetrahedra is balanced by other cations— generally calcium or 

sodium and, to a lesser extent, potassium or magnesium. These occupy 

some of the cavities and channels, while water molecules are held only 
in the channels. Water may be removed without disturbing zeolite 

structure, and alkali and alkaline earth cations can be exchanged 

within limits with little structural effect.

There is significant variation in chemical composition within

individual zeolite species: (1) In the kinds and amounts of alkali and
alkaline earth cations, (2) in the Al:Si ratio, (3) in the amount of 
+3Fe substituting for the aluminum, and (4) in the number of water mol

ecules. The extent of these variations can be seen by examining pub

lished tables of zeolite analyses (for example. Deer and others, 1963,

24
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p. 366-368, 381, 394, 395, 403). Consequently, physical properties 
such as indices of refraction, specific gravity, and unit cell dimen

sions are also somewhat variable. Zeolites that formed in sedimentary 

rocks tend to be more siliceous and alkali rich than samples in 
igneous rocks (Hay, 1966, p. 6).

Zeolites are commonly found in amygdules and fissures in vol
canic rocks, in late-stage hydrothermal veins, and as bedded deposits 
in sedimentary environments. The large extent of the last category has 
been recognized progressively in the last 15-20 years, and Hay (1966, 
p. 3) referred to zeolites as among the most common authigenic silicate 

minerals to be found in sedimentary rocks, especially in altered vitric 

tuffs. Several generalizations can be made about these deposits, based 
on many published descriptions: (1) They are commonly flat lying, (2)

they are a few centimeters to several meters thick, and (3) they are 

interbedded with epiclastic sediments and bentonites. The tuff is com
monly completely altered to an assemblage of zeolites and clay min

erals, and locally, potassium feldspar and saline minerals. The al
tered tuffs are extremely fine grained, of low density, earthy, and 

colored white, cream, yellow, and various pastel shades. The material 

may vary from massive to thinly bedded and may show sedimentary struc
tures such as ripple marks, crossbedding, and distorted bedding.

Zeolite Beds of the Deposit

Mining activity in the Bowie zeolite deposit has been restric

ted to the upper zeolitic tuff bed, which is exposed in several shallow



26
open pits and, locally, in outcrop, taking the form of ledges or small 

pavementlike areas, because the zeolitic tuff is more resistant than 

the enclosing sediments. This unit commonly consists of a massive, 
basal zeolitic bed 10-25 cm (4-10 in) thick, separated from the under

lying mudstone by a sharp contact, and variably platy beds of zeolitic 
tuff above this, which are 20-120 cm (8-47 in) thick and locally grade 
into the overlying mudstone (Fig. 3). The basal bed commonly shows 

convoluted structures, but the laminated upper zeolitic beds only lo
cally show moderate convolution. The colors of the zeolitic beds vary 

from white through yellow to orange, tan, and light green. One color 

may grade into another or, especially in the convoluted basal material, 

there may be a sharp boundary between them. Luster is earthy, fracture 
in the massive material is subconchoidal, and density is very low.

Small channels, perhaps at the base of current ripple marks, are rarely 

seen among laminations in the cored zeolitic tuff. In the field, rip

ple marks are on the upper and lower surfaces of the massive bed and 
among the platy beds at one place. A measured section through the 
upper zeolitic tuff at the pit in sec. 27, T. 11 S., R. 29 E., is 
shown in Fig. 8.

At least one more zeolitic tuff bed occurs at greater depth.

It was intersected by drill-hole 14 within the lake sediments 23.5 m 

(77 ft) below the upper bed, and it does not crop out. This lower bed 

is 65 cm (25.6 in) thick and is platy in the lower few centimeters and 

massive above this, becoming increasingly convoluted from bottom to top. 

It grades upward from orange brown, through orange to yellow, and
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Thickness Description
61 cm (2.0 ft) Light-grayish-tan, laminated claystone and 

mudstone composed of illite, smectite, quartz, 
and feldspar and containing variable amounts 
of chabazite, clinoptilolite, erionite, and 
analcime.

110 cm (3.6 ft) Tan, yellow, and white platy zeolitic tuff 
composed of variable proportions of chabazite, 
clinoptilolite, and erionite with minor or 
trace analcime, smectite, halite, feldspar, 
and quartz. This unit contains current rip
ple marks.

11 cm (0.36 ft) Orange, yellow, and white mottled, massive 
zeolitic tuff composed of chabazite with var
iable amounts of clinoptilolite and erionite 
and minor or trace analcime, smectite, and 
halite. This unit shows convoluted structure 
throughout and ripple marks at its base.

0.5 cm (0.20 in) White, powdery zeolitic tuff composed of anal
cime with trace chabazite, clinoptilolite, and 
smectite.

Greenish-gray, massive claystone composed of 
illite, smectite, quartz, feldspar, calcite, 
and analcime with trace thenardite, halite, 
and gypsum. A discontinuous layer of gypsum 
crystals is at the top of this unit.

Fig. 8. Measured Section of Zeolitic Tuff
Mineral composition is interpreted from X-ray diffractograms. Loca
tion is in the Systems Capital Technological Corporation pit, NWk sec. 
27, T. 11 S., R. 29 E., 13.7 m (45 ft) east of the NW pit claim marker. 
Subsequent mining has removed the tuff at this specific location.
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finally to white. The upper and lower beds are alike in mineralogy 
with chabazite in greatest abundance and clinoptilolite, erionite, 

and smectite present in subordinate amounts.

The Survey's Bowie zeolite project drilled 35 holes in an area 
2 2of about 195 km (75 mi ) (Fig. 4). Although the holes are more close

ly spaced in the northwest-trending zeolite area bordering the San 
Simon River, the density of drilling is not enough to show detailed 

areal distribution of the zeolitic tuff beds. Nevertheless, many 

holes in the central area lack zeolite so that an overall picture 

emerges of the upper zeolitic tuff bed as islands separated by chan

nels consisting of unconsolidated sands and gravels or of semiconsol- 

idated sediments typical of the younger lake deposits.

Is this discontinuous areal distribution an erosional or a dep- 
ositional consequence? In the northwestern part of the area, drill
hole 23 penetrated a zone of well-rounded, clay-covered zeolite frag

ments among unconsolidated sand and gravel, implying stream erosion to 
the level of the zeolitic tuff bed and subsequent deposition of channel 

fill to preserve some of the reworked zeolite. Drill-holes 19 and 22, 
also in the northwest, contain intervals of clean, fine-to-medium, un

consolidated sand and no zeolite, also implying stream dissection of 

the upper zeolitic tuff bed. Other holes, however, intersected no zeo

lite beds, but contained mudstones typical of those in the vicinity of 

the upper zeolitic tuff horizon. Fig. 4 shows which holes did and did 

not contain zeolite. Inasmuch as no unconformities were recognized in 

the sediments, the absence of zeolite at some locations is probably an
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indication of lack of deposition of volcanic ash, or, more probably, 

deposition and immediate removal by rain and wind. Perhaps the only 

place an ashfall would be preserved is in relatively quiet water such 
as a lake or pond. Some of the core shows clean zeolite grading up
ward into mudstone, probably indicating that some ash, together with 
mud, was washed into ponded water after the ashfall had mostly ceased. 
Thus, it may be concluded that the islandlike areal distribution of 

the upper zeolitic tuff bed is probably a consequence of erosional and 

depositional factors.

An example of volcanic glass altering to zeolites is at a pit 

in the SW^SE^s sec. 2, T. 11 S., R. 28 E., in the northwesternmost part 

of the upper zeolitic tuff. This ash contains evidence of root struc

tures as calcite-cemented, branching tubules. Farther to the south, at 
a pit in the NWijSWJs sec. 13, T. 11 S., R. 28 E., mud cracks are on the 

mudstone immediately underlying the zeolitic tuff. Still farther to 

the south, at a pit in the SWkNWls sec. 27, T. 11 S., R. 29 E., current- 
ripple marks are among the laminations of the zeolitized tuff bed. 
Altogether, this evidence may be interpreted as a progression, from 
north to south, of basin margin to playa surface, to fluvial or lacus
trine environment.

Within the limits imposed by the small number of drill holes 

(15) containing zeolite, an attempt was made to establish contours of 

the ashfall paleodepositional surface. Elevations of the base of the 

upper zeolitic tuff bed were calculated and are shown in Fig. 4. Three 

general surfaces emerge with the basin deepening toward the southeast,
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but also deepening at the northwest end of the area. As will be seen, 

lateral gradations in zeolite chemistry may reflect variations in dep
ositions! surface elevation. In order firmly to establish this rela

tionship, more drill holes are needed to show zeolite distribution in 
greater detail, and more zeolite analyses are needed.

Zeolite Mineralogy of the Deposit

Based on diffractograms and scanning electron microscope photo

graphs from drill-holes 14, 20, and 30, from the measured section, and 
supplemented by material from other holes, it is concluded that chaba- 

zite is the most abundant zeolite mineral in the tuff— generally making 

up 60-80 percent of the total. Clinoptilolite, erionite, and clay, in 

subequal overal proportions, account for almost all of the remainder. 
Traces of potassium feldspar, quartz, and calcite are locally recog

nized. Occasional small quantities of analcime, as well as halite and 

thenardite, occur in the southern part of the area.
Among the major zeolites— chabazite, clinoptilolite, and erion

ite— relative quantities are highly variable from sample to sample in 
a seemingly random fashion. No horizontal or vertical gradation in 

mineralogy was recognized. Generally, the massive, basal ore zone zeo

lite is more chabazite-rich than the platy zeolites, but exceptions to 

this rule are easily found. No monomineralic laminae were found, ex

cept a thin layer of analcime underlying the ore-zone bed at the meas

ured section in the southern half of the area. The lower zeolitic tuff 

bed, penetrated.by drill-hole 14, has the same mineralogy as the upper 

bed. No correspondence was found between the color of the zeolitic
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tuff bed and major zeolite present. Results of zeolitic tuff bed dif- 
fractogram analyses from drill-holes 14, 20, and 30, and the measured 
section are given in the appendix to this paper.

Twenty-eight scanning electron microscope photographs were 
taken among several zeolite samples from the measured section and from 

the three drill holes. These were intended to serve several purposes. 

Extreme difficulty had been encountered in trying to make petrographic 
thin sections of the zeolitic tuff, and eventually the attempt was 

abandoned. The prospect of estimating relative abundances of the four 

zeolites and the clay from diffractogram peak intensities created con

siderable pessimism because peak height is also a function of grain 

size, degree of crystallinity, and orientation. Thus, it was hoped 
that scanning electron microscope photographs would show texture, grain 

relationships, crystal sizes and morphologies, and species abundances. 
The attempt was apparently successful in all respects. Six zeolite 
photographs are.included in this paper— Figs. 9, 10, 11, 12, 13, and 
14— and the first three of these show exceptionally well crystallized 
material.

Chabazite is the most abundant species, generally accounting 

for more than 70 percent of the zeolites present. It occurs as minute 

rhombs, commonly less than 0.1 pm, that grow together to form ragged 

plates. Fig. 9 shows typical chabazite plates in the upper left corner 

and exceptionally large and well-formed crystals, also forming a plate, 

at the center of the photograph. The plates commonly are randomly 

intergrown, but locally they produce more orderly arrangements, such as



The chabazite rhombs in the central portion of the photograph are up 
to 1 pm in size, much larger than usual. The platy material along the 
left edge is also chabazite, but the rhombs are too small to be re
solved by this microscope. The sample is DH14-126.3, massive, orange 
zeolitic tuff from the lower bed at drill-hole 14, 38.50 m (126.3 ft) 
depth.

Fig. 9. Scanning Electron Micrograph of Zeolitic Tuff Show
ing Well-Crystallized Chabazite

Fig. 10. Scanning Electron Micrograph of Zeolitic Tuff Show
ing Well-Crystallized Clinoptilolite and Analcime
The relatively large clinoptilolite (Cl) and analcime (An) crystals 
are in open spaces among ragged plates of minute chabazite crystals. 
The white, feathery material in the upper right and lower left is 
smectite. The sample is 3-WH, massive, white, basal zeolitic tuff 
from the measured section location, NWk sec. 27, T. 11 S., R. 29 E.
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Fig. 9. Micrograph Showing Chabazite

Fig. 10. Clinoptilolite and Analcime



The relatively large clinoptilolite (Cl) crystals and bundles of erion
ite (Er) rods are in open spaces among ragged plates of minute chaba- 
zite (Ch) crystals. The sample is 3-OR, massive, orange, basal zeo
litic tuff from the measured section location, Nl̂ s sec. 27, T. 11 S.,
R. 29 E.

Fig. 11. Scanning Electron Micrograph of Zeolitic Tuff Show
ing Well-Crystallized Clinoptilolite and Erionite

Fig. 12. Scanning Electron Micrograph of Zeolitic Tuff, Drill
hole 20
Plates of chabazite are randomly intergrown with one another and form 
poker-chip stacks and radial groups like paper folded fans. The sample 
is DH20-25, massive, yellowish-white zeolitic tuff from 7.62 m 
(25.0 ft) depth.
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Fig. 11. Micrograph Showing Clinoptilolite 
and Erionite

Fig. 12. Micrograph of Tuff, Drill-Hole 20



Poorly formed, small clinoptilolite crystals are growing on chaba- 
zite plates. The sample is DH14-49, platy, yellow zeolitic tuff 
from 14.94 m (49.0 ft) depth.

Fig. 13. Scanning Electron Micrograph of Zeolitic Tuff,
Drill-hole 14

Fig. 14. Scanning Electron Micrograph of Zeolitic Tuff, 
Drill-hole 29

Blocky clinoptilolite crystals are in open spaces in a matrix of 
intergrown chabazite plates. A dusting of feathery smectite is on 
the clinoptilolite and chabazite. The sample is DH29-63, massive, 
basal, yellowish-orange zeolitic tuff from 19.20 m (63.0 ft) depth.
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Fig. 14. Micrograph of Tuff, Drill-Hole 29



35
the radial group resembling a fan folded from paper in the upper left- 

hand corner of Fig. 12.

Clinoptilolite generally makes up about 10 percent of the zeo
lites present in massive or platy samples; however, it may account for 
as much as 50 percent in clinoptilolite-rich material. It forms blocky 
crystals of heulandite-like habit 0.5-40 pm in length, but mostly in 

the 15-30 pm range, generally growing in vugs and open spaces in the 

chabazite plate matrix (Figs. 10 and 11). The clinoptilolite crystals 

occur singly, intergrown with one another, and in twinned relationships 
resembling feldspar carlsbad twins.

Erionite is also in chabazite matrix open spaces as rod-shaped 
crystals gathered into tubular bundles that are locally partially hol
low (Fig. 11). The bundles are 15-40 pm long and are generally sepa

rated from each other; but where the erionite is locally abundant, the 
crystals may form a matchstick jumble. Erionite was observed to ac
count for as much as 60 percent of zeolites present; but generally, it 

is about 10 .percent in subequal proportion with clinoptilolite.

Analcime in trapezohedra up to 40 pm occurs among the bedded 

zeolite and its enclosing sediments in the southern part of the area.

It forms a white, powdery, monomineralic layer about 1 cm (0.4 in) 
thick underlying the massive ore-zone zeolite at the measured section 

location, and it is locally detectable in the massive and platy zeo
lites of drill-holes 29 and 30 where it also grows in open spaces in 
the chabazite matrix (Fig. 10). Analcime is in widely varying amounts, 
perhaps as much as 15-20 percent, among silt- and clay-sized sediment



samples overlying and underlying the upper zeolitic tuff bed from the 
central to the southern part of the area.

A poorly crystallized smectite clay, which gives broad, low- 

intensity diffraction peaks like those produced by the clays of the 

younger stream deposits and lake deposits, forms occasional irregular 

shapes pseudomorphic after glass shards and fluffy coatings on the zeo

lites (Fig. 10). Quartz, potassium feldspar, halite, and thenardite 

were also identified in zeolite diffractograms but were not recognized 

in the photomicrographs.
Figs. 12, 13, and 14 were chosen to show more typical zeolite 

assemblages and textures and are from the northern, central, and south
ern parts of the area, respectively. No characteristics were recog
nized as being typical of any one part of the zeolite field. Fig. 12 

shows massive zeolite from drill-hole 20 consisting of intergrown chab- 
azite plates, many in poker-chip stacks, with a small amount of clay; 
Fig. 13, of drill-hole 14 platy material, shows chabazite plates over

grown by small, poorly formed clinoptilolite crystals; Fig. 14, of 

drill-hole 29 massive, basal zeolite, is especially typical of the 

Bowie bedded zeolites. It consists of a matrix of ragged, intergrown 

chabazite plates with clinoptilolite crystals growing in open spaces, 
and both zeolites are dusted with feathery smectite.

Vitroclastic texture is well preserved in this altered tuff and 

is easily seen with a hand lens. Sheppard (1973, p. 27) included a 
scanning electron photomicrograph of a zeolite ore sample from the 

northern part of the area in his U.S. Geological Survey open-file
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report that clearly shows pseudomorphs of glass shards. This is di

rect evidence that volcanic glass was the primary material from which 
the zeolites formed.

An observed paragenesis was inferred from these and other 

Bowie zeolite photomicrographs. Smectite is thought to form first, 
providing a substrate upon which the chabazite plates form next. These 

two minerals establish a matrix with open spaces within which erionite 
and clinoptilolite form next, apparently overlapping with late chaba
zite crystallization. The relative age relationships of erionite and 
clinoptilolite could not be determined. Analcime was the last zeolite 
to form, and it is also found in the open spaces. Very few crystals 

of this mineral were seen in association with other zeolites, so it 

could not be determined whether analcime growth overlapped the crystal
lization of other zeolites. A second generation of smectite formed 
last, partially coating the zeolites after their growth had ceased.

Zeolite Chemistry of the Deposit 

The exchangeable cations of zeolite minerals are generally 
sodium, potassium, and calcium. Chabazite may be represented as 

CaAlgSi^O^'GHgO (Fleischer, 1975), or, recognizing usual variation 

among natural examples of the species (Deer and others, 1963, p. 395), 
as (Ca, Nag, Kg) AlgSi^O^g.6HgO. Clinoptilolite may be represented as 
(Na, K, Ca)g_gAlg(Al, Si)gSi^g0gg.l2Hg0, erionite as (Ca, Nag, Kg)^ 

(AlgSigg)Oyg.27HgO, and analcime as NaAlSig0g.2Hg0 (Fleischer, 1975). 
There are also wide compositional variations in the cation ratios and



Si:Al ratio among natural zeolites in addition to those suggested by 
usual empirical formulas.

Chemical analyses were made of 10 samples of zeolitic tuff 

from the Bowie deposit, and the results are shown in Table 2. The 

first three samples are from the upper zeolitic tuff at drill-hole 14 

in the central part of the deposit. Here the tuff is massive for its 
entire thickness, and the samples are from the upper, middle, and 

lower portions. The next three samples are from the upper (massive), 
middle (massive), and lower (platy) portions of the lower zeolitic tuff 
where it is intersected by the same drill hole. The sample from drill

hole 20, in the northern part of the deposit, was obtained during in
complete core recovery and seems to be from the massive, basal ore- 

zone unit. The last three samples are from the southernmost drill 
hole and are again taken from the upper (platy), middle (massive), and 

lower (massive) portions of the upper zeolitic tuff.

As interpreted from powder X-ray diffraction analysis for all 

samples, chabazite is in the greatest abundance; as much as 30 percent 

clinoptilolite, 10 percent erionite, and probably less than 5 percent 

clay minerals are also present. There are traces of quartz and feld
spar in several samples and of halite and thenardite at drill-hole 30.

The determination sums for each sample range from 86.07 to 

99.34 percent, or an average of 94.99 percent. In general, the totals 
are low, probably largely due to problems in determining silica by 

atomic absorption. The sum of determinations for sample 9 is 5.66 per

cent lower than the next lowest sum; silica is also comparatively low
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Table 2. Chemical Analysis of Zeolitic Tuff Samples.
SiO-j AlgOg, and total Fe as Fe-O- determined by atomic ab
sorption and LOI (loss on ignition) determined at 900°C by 
E. V. Post; MgO, CaO, Na-O, and K^O determined by atomic 
absorption by Wayne Mountjoy

Weight percent
1

Si02 59.1

A12°3 12.1

Fe2°3 4.7

MgO 2.14
CaO 2.74
Na20 1.54

K2° 2.89

LOI 9.8

2 3 4
61.2 58.6 54.2
11.7 12.3 12.5
3.4 4.1 3.4
1.55 1.65 1.34
3.80 3.80 2.46

1.36 1.21 4.22

1.68 1.91 1.36
13.6 14.3 14.8

5 6 7

53.0 51.8 58.1
12.8 13.2 13.4

3.9 2.9 2.8
1.36 1.24 1.28
4.24 1.88 4.23

4.18 4.92 1.75

1.43 1.16 1.08
15.1 16.6 16.7

8 9 10

57.2 41.3 51.3

14.2 11.9 15.1
2.2 3.0 1.4

1.85 0.93 0.92
0.74 6.81 0.78

4.93 5.14 3.36
2.58 0.99 1.37

13.9 16.0 17.5

Total 95.01 98.29 97.87 94.28 96.01 93.70 99.34 97.60 86.07 91.73

1. drill-hole 14, 14.3 m depth. 6. dh-14, 38.6 m.

2. dh-14, 14.6 m.

3. dh-14, 14.9 m.
4. dh-14, 38.1 m.

5. dh-14, 38.3 m.

7. dh-20, 7.6 m.
8. dh-30, 22.8 m.

9.

10.
NOTE: To convert to feet, multiply by 3.281

dh-30, 23.0 m 

dh-30, 23.1 m
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for this sample. The calcium content for sample 9 is anomalously high 

compared with other analyses of zeolitic tuff from the southern part 
of the deposit (for example, Sheppard, Gude, and Edson, 1976, p. 85). 
Neither gypsum.nor calcite diffraction peaks were recognized for sample

9. Altogether, the cause of the deficiency among sample 9 determina
tions is unknown, and it is probable that the relatively high calcium 

content reflects zeolite composition. Nevertheless, the results for 
the sample are somewhat questionable.

These chemical data may be summarized by noting that iron- 

oxide concentrations are variable in a seemingly random manner. Mag
nesium and potassium oxides seem to be generally covariant from sample 

to sample. The variation cannot, with confidence, be correlated with 

physical characteristics or locations of the samples except that the 
upper zeolitic tuff appears to contain more magnesium and potassium 

than the lower tuff at drill-hole 14.

It should be anticipated that monovalent and divalent exchange

able cation concentrations will be inversely proportional in zeolites 
+3if the Si:Al+Fe ratio is constant since charge balance must be main

tained. Therefore, it is difficult to explain why potassium and mag
nesium seem to be covariant, unless this is an accident within a small 
number of samples. However, sodium and calcium concentrations do ap
pear to be inversely proportional among the samples with the highest 

calcium and lowest sodium values associated with the drill-hole 20 sam
ple and the upper zeolitic tuff samples at drill-hole 14. The lowest 

calcium-to-sodium ratios are in the lower zeolitic tuff at drill-hole
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14 and the upper zeolitic tuff at drill-hole 30. These relationships 

are somewhat weakened by relatively high calcium concentrations in sam
ples 5 and 9, but are confirmed if the results for the samples are av
eraged for each bed at each drill hole. These results confirm the con

clusions of other workers (Sheppard and others, 1976, p. 85) that the 
upper zeolitic tuff decreased from an intermediate CaOzNagO ratio in 
the northern part of the deposit to a low ratio in the southern part.
In addition, the lower zeolitic tuff may have a low CaOiNagO ratio, 
but more samples of the lower tuff are needed from several locations to 

verify this conclusion.
Silica and alumina concentrations are mostly inversely propor

tional to one another from sample to sample with higher SiOgZAlgO^ ra

tios associated with the upper zeolitic tuff at drill-holes 20 and 14 
and lower ratios with the lower tuff and the upper tuff at drill-hole 

30. It seems, therefore, that higher SiC^sAl^^ ratios correspond with 
higher CaOiNa^O ratios among zeolitic tuffs at the Bowie deposit, and 
the CaOiNa^O ratio generally decreases from north to south in the upper 

zeolitic tuff.
Chabazite-rich separates were produced by disaggregation and 

flotation of zeolitic tuff; powder X-ray diffraction verified the suc

cess of the attempt. Intensities of erionite, clinoptilolite, and oth

er nonchabazite diffraction peaks were reduced or eliminated, and the 

samples were judged to be 90-95 percent chabazite. Because very small 

quantities were obtained, they were pressed into discs, cast in epoxy 

resin, and prepared for electron microprobe analysis. The results are
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presented in Table 3. These samples are from the same locations and 
depths as the bulk zeolite analyses in Table 1, except that two samples 
from drill-hole 30 were discarded because they flocculated and settled 

during preparation. Magnesium was neglected in the microprobe proce

dure. The determinations sum from 79.31 to 93.20 percent among the 
samples, indicating inaccurate and inconsistent results. Summations 

should have been consistently near 79 percent, inasmuch as structural 
water is about 21 percent in chabazite. It is suggested that the mi
croprobe errors are due to ionic migration caused in the samples by the 

focused electron beam. It was noted during the procedure that count 
rates increased or decreased as the beam remained stationary.

For zeolites, the molecular ratio A^O^: (Ca, Mg, Nag, 1^)0 
should be unity. If ferric iron substitutes for aluminum, AlgO^+FegO^: 
(Ca, Mg, Nag, Kg)0 should be unity. Although determination of magne
sium was omitted, these ratios were calculated and range from 0.9 to

2.3 without FegOg and 1.0 to 2.5 including iron. Because magnesium 

concentration is relatively consistent among the bulk zeolitic tuff 

samples, it is unlikely that its addition would make these ratios sig

nificantly more consistent. These ratios are presented as further 

evidence that the electron microprobe results are of poor quality.

To obtain chemical data of acceptable accuracy, the chabazite 

separation procedure should be repeated— on a large scale if neces
sary— and chemical analysis be done by other means.

Despite errors in the chabazite microprobe data, several im

portant relationships can be seen. Calcium and sodium concentrations
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Table 3. Partial Chemical Analysis of Chabazite-Rich Zeolitic Tuff 
Samples.
All determinations by electron microprobe. Total Fe re
ported as FegOg

weight percent
1 2 3 4 5 6 7 8

Si02 61.88 63.31 59.14 55.18 45.48 47.93 63.62 61.38
A1203 15.53 15.06 14.26 17.41 15.31 12.24 18.50 19.17
Fe203 8.26 7.30 8.56 5.41 8.15 14.58 3.75 3.09

CaO 3.28 3.78 3.91 1.75 1.57 1.89 4.70 .25
Na20 .76 1.12 .90 9.64 7.73 2.75 .95 4.19

K20 3.33 2.63 2.37 1.04 1.07 1.30 .71 1.07

Total 93.04 93.20 89.14 90.43 79.31 80.69 92.23 89.15

1. drill-hole 14, 14.3 m depth. 5. dh-14. 38.3 m.

2. dh-14, 14.6 m. 6. dh-14. 38.6 m.

3. dh-14, 14.9 m. 7. dh-20. 7.6 m.

4. dh-14, 38.1 m. 8. dh-30, 23.1 m.
NOTE: To convert to feet , multiply by 3.281.
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are inversely related— with high CaOzNagO ratios in the upper zeolitic 

tuff at drill-holes 20 and 14 and low ratios in the lower tuff at 
drill-hole 14 and the upper tuff at drill-hole 30. For the upper zeo

litic tuff, the ratio decreased from north to south in the deposit.
The only exception to this relationship is in sample 6, where the 
sodium concentration is low. Otherwise, the variations in CaOzNagO 
ratios are more consistent with respect to location than in the bulk 

zeolitic tuff samples.
Chabazite-potassium concentration seems to vary in a systematic 

manner, in general following calcium from location to location except 

for sample 7. These results also parallel those of the bulk samples, 

especially with respect to the upper and lower zeolitic tuffs.

Silicazalumina ratios are relatively higher for the upper zeo

litic tuff at drill-hole 14 than for the lower tuff at this location 

or for the upper tuff at drill-hole 30. However, the ratio is also low 

for the upper tuff at drill-hole 20 in the northern part of the de

posit. Otherwise, the SiOg^AlgOg ratios seem proportional to the 
CaOzNa^O ratios and are consistent with the bulk zeolitic tuff. As 
with the bulk samples, iron concentrations seem highly variable and 
nonsystematic. Further, it was not determined what proportion of the 

iron is a structural constituent of chabazite in substitution for 

aluminum, and what proportion may be present in finely divided, and 

perhaps amorphous, iron oxides or hydroxides.
Regis and Sand (1967, p. 193) reported that the chabazite of 

the upper zeolitic tuff is more calcic in the northern part of the
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deposit and more sodic in the southern part. My chabazite data con
firm their results. This lateral chemical gradient is also found among 

bulk zeolitic tuff samples, which is to be expected since chabazite is 
the major constituent. Further, the emission spectrographic analysis 

of clay fraction-sized samples from the mudstone immediately under
lying the upper zeolitic tuff bed shows an increase in sodium from 
north to south in the deposit. That is, the Bowie zeolite chemistry, 

at least in part, reflects the chemistry of the enclosing rocks.
Most empirical formulas indicate a Si:Al ratio of 2 for chaba- 

+3zite. However, Si:Al+Fe has greater structural and chemical rele

vance, since ferric iron can be expected to substitute for aluminum in
+3the tetrahedral framework. Actual Si:Al and Si:Al+Fe ratios vary 

considerably and are near 2 for most chabazites from mafic igneous 
rocks (Sheppard and Gude, 1973, p. 12). Most chabazites from sedimen

tary rocks have ratios greater than 3. A chabazite from a tuff in the 

Big Sandy Formation, Mohave County, Arizona, that contained mostly mag
nesium, calcium, and potassium among the exchangeable cations has a 

Si:Al+Fe ratio of 3.27 (Sheppard and Gude, 1973, p. 12). Analysis of 
sodium-rich chabazite from tuffs of the Barstow Formation of southern 
California indicated a ratio of near 3.9 (Gude and Sheppard, 1966,

P. 910). A calcic chabazite from silicic tuff in the John Day Forma

tion of Oregon had a ratio of about 4.1 (Sheppard and Gude, 1970,
+3p. 177). However, Sheppard (1973, p. 34) reported that the Si:Al+Fe 

ratio is 2.81 to 2.86 among three chabazite separate samples from the 

massive, basal ore zone of the upper zeolitic tuff of EZ No. 225 mining



46

claims in the northern part of the Bowie deposit. That is, the Bowie 
chabazite seems less siliceous than most other chabazites in sedimen

tary deposits.



CHAPTER 5

UNALTERED ASH ASSOCIATED WITH THE DEPOSIT

A sample of clean, unaltered volcanic ash was collected in San 
Simon valley by L. H. Godwin, of the U.S. Geological Survey, in 1972.
The specific location was not recorded, but was about 6 km (3.7 mi) 
northeast of the zeolite area, probably in sec. 2, T. 11 S., R. 29 E. 

Despite uncertain stratigraphic control, the following data is "pre
sented because it was available. R. B. Scarborough, Department of Geo

sciences, University of Arizona, analyzed the sample, and his chemical 

results are given in Table 4. No determination was made of silica or 
alumina. Scarborough reported rhyodacitic composition with calcium mag

nesium, and iron in above-normal concentrations, sodium in average con

centration, and potassium in below-normal concentration for Pliocene- 
Pleistocene ashes of the southwestern United States. The index of re

fraction is 1.511, compared to 1.495-1.505 for most other southwestern 
ashes.

Zircon grains were not in sufficient abundance for fission-track 
dating, and chemical composition of the glass is unlike other southwest

ern examples studied. It was therefore impossible to date this ash sam

ple beyond the probability that it is Pliocene-Pleistocene (R. B. 

Scarborough, oral commun., 1975).

The ash from which this sample was collected seems to correlate 

with the upper zeolitic tuff because elevations are nearly the same.

47
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Table 4. Partial Chemical Analysis of an Ash Sample.

Sample location uncertain; probably sec. 2,
T. 11 S., R. 29 E., Graham County, Arizona. 
Determinations by atomic absorption by R.
B. Scarborough. Total iron shown as FegO^

Constituent Weight
percent

^^2^3-------- -----------------------———-----3.4

CaO------- ----------------------------------1.61
NagO——— ——— —— ———— ——— ——— —— —— ——————— — 3.8

K20------------------------------------------3.4
^^^0— —— —— — — — — — — ——— — — —  . 000056

MnO—————————————————————————————————————— — — .000052

Bad .10
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Therefore, the ash sample is probably representative of the volcanic 
glass from which the zeolitic tuff formed. Another example of un

altered glass is at a small pit in the SW^SEk sec. 2, T. 11 S., R.

28 E., at the northwesternmost recognized extent of the upper zeo
litic tuff west of San Simon Creek. Here the basal, massive bed,
18 cm (0.6 ft), is mainly gray, unaltered glass, but the lowermost 
1-3 cm (0.03-0.1 ft) is yellow and consists mostly of chabazite. The 
overlying thin-bedded tuffs, 30 cm (1 ft), contain varying amounts of 

relict glass, chabazite, and erionite (Sheppard and others, 1976, 

p. 87).



CHAPTER 6

GENESIS OF THE BOWIE ZEOLITE DEPOSIT

Sedimentary zeolite deposits have received increasing attention 
from geologists as zeolites have assumed greater commercial application 

in recent years. R. L. Hay's paper, Zeolites and Zeolitic Reactions in 
Sedimentary Rocks, was published in 1966 and others, such as R. A. 
Sheppard and F. A. Mumpton, have described many sedimentary zeolite oc

currences.
A characteristic in common among most deposits is that the zeo

lites and associated authigenic silicate minerals have formed from sil- 

• icic volcanic glass. These minerals form during diagenesis by reaction 
of the glass with interstitial water. The volcanic tuff origin of the 

Bowie zeolites is demonstrated by the preserved virtroclastic texture.

Some interrelated characteristics of the Bowie deposit are im

mediately seen or inferred. It is young (Pliocene-Pleistocene); it 

underwent shallow burial in the detrital sediments of San Simon valley; 

and, therefore, it has remained under essentially surface conditions of 

temperature and pressure.
Hay (1966, p. 72-77) stated that sedimentary phillipsite, clin- 

optilolite, erionite, mordenite, and chabazite are more common in 

Cenozoic rocks and less common in pre-Cenozoic rocks. Analcime is most 
abundant in Mesozoic rocks, and authigenic albite and potassium feld
spar increase from the cenozoic to the Precambrian, These relationships
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are paralleled by the effects of increased temperature and pressure 

because zeolites are hydrous minerals of low specific gravity. Low 
temperature favors the more hydrous varieties, such as chabazite and 

heulandite, and higher temperature favors the less hydrous types, 

such as laumontite and analcime. Higher pressure favors the denser 
species, which are also the least hydrous. With sufficient tempera
ture and pressure, all zeolites become unstable relative to feldspars.

The mineralogy of the Bowie deposit, dominated by chabazite, 
clinoptilolite, erionite, and clay minerals, is in harmony with the 
implications of field relationships. This is a young deposit that has 

remained at near-surface conditions of temperature and pressure since 

deposition.

Dissolution of silicic volcanic glass and formation of partic
ular authigenic minerals requires certain chemical conditions during 

diagenesis. Silica-rich glass is relatively soluble at a pH above 9, 

and alteration occurs within a few tens of thousands of years in sa
line, alkaline lakes (Hay, 1966, p. 67). However, in marine environ

ments, where pH is 7.5-8.1, rhyolite glass may be preserved unaltered 

for millions of years (Hay, 1966, p. 67). In the Pleistocene deposits 
of Lake Tecopa, Inyo County, California (Sheppard and Gude, 1968, 

p. 33), glass is unaltered in tuff deposited in fresh water but is re

placed by zeolites, potassium feldspar, and searlesite where the water 
was saline and alkaline.

A saline, alkaline depositional environment is inferred for the 

Bowie zeolite deposit from the presence of certain authigenic minerals.
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In solution, hydrogen ions compete with base cations for the alumino
silicate framework so that, if the activity of hydrogen is high, phyl- 

losilicates result, and if it is low, tectosilicates form (Hay, 1966, 

p. 68). Thus, low pH favors montmorillonite, kaolinite, or muscovite, 

and high pH favors zeolites or feldspars. The high pH values (9 or 

above) of saline, alkaline lakes typically produce phillipsite, anal- 

cime, erionite, searlesite, and potassium feldspar as alteration prod

ucts from rhyolite glass (Hay, 1966, p. 67).

The effects of salinity (concentration of dissolved salts) are 
difficult to consider apart from alkalinity (pH). A high base cation 

to hydrogen ion ratio favors tectosilicate formation at near-surface 

conditions of temperature and pressure. Mildly saline conditions favor 
zeolite formation, and high salinities favor feldspars (Hay, 1966, 
p. 78). In Lake Tecopa (Sheppard and Gude, 1968, p. 34), altered tuffs 

consist of zeolites where they were deposited in moderately saline 
water and of potassium feldspar and searlesite where they were depos

ited in.highly saline water. Tuffs in the Eocene Grene River Formation 
of Wyoming (lijima and Hay, 1968, p. 196; Surdam and Parker, 1972, 

p. 691) have altered to montmorillonite where they were deposited in 
fresh water, to clinoptilolite and mordenite in slightly saline water, 

to analcime in moderately saline water, and to potassium feldspar in 

highly saline water. In the Big Sandy Formation of Mohave County, 

Arizona (Sheppard and Gude, 1973, p. 33) tuffs altered to chabazite, 

clinoptilolite, erionite, harmotome, mordenite, and phillipsite were
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deposited in weakly saline and alkaline waters near the margins of an 

ancient lake. Farther basinward, where the waters were moderately 

saline and alkaline, analcime occurs with the other zeolite species.

In the basin center, the same tuffs are represented by authigenic 
potassium feldspar, together with the zeolites, where the salinity and 

alkalinity were highest. Studies of tuffs deposited in young saline 
lakes where water analyses are available also show the same relation
ships between water chemistry and authigenic silicate mineralogy as 
those inferred from older lacustrine deposits (Hay, 1966, p. 34).

The mineralogy and lack of unaltered volcanic glass in the main 

part of the Bowie zeolite deposit suggest an alkaline and slightly to 

moderately saline depositional environment. No lateral gradation or 
concentric zonation in mineralogy of such magnitude as a nonanalcimic 

zeolite facies— analcime facies— potassium feldspar facies was recog

nized in the Bowie deposit. However, unaltered volcanic glass can be 

found a few kilometers to the northeast and glass altering to zeolites 

is at the northwesternmost part of the deposit. Analcime and saline 
minerals are in small abundance in the zeolitic tuff and its enclosing 

rocks in the southern part of the deposit. One may speculate that the 
unaltered ash was deposited beyong the lake and at the lake margin 

where the water was freshened by runoff and incoming streams. One may 

conclude that salinity was slightly higher toward the south, which 
seems locally to be the basinward direction. The increase in base 

cation to hydrogen ion ratio toward the south was likely accompanied by
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a decrease in calcium to soidum cation ratio, altogether producing 
sodium-rich chabazite and small quantities of analcime, halite, and 

thenardite.

Regis and Sand (1967, p. 193) said that the chemical gradation 

of chabazite exchangeable cations in the Bowie deposit either reflects 
solution chemistry during crystallization or is a result of subsequent 
ion exchange by descending salt solutions. It is doubtful that either 
hypothesis can be disproved. However, it seems that lateral and verti

cal differences in chemistry and, to a smaller extent, differences in 
mineralogy in the Bowie deposit would best be explained by the deposi- 

tional environment. Some modern lake sediments in which zeolites are 
forming show chemical gradients (Hay, 1966, p. 33). According to Shep

pard (oral commun., 1976), there is little evidence to indicate that 
natural zeolites, once they have formed, exchange cations in their nat

ural environments, despite their commercial use as ion exchange media.

Metasomatic changes accompanying the alteration of volcanic 

glass to zeolites and other associated minerals in the Bowie deposit 

include enrichment of MgO and depletion of K^O. Na^O is enriched in 

the southern part of the deposit and depleted in the northern part, 
while CaO is enriched toward the north and depleted toward the south. 

Iron oxides are enriched or depleted among locations in a seemingly 
nonsystematic manner. Changes in silica and alumina values are not 

known because these determinations were not made for the ash sample. 

However, according to Nockold's values (Barth, 1962, p. 58), SiOg is 
about 66 percent and AlgO^ 15 percent in rhyodacites. In the Bowie
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zeolitic tuff, these values average about 55 and 13 percent, respec

tively. If Nockold's values apply to the ash from which the Bowie 
zeolites formed, silica became depleted and alumina slightly depleted 

during diagenesis.
Because the zeolitic tuff beds of the Bowie deposit are thin, 

and because bulk chemistry is not very much different between the 

zeolitic tuff and the ash from which it was formed, metasomatism dur
ing diagenesis probably involves a redistribution of elements already 
present in the deposit, that is, the tuff and immediately adjacent, 

enclosing sediments.
The upper zeolitic tuff generally is enclosed by relatively 

permeable siltstone and therefore cannot be considered a closed system, 

consisting of silicic glass and connate lake water, during diagenesis. 
Neither is it an open system, however, in the sense that matter (ions) 

was freely exchanged between the tuff and water flowing through San 
Simon valley. The term "restricted system" may be more appropriate, 

referring to the tuff and its connate water and meaning that although 

ions surely were exchanged between the system and waters percolating 

through the surrounding sediments, the exchange was sluggish enough 
that initial reactions between the glass and connate water changed the 

chemistry in the immediate vicinity of the altering tuff and, in turn, 
caused new reactions.

The mineral paragenesis of the Bowie zeolite deposit is similar 
to the order of mineral formation generally observed elsewhere in 
altered vitric tuffs. A phyllosilicate mineral, often montmorillonite.
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forms first, followed by one or more zeolite species, not including 

analcime, and then by analcime. Spheroids of clinoptilolite with 
cores of montmorillonitic pumice in the John Day Formation of Oregon 
suggest that hydrolysis of glass to a phyllosilicate helps create a 

chemical environment favorable to zeolite formation (Hay, 1966, p. 61). 
Sheppard and Gude (1973, p. 34) draw the same conclusion regarding 
early montmorillonite formation and subsequent zeolite crystallization 
in tuffs of the Big Sandy Formation of Arizona.

Hay (1966, p. 91) stated that analcime commonly forms at low 

temperature and pressure by the reaction of alkalic zeolites with 
interstitial fluids. Sheppard and Gude (1969, p. 20) recognized anal

cime replacements of clinoptilolite and phillipsite in tuffs of the 

Barstow Formation, California.
The observed mineral paragenesis of the Bowie deposit, from 

earliest to latest formed, is: smectite, chabazite, clinoptilolite

and erionite, analcime, smectite. The early formation of smectite was 

probably favored by a relatively low base cation to hydrogen ion ratio. 
Hydrolysis of the volcanic glass and formation of smectite would have 
caused an increase in pH and activity of silica (Hay, 1966, p. 82), 
and in this chemical environment zeolites began to crystallize.

Early formation of phillipsite and chabazite is common among 

saline, alkaline lake zeolite occurrences (Hay, 1966, p. 81; Sheppard 

and Gude, 1973, p. 34) and is interpreted by these workers as evidence 
for relatively low silica activity in the environment of formation.

The Bowie volcanic ash was of rhyodacitic composition, that is
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somewhat less siliceous than most Cenozoic ashes of the western United
+3States. The Bowie chabazite also has a lower Si:Al+Fe ratio than 

most other sedimentary chabazites. Altogether, it seems that although 

silica activity increased owing to the hydrolysis of silicic ash and 

formation of smectite, it remained at low enough levels so that among 
the Bowie zeolites only the low-silica chabazite could initially be 

produced.
However, the ash was more siliceous than the zeolites formed 

from it. Assuming a restricted system, the activity of silica in

creased as silica production from solution of the glass was greater 
than silica utilization in chabazite formation. The relatively more 

siliceous clinoptilolite and erionite probably began to crystallize 

when silica activity became high enough.
Analcime formation is associated with higher salinity than the 

low or moderate levels required for chabazite, clinoptilolite, .and 

erionite (Hay, 1966, p. 68) and commonly is an alteration product of 

other zeolites. Analcime is also lower in silica content than clino
ptilolite and erionite. If salinity, and especially the activity of so

dium, continued to increase in the southern part of the Bowie deposit, 
chabazite may have become sufficiently unstable in solution so that an
alcime began to form at its expense. No textural evidence for this re

action could be seen among the scanning electron microscope photographs 

except the chabazite plates usually lacked sharp crystal faces when 

resolution was adequate to see them. It is also possible that by the



time of analcime crystallization most of the glass had been dissolved 
and a decrease in silica activity also favored analcime formation.

Finally, chemical conditions probably sought equilibrium be
tween the restricted system of the zeolitized tuff and the enclosing 

sedimentary rocks. Salinity and alkalinity decreased and again smec
tite crystallized, this time in the remaining open spaces among the 
zeolites.

Little can be said about the lower zeolitic tuff because it was 
penetrated by only one drill hole. At that location, however, the min

eralogy and chemistry are similar to those of the southern portion of 

the upper zeolitic tuff bed. The enclosing sedimentary rocks imply a 

lacustrine environment for the first ash fall and a fluvial-lacustrine 

environment for the second ash fall as the lake was becoming more re
stricted. The similarity of chemical, mineralogical, and physical 

characteristics of the two beds imply that the environments of deposi

tion were similar in essential characteristics such as water chemistry.

The Bowie zeolite deposit is too poorly exposed and insuffi

ciently drilled to allow detailed knowledge of its areal extent and 

distribution of chemical and mineralogical characteristics. The upper 
zeolitic tuff may have had a much larger areal extent, and the present 
deposit may be only an erosional remnant. There may have been concen
tric zonation with an analcimic facies surrounded by a nonanalcimic 

facies, which has been described in other deposits. There may even 

have been a potassium feldspar facies in the basin center that has been 

entirely removed by erosion— or that has not been discovered or recog

nized in drilling.
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The mineralogical and chemical variations of the Bowie zeo

lite deposit may also have formed an irregular pattern in the upper 
zeolitic tuff according to differences in water depth as the lake was 

being filled by sediments and according to the freshening effects of 
streams coming into the lake. Some questions might be answered by 
further exploratory drilling and sample analysis, and some questions 

are probably unanswerable because of erosion.
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APPENDIX

MINERAL ABUNDANCE ESTIMATED FROM X-RAY 

DIFFRACTOGRAMS FOR ZEOLITIC TUFF SAMPLES

Mineral abundances are estimated from diffraction peak inten
sities on the basis of comparison with scanning electron micrographs 
and with diffractograms of known mixtures of mineral phases. Abundance 
is not generally estimated for chabazite in these samples because peak 
intensity is low owing to small grain size and, perhaps, poor crystal

linity. However, according to the micrographs, chabazite is usually 

the dominant constituent, accounting for 60-80 percent of the total.
It can also be assumed that smectite is always present although it was 

not always detected, probably because of small grain size and poor 

crystallinity. Because it could not be estimated, smectite abundance 

is not reported below, but it probably falls into the minor and trace 

categories.
Estimated abundances are: very abundant, 20-30 percent; abun

dant, 15-20 percent; moderate, 10-15 percent; minor, 5-10 percent; x 
trace, less than 5 percent.
Drill-Hole 14, Upper Zeolitic Tuff 

14.33 m (47.0 ft) depth
Massive, yellowish-white tuff: chabazite with very abundant 
clinoptilolite; minor quartz; trace feldspar.

14.48 m (47.5 ft) depth
Platy, yellowish-white tuff: chabazite with abundant clinoptil
olite; trace feldspar and halite.
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14.63 m (48.0 ft) depth
Platy, yellowish-white tuff: chabazite with very abundant 
clinoptilolite; trace erionite, feldspar, and halite.

14.75 m (48.4 ft) depth
Massive, yellowish-white tuff: chabazite with abundant clino
ptilolite and erionite; trace feldspar and halite.

14.84 m (48.7 ft) depth
Platy, yellow tuff: chabazite with abundant clinoptilolite; 
minor erionite; trace feldspar and halite.

14.94 m (49.0 ft) depth
Platy, yellow tuff: chabazite with abundant clinoptilolite; 
moderate erionite; trace feldspar and halite.

Drill-Hole 14, Lower Zeolitic Tuff

38.07 m (124.9 ft) depth
Massive, white tuff: chabazite with abundant clinoptilolite; 
minor erionite; trace feldspar and halite.

38.25 m (125.5 ft) depth
Massive, light-pink tuff: chabazite with abundant clinoptilo
lite; minor erionite; trace feldspar.

38.34 m (125.8 ft) depth
Platy, orange tuff: chabazite with abundant clinoptilolite; 
minor halite; trace erionite.

38.50 m (126.3 ft) depth
Massive, orange tuff: chabazite with abundant erionite; minor 
clinoptilolite and halite.

38.56 m (126.5 ft) depth
Massive, orange-brown tuff: chabazite with abundant clinoptilo
lite; minor erionite; trace halite and thenardite.

Drill-Hole 20

7.62 m (25.0 ft) depth
Massive, yellowish-white tuff: chabazite with minor clinoptilo
lite, erionite, and halite; trace quartz and feldspar.

Drill-Hole 30

22.80 m (74.8 ft) depth
Platy, white tuff: chabazite with abundant clinoptilolite; 
minor erionite and feldspar; trace halite and thenardite.
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Drill-Hole 30 (Continued)

23.04 m (75.6 ft) depth
Massive, orange tuff: chabazite with abundant erionite; minor 
clinoptilolite.

23.10 m (75.8 ft) depth
Massive, yellowish-orange tuff: chabazite with moderate cli
noptilolite; trace erionite and thenardite.

Measured Section
1.22 m (4.0 ft) above base of massive unit

Platy, light-yellowish-tan tuff: chabazite with abundant cli
noptilolite; minor quartz and halite; trace feldspar.

1.13 m (3.7 ft) above base of massive unit
Platy, yellowish-tan tuff: moderate(?) chabazite with abundant 
erionite;. minor clinoptilolite, quartz, and halite; trace 
analcime.

1.01 m (3.3 ft) above base of massive unit
Platy, light-yellowish-gray tuff: moderate(?) chabazite with 
moderate clinoptilolite; minor erionite and quartz.

0.98 m (3.2 ft) above base of massive unit
Platy light-grayish-yellow tuff: chabazite with abundant cli
noptilolite; moderate erionite and halite.

0.85 m (2.8 ft) above base of massive unit
Platy light-yellow tuff: chabazite with very abundant erionite; 
minor clinoptilolite and halite; trace analcime.

0.67 m (2.2 ft) above base of massive unit
Platy white tuff: chabazite with very abundant erionite; mod
erate clinoptilolite; minor analcime.

0.43 m (1.4 ft) above base of massive unit
Platy, very light yellow tuff: chabazite with abundant clino
ptilolite and erionite; trace halite.

0.15 m (0.49 ft) above base of massive unit
Platy, very light yellow tuff: chabazite with abundant clino
ptilolite; moderate erionite; minor analcime; trace halite.

0.06 m (0.20 ft) above base of this unit
Massive, white, yellow, and orange mottled tuff, 0.11 m (0.36 
ft) thick: chabazite with moderate clinoptilolite; minor erion
ite; trace halite.
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At base of massive unit
White, powdery tuff, 5 mm (0.20 in) thick: analcime with trace 
chabazite and clinoptilolite.
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