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Zeolitic Diagenesis of Tuffs in the
Miocene Chalk Hills Formation,
Western Snake River Plain, Idaho

By Richard A. Sheppard

Abstract

Zeolites are common diagenetic alteration products of
silicic, vitric tuffs in Cenozoic lacustrine deposits of the
western United States, especially those that were deposited in
highly saline and alkaline water. Such deposits have received
much attention in the last 25 years because they contain
economic or potentially economic phillipsite, chabazite, eri-
onite, and clinoptilolite. In contrast, study of zeolites in
relatively freshwater lacustrine deposits has been neglected.
The Miocene Chalk Hills Formation of southwestern Idaho
consists of about 100 m (meters) of mainly mudstone, siltstone,
and interbedded vitric tuffs that were deposited in a chiefly
freshwater lake. Throughout most of the outcrop belt, the tuffs
are unaltered, but, locally, the tuffs are completely altered to
clinoptilolite with or without smectite and opal-CT. This study
was undertaken to delineate the pattern of alteration, to
characterize the authigenic minerals and their paragenetic
relationships, and to suggest a possible origin.

About 300 samples of fresh and diagenetically altered
tuffs and tuffaceous sediments were collected throughout the
formation and from an area of about 500 km? (square
kilometers). A marker tuff, 1-13 m thick, is the thickest and
most continuous tuff in the area, and this tuff was most
extensively sampled and studied. The relative abundance of
zeolites and other authigenic minerals in all samples was
determined by X-ray powder diffraction. Selected samples
were also studied by scanning electron microscopy and thin-
section optical microscopy to ascertain the process of genesis
and the paragenetic relationships of the minerals, and by X-ray
fluorescence analysis to chemically characterize the zeolites
and to provide data on the chemical changes during alteration.

The zeolite zone in the Chalk Hills Formation is south of
Oreana, Idaho, and extends parallel to the southern margin of
the Snake River Plain, northwestward from Birch Creek to Hart
Creek, about 21 km. Fresh, rhyolitic, vitric tuffs that are about
1 cm (centimeter) to 13 m thick grade laterally into zeolitic
tuffs. Original textures and sedimentary structures are

Manuscript approved for publication, November 7, 1990.

generally preserved in the tuffs of the zeolite zone. Fresh
(unaltered) tuffs are light gray and soft, but altered tuffs are
white, light yellow, or light brown and relatively hard, com-
monly forming ledges. Zeolitic tuff generally consists of
clinoptilolite, smectite, and opal-CT. Although some tuffs are
locally nearly monomineralic clinoptilolite, most contain
40-90 percent clinoptilolite. Trace to minor amounts of eri-
onite are associated with the clinoptilolite at a few localities.
Trace amounts of fibrous to filiform mordenite are commonly
associated with the clinoptilolite, but the mordenite can be
recognized only by scanning electron microscopy. Phillipsite
was recognized at only one locality where it makes up about
70 percent of the basal centimeter of the clinoptilolite-rich
marker tuff. Other authigenic minerals locally recognized
in the zeolitic tuffs are quartz, calcite, and gypsum. The
common paragenetic sequence (listed early to late) is glass—
smectite—clinoptilolite—mordenite. Opal-CT  crystallized
after smectite and either before or after clinoptilolite. Erionite,
quartz, and calcite generally crystallized later than the clinop-
tilolite, and quartz and calcite locally replaced all of the earlier
authigenic silicate minerals.

The zeolites and associated silicate minerals undoubt-
edly formed during diagenesis by hydrolysis and dissolution of
rhyolitic glass by pore water that was trapped in the tuffs
during lacustrine sedimentation. Where tuffs are still unaltered,
the original lake water probably was fresh. The zeolite zone
probably coincides with a part of the lake that had a low to
moderate salinity and a pH of 7-9.

INTRODUCTION

The Miocene Chalk Hills Formation is chiefly a
lacustrine deposit that crops out discontinuously along the
southwestern margin of the western Snake River Plain from
Adrian, Oregon, southeastward to Bruneau, Idaho, a dis-
tance of about 140 km (fig. 1). Most of this area is in the
northwestern part of Owyhee County, Idaho. The Snake
River Plain is the only major expanse of relatively gentle
topography in Idaho, and this part of the Snake River Plain
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is characterized by badlands at the base of conspicuous
northeast-trending benches. The Chalk Hills Formation
crops out mainly in the badlands.

Zeolites are common alteration products of silicic,
vitric tuffs in Cenozoic lacustrine deposits of the western
United States, especially those that were deposited in highly
saline and alkaline water (Hay, 1966). These deposits have
received much attention in the last 25 years because they
contain economic or potentially economic phillipsite, chab-
azite, erionite, and clinoptilolite. In contrast, study of
zeolitic tuffs in relatively freshwater lacustrine deposits has
been neglected. The Chalk Hills Formation contains at least
20 interbedded vitric tuffs that were deposited in a chiefly
freshwater lake. Throughout most of the outcrop belt, the
tuffs are unaltered, but, locally, the tuffs are completely
altered to mainly clinoptilolite with or without smectite and
opal-CT.

Previous Work

The Miocene Chalk Hills Formation, part of the Idaho
Group of Miocene to Pleistocene age, was named by Malde
and Powers (1962), but upper Cenozoic lacustrine deposits
were recognized in the western Snake River Plain as early
as the 1870’s (Kimmel, 1979). Since 1962, numerous
studies have been conducted on the stratigraphy, paleon-
tology, and depositional environment of the formation, and
these have been reviewed by Kimmel (1979, 1982). Swiryd-
czuk and others (1982) used chemical analyses and field
studies to attempt correlation of tuffs in the Chalk Hills
Formation throughout the Snake River Plain. Ekren and
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Figure 1. Map showing the margins (hachured lines) of the

western Snake River Plain.

others (1981) mapped the geology of the western part of
Owyhee County, Idaho, which includes the present study
area.

Clinoptilolite was first discovered in the Chalk Hills
Formation by T.H. Eyde in 1962 at the so-called “Castle
Creek zeolite deposit” during a nationwide exploration
program for zeolites by the Union Carbide Corporation
(Mumpton, 1983). The Castle Creek zeolite deposit is about
2.5 km west of Castle Creek and about 9 km south of
Oreana, Idaho (fig. 2; loc. 1, fig. 3). Zeolites in the Chalk
Hills Formation have not received much study, and
published information concerning them is meager. Regis
(1978) investigated the mineralogy and properties of ben-
tonite from the Ben-Jel mine, located in the Chalk Hills
Formation about 1.5 km southeast of the Castle Creek
zeolite deposit (fig. 2; loc. 2, fig. 3), and found that some of
the bentonite contains major amounts of clinoptilolite. Also,
Ekren and others (1981) reported that tuffaceous material in
the formation is commonly altered to zeolites and mont-
morillonite, but these authors did not identify the zeolites or
give the localities. Two brief reports by Sheppard and Gude
(1982, 1983) presented mineralogical, chemical, cation-
exchange, and gas-adsorption data for clinoptilolite-rich tuff
from the Castle Creek deposit.

In 1975, the Double Eagle Petroleum and Mining
Company (Casper, Wyo.) filed claims on a clinoptilolite-
rich tuff at the Castle Creek deposit. Since then, this
company has mined, crushed, and stockpiled clinoptilolite-
rich tuff but has shipped only a minor tonnage for use
chiefly in agricultural experiments and tests. Additional
claims were made in 1987 on a clinoptilolite-rich tuff east of
Castle Creek by Teague Mineral Products (Adrian, Ore.).

Scope of Present Investigation

After a brief reconnaissance of the alteration of the
Chalk Hills Formation throughout the outcrop belt of the
formation in 1984, this present investigation concentrated
on the extensively altered area south of Oreana, Idaho
(fig. 3). About 300 samples of fresh and diagenetically
altered tuffs and tuffaceous sediments from that area were
collected and studied during 1985-88. The tuffaceous rocks
of the Chalk Hills Formation were chosen for detailed study
for the following reasons: (1) the formation contains
numerous tuffs that are both fresh (unaltered) and altered to
a variety of authigenic silicate minerals, (2) the formation
was subjected to relatively shallow burial and shows only
slight deformation, and (3) the formation is well exposed,
and individual tuffs can be traced throughout much of the
extent of the formation. Objectives of this investigation
were to delineate the pattern of zeolite alteration, to
characterize the authigenic minerals and their paragenetic
relationships, and to suggest a possible origin for the
zeolites and associated silicate minerals.
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Table 3. Chemical analyses and chemical comparison of unaltered and clinoptilolite-rich marker tuff from the Chalk Hills
Formation, Owyhee County, Idaho

[H,O determined by loss on ignition at 900 °C. A, uncorrected analysis in weight percent; B, analysis recalculated to anhydrous and normalized to 100
percent; C, gains (+) and losses (-) in weight percent assuming the constant Al,O; value of the unaltered tuff (analysis 1B). Analyses by X-ray fluorescence

by A.J. Bartel, K.C. Stewart, and J.E. Taggart]

Sample....... 1 2 3 4
A B A B C A B C A B C

Si0; e 71.7 76.90 62.8 73.72 -18.70 62.4 73.29 —-14.83 62.0 74.33 ~17.64
AlLO;........ 114 12.23 13.2 15.49 - 12.3 14.44 - 12.8 15.34 ---
Fe,0;5........ 1.87 2.00 0.66 0.77 -1.39 2.77 3.25 +0.75 0.84 1.01 -1.20
MgO.......... 0.12 0.13 1.01 1.18 +0.80 1.37 1.61 +1.23 1.26 1.51 +1.07
CaO........... 0.55 0.59 1.60 1.88 +0.89 3.36 3.94 +2.75 4.01 4.81 +3.24
Na,O......... 1.92 2.06 3.11 3.65 +0.82 1.70 2.00 -0.37 0.61 0.73 -1.48
K0 e 5.46 5.86 2.36 2.77 -3.67 0.98 1.15 —4.89 1.70 2.04 —4.23
TiO, .......... 0.19 0.20 0.46 0.54 +0.23 0.21 0.25 +0.01 0.19 0.23 -0.02
MnO.......... 0.03 0.03 <0.02 -— -0.03 0.06 0.07 +0.03 <0.02 - -0.03
H,0........... 6.37 - 14.4 - - 14.9 - - 15.7 - -

Total...... 99.61 100.00 99.60 100.00 -— 100.05 100.00 - 99.11 100.00 -—-
SAMPLE DESCRIPTIONS
1. Unaltered tuff, Hart Creek; NWWSEYs sec. 4, T. 5 S., R. 1 W,; sample No. CC—46D.
2. Clinoptilolite-rich tuff, between Hart and Browns Creeks; SEV4SEVs sec. 3, T. 5 S., R. 1 W.; sample No. CC-42C.
3. Clinoptilolite-rich tuff, Castle Creek; SWY4SEV4 sec. 32, T. 5 S., R. 1 E.; sample No. CC-37A.
4. Clinoptilolite-rich tuff, Birch Creek; NWYNEVs sec. 15, T. 6 S., R. 1 E.; sample No. CC-21-5B.

tuffs are the gains of alkaline earth elements and the losses
of alkalis and silica. Similar gains and losses have been
noted for the diagenetic alteration of silicic glass to mainly
clinoptilolite in the John Day Formation (middle Tertiary)
of Oregon (Hay, 1963) and the Ricardo Formation (Miocene
and Pliocene) of California (Sheppard and Gude, 1965).

Age of Zeolitic Diagenesis

Zeolites can form relatively rapidly from silicic vitric
material in a saline, alkaline lake. Their formation from
rhyolitic glass probably is facilitated by the rapid rate of
solution and high solubility of the glass at a pH above 9
(Surdam and Sheppard, 1978). Rhyolitic tuffs near the
surface of Teels Marsh, a saline, alkaline playa in western
Nevada, are altered to zeolites. Studies of Teels Marsh by
Taylor and Surdam (1981) indicated that alteration of the
uppermost tuff at a depth of about 30 cm took 1,000 years
or less. In the highly saline, alkaline diagenetic environ-
ments of Searles Lake, California, silicic ash altered to
zeolites in less than 9,000 years (Hay and Guldman, 1987).

The age of the zeolitic alteration of tuffs in the Chalk
Hills Formation is unknown, but the zeolitization probably
was not as rapid as that given for the above lacustrine
deposits because both the salinity and pH of the pore water
in the zeolite zone of the Chalk Hills Formation were lower
than that in these examples. Nevertheless, indirect evidence
suggests that zeolitization of the Chalk Hills tuffs was
completed prior to deposition of the unconformably over-

lying Glenns Ferry Formation. Some of the calcareous ooids
in the basal oolite of the Glenns Ferry Formation contain
nuclei of subrounded, clinoptilolite-rich tuff. Although the
source of the zeolitic nuclei is uncertain, a probable source
is zeolitic tuff in the Chalk Hills Formation. Inasmuch as the
unconformity separating the two formations represents
more than a million years (Swirydczuk and others, 1982),
ample time was available for zeolitization, tilting, and
erosion of the marginal part of the Chalk Hills Formation
prior to deposition of the Glenns Ferry Formation.

CONCLUSIONS

A significant deposit of clinoptilolite, having eco-
nomic potential, formed during diagenesis of rhyolitic,
vitric tuffs in the lacustrine Miocene Chalk Hills Formation
of southwestern Idaho. The marker tuff, in particular, is
5-13 m thick between Browns and Castle Creeks and
generally consists of 70 to nearly 100 percent clinoptilolite.
Authigenic smectite and opal-CT commonly coexist with
the clinoptilolite. About 35 million short tons of
clinoptilolite-rich marker tuff are still preserved between
Hart and Birch Creeks.

The salinity and pH of the Chalk Hills lake water
were probably lower than that of typical Cenozoic saline,
alkaline-lake deposits of the western United States (Surdam
and Sheppard, 1978). As a result, abundant clinoptilolite
formed rather than chabazite, erionite, phillipsite, and (or)
analcime. Experimental work by Mariner and Surdam
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(1970) and Barth-Wirsching and Holler (1989) showed that
a relatively low alkalinity (pH=7-9) should favor the
crystallization of clinoptilolite rather than a zeolite of lower
Si:Al ratio, such as phillipsite. The assemblage of clinop-
tilolite and associated minerals in the Chalk Hills tuffs and
their inferred origin are similar to the alteration recently
described by Hay and Guldman (1987) for vitric, silicic
tuffs in the lower part of Searles Lake, California.
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¥ U.S. GOVERNMENT PRINTING OFFICE: 1991-573-049/ 46007






SELECTED SERIES OF U.S. GEOLOGICAL SURVEY PUBLICATIONS

Periodicais

Earthquakes & Volcanoes (issued bimonthly).
Preliminary Determination of Epicenters (issued monthly).

Technical Books and Reports

Professional Papers are mainly comprehensive scientific reports of
wide and lasting interest and importance to professional scientists and en-
gineers. Included are reports on the results of resource studies and of
topographic, hydrologic, and geologic investigations. They also include
collections of related papers addressing different aspects of a single scien-
tific topic.

Bulletins contain significant data and interpretations that are of last-
ing scientific interest but are generally more limited in scope or
geographic coverage than Professional Papers. They include the results
of resource studies and of geologic and topographic investigations; as well
as collections of short papers related to a specific topic.

Water-Supply Papers are comprehensive reports that present sig-
nificant interpretive results of hydrologic investigations of wide interest
to professional geologists, hydrologists, and engineers. The series covers
investigations in all phases of hydrology, including hydrogeology,
availability of water, quality of water, and use of water.

Circulars present administrative information or important scientific
information of wide popular interest in a format designed for distribution
at no cost to the public. Information is usually of short-term interest.

Water-Resources Investigations Reports are papers of an interpre-
tive nature made available to the public outside the formal USGS publi-
cations series. Copies are reproduced on request unlike formal USGS
publications, and they are also available for public inspection at
depositories indicated in USGS catalogs.

Open-Flle Reports include unpublished manuscript reports, maps,
and other material that are made available for public consultation at
depositories. They are a nonpermanent form of publication that may be
cited in other publications as sources of information.

Maps

Geologic Quadrangle Maps are multicolor geologic maps on
topographic bases in 7 1/2- or 15-minute quadrangle formats (scales main-
ly 1:24,000 or 1:62,500) showing bedrock, surficial, or engineering geol-
ogy. Maps generally include brief texts; some maps include structure
and columnar sections only.

Geophysical Investigations Maps are on topographic or planimetric
bases at various scales; they show results of surveys using geophysical
techniques, such as gravity, magnetic, seismic, or radioactivity, which
reflect subsurface structures that are of economic or geologic significance.
Many maps include correlations with the geology.

Miscellaneous Investigations Series Maps are on planimetric or
topographic bases of regular and irregular areas at various scales; they
present a wide variety of format and subject matter. The series also in-
cludes 7 1/2-minute quadrangle photogeoclogic maps on planimetric bases
which show geology as interpreted from aerial photographs. Series also
includes maps of Mars and the Moon.

Coal Investigations Maps are geologic maps on topographic or
planimetric bases at various scales showing bedrock or surficial geol-
ogy, stratigraphy, and structural relations in certain coal-resource areas.

Oil and Gas Investigations Charts show stratigraphic information
for certain oil and gas fields and other areas having petroleum potential.

Miscellaneous Field Studies Maps are multicolor or black-and-
white maps on topographic or planimetric bases on quadrangle or ir-
regular areas at various scales. Pre-1971 maps show bedrock geology
in relation to specific mining or mineral-deposit problems; post-1971
maps are primarily black-and-white maps on various subjects such as
environmental studies or wildemess mineral investigations.

Hydrologic Investigations Atlases are multicolored or black-and-
white maps on topographic or planimetric bases presenting a wide range
of geohydrologic data of both regular and irregular areas; principal scale
is 1:24,000 and regional studies are at 1:250,000 scale or smaller.

Catalogs

Permanent catalogs, as well as some others, giving comprehen-
sive listings of U.S. Geological Survey publications are available under
the conditions indicated below from the U.S. Geological Survey, Books
and Open-File Reports Section, Federal Center, Box 25425, Denver,
CO 80225. (See latest Price and Availability List.)

" Publications of the Geological Survey, 1879- 1961" may be pur-
chased by mail and over the counter in paperback book form and as a
set of microfiche.

"Publications of the Geological Survey, 1962- 1970" may be pur-
chased by mail and over the counter in paperback book form and as a
set of microfiche.

"Publications of the U.S. Geological Survey, 1971- 1981" may be
purchased by mail and over the counter in paperback book form (two
volumes, publications listing and index) and as a set of microfiche.

Supplements for 1982, 1983, 1984, 1985, 1986, and for subsequent
years since the last permanent catalog may be purchased by mail and
over the counter in paperback book form.

State catalogs, "List of U.S. Geological Survey Geologic and
Water-Supply Reports and Maps For (State)," may be purchased by mail
and over the counter in paperback booklet form only

"Price and Availability List of U.S. Geological Survey Publica-
tions," issued annually, is available free of charge in paperback book-
let form only.

Selected copies of amonthly catalog "New Publications of the U.S.
Geological Survey" available free of charge by mail or may be obtained
over the counter in paperback booklet formonly. Those wishing a free
subscription to the monthly catalog "New Publications of the U.S.
Geological Survey" should write to the U.S. Geological Survey, 582
National Center, Reston, VA 22092.

Note.--Prices of Government publications listed in older catalogs,
announcements, and publications may be incorrect. Therefore, the
prices charged may differ from the prices in catalogs, announcements,
and publications.






