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BBSTRACT

The Tertiary lacustrine deposits of the Creede Formation
are confined within the Creede caldera. The deposits are
the results of Fisher Quartz Latite pyroclastics Dbeing
deposited in a‘closed lake occupying ™ a moat within the

¥
caldera. The moat, which follows the caldera margin for

approximately 270 degrees of arc, formed 4hs a result of
resurgent doming within the caldera. The chief 1lithologic

units are shale and siltstones with minor Dbeds of arenite

and tuff present. Virtually all sediments contain
tuffaceous material, and this report summarizes the
alteration the vitric material has undergone and the

resulting authigenic silicate mingral distribution present.

Clinoptilolite, analcime, montﬁorillonite, and
authigenic quartz are associated with relict glass.
Thin-section study shows montmorillonite and clinoptilolite
replacing the shards and analcime replacing clinoptilolite.
Textural evidence suggests that the tuffs were water-laid
and alteration of the glass occurred after burial.

Three diagenetic facies were recognized in the
sediments and can be identified by unaltered . glass,
clinoptilolite and analcime. The facies distribution occurs
laterally with the unaltered glass occurring at® the Juter
margin of the lake, followed by clinoptilolite and then

(analcime as the lake’s center is approached. This =zonation




reflects the changing alkalinity and salinity of the lake

water which was trapped as connate water.

The lacustrine facies display no presence of marker
beds nor syngenetic mineral deposits. Tuff beds converted

to near monomineralic deposits of clinoptilolite may be of

economic importance.
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I. INTRODUCTION

Purpose of Study

The purposgse .of this paper is to provide a complete
analysis, chemically, stratigraphically, and
miperalogically, of the lacustrine facies of the Creede
Formation. By sanmpling several stratigraphic sections in
detail and détermining the authigenic minerals present, it
can be determined if the formation’s environment was indeed
a saline, alkaline lake. This can also aid in the
evaluation of Bethke and Rye’s (1972) hypothesis that
evaporation and diagenesis in a saline Lake Creede lead to

180 in the residual

the enrichment in both deuterium and
lake water which was‘postulated to be responsible for the
sphalerité deposition in Creede’s ore vein fracture system.
Other aspects of this investigation aré: 1)
identification of any lateral stratigraphic or authigenic
minéral variation, 2) determination of the existance of any
marker beds in the formation, 3) evaluation of the Creede

Formation as an economic deposit, and 4) 1location of

occurrences of any other zeolite species present besides the

"clincptilolite already present.

Scope of Investigation

The sections analyzed were located in the northwest

portion of the Creede caldera and were chosen for the

following reasons: 1) They had excellent vertical exposures,
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2) The formation showed only slight deformation, and 3)
There was a presence of zeolitized tuff.

Sampling was confined to surface outcrops, and all rock
types were sufficiently sampled S0 as to obtain
representative material. Weathered surface outcrops were

avoided. No cores were available to this investigation.
IT. GEOLOGIC SETTING

Location

The Creede Formation of late Oligocene age is chieflyAa
lacustrine deposit confined to a structural moat within the
Creede caldera in northwest Mineral County, Colorado. Most
of the formation is in T41N, R1IW and R1E. The nearest town
is Creede, located along Highway 149, and situated'in the
northernmost part of the Creede Formation. The area is best
shown as a part of the 15-minute geologic maps of the
Creede, Bristol Head, and Spar City quadrangles by the U.S.

Geological Survey.

Geography

The Creede Formation is in the Colorado Pléteau
physiographic province, which 1is characterized by the
occurrence of scattered igneous centers, the roots of
extinct volcanoes. That part of +the Colorado Plateau
province in southwestern Colorado is known as the San Juan
volcaﬁic field. The Creede Formation occupies a structural

moat within the Creede caldera and follows the caldera




BRI SV S v FREL Y gl U o

Page 4

margih for approximately 270 degrees of arc from Lime Creek
on the southern margin of the caldera, extending down the
Rio Grande to Wagon Wheel Gap. and up Goose Creek for nearly
8 km (Fig. 1). Most of the peaks encompassing the caldera
rise to elevations of 3110 to 3810 meters.

The Creede Formation has an arc length of approximately
26*km. Its exposed width averages 2.9 kilometers with the
widest portion occurring as a tongue filling an old stream
canyon up to the Amethyst fault near the'center of the

 Creede mining district. The Rio Grande River flows within
‘the entire extent of the moat, thereby incising the Creede
Formation and forming several excellent veftical exposures
of the Creede sediments. The highest exposures, .at an
‘elevation of about 2987 meters, are northwest of Creéde in

the northcentral portion of the formation.

‘Geologic History

The San Juan volcanic region began when intensive
volecanism during Oligocene time occurred along the crest of
" the nofthwest—trending Bazos-Unconpahgre uplift. These
mid-Tertiary eruptions were intermediate composition lavas
_and breccias from widely scattered volcanoes. s the
 volcanoes grew, volcaniclastic debris accumulated inv the
intervening basins to eventually produce a volcanic pile of

which the San Juan segment covered more than 40,000 kmz.
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Approximately 30 m.y. ago the eruptions hecame
dominately ash flow tuff, and between 30 and 26.5 m.y. ago;
ash flow sheets erupted from afeally restricted sources
marked by at least 15 large calderas (Lipman and others,
1978).

The youngest caldera in the central S5an Juan cluster
wds the Creede caldera. This formed near the end of
Oligocene time 26.5 m.y. 2ago when immense amounts of
Snowshoe Mountain tuff were erupted. Subsidence progressed
concurrently with eruption, and the tuff accumulated within
the subsiding area (Steven and Ratte, 1959).

The core of the caldera was strongly domed due to
pressure from resurgent magma and caused a low-1lving
structural moat to be formed along the periphery (Steven and
Eaton, 1975) and a deeply infaulted north-trending graben
across the dome’s top. Lavas and pyroclastics of the Fisher
Quartz Latite, erupting from ring fractures, accumulated
concurrently within the moat. Stream and lake-bed dgposits,
consisting of rewérked ash supplied primarily by the
erupting Fisher centers, were deposited in the moat to form
t+he Creede Formation. Permeable talus-regolith and local
fanglomeritic deposits formed along the outer caldera wall
and the impermeable ashy sediments toward the Dbasin’s
center. This distribution of facies is Dbelieved to Thave
been a controlling factor in the hydrologic environment
during mineralization in the Creede district (Fig. 2)

(Steven and Eaton, 1275).
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After Fisher eruptions terminated and the trough was
filléd to overflowing with alluvium, the area of the Creede
mining district was again faulted, and  the resulting
fractures mineralized. The faulting and mineralization are
believed due to the intrusion of a magmatic body under the
Creede district and occurred 24.6 + 0.6 m.y. ago based on

K-Ar® dating of adularia.

Lake Creede and the Creede Formation

ILake Creede, which occupied the caldera moat during
Fisher eruptions, was believed to be a shallow, moderatély
alkaline, saline lake (Bethke and Rye, 1979). This was
based on the fact that the c¢limate during deposition was
similar to that of today (Steven and Eaton, 1975) favoring
lthe evolution of the shallow closed basin lake to an
alkaline,saline condition due to evaporation and diagenesis.
Numerous mudcracks, excellently preserved plant fragments,
and tuff beds converted to clinoptilolite (Steven and Van
Loenen, 1971) reinforces this conclusion. Travertine
accumulations were also scattered throughout the lake during

pyroclastic deposition {Steven and Friedman, 1968).

i
a

The Creede Formation was mentioned‘as early as 1923 ‘by
Emmons and Larson who also formally naméd it. The formation
has been divided into a lacustrine and fluviate facies
(Steven and Ratte, 1965) with the latter composed primarily
of sandstones and conglomerates. Common to buried tributary

valleys, they constitute almost all of the tongue of the
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Creede Formation that £ills the old valley extending north
across Bachelor Mountain to the Amethyst fault.

The lacustrine deposits are primafily thin-pedded
tuffaceous shales and siltstones with some beds of tuffs and
sandstones. The shales range from paper-thin laminations to
beds several centimeters thick and locally grade into
siltstones or mudstones with nearly all beds containing
tuffaceous material.

The lacustrine facies also shows ripple marké and mud
cracks. Cross-bedding, cut and fil1ll relations, and soft
sediment deformation (Fig. 3) are observable in several of

the vertical exposures along the Rio Grande and road cuts.

Age of the Creede Formation

The lacustrine facies of the Creede Formation . contains

the most abundant and best preserved plant remains in the
gan Juan Mountain region. F.H. Knowlton (1923) studied the
paleoflora within the Creede caldera. The fossils were
collected from sec. 16, T41N, R1IW, Creede quadrangle, with
the fossil-bearing strafa the same as those measured in
Reference Section Rl1. He compared these fossils with those
‘ found in the Lake Florissant beds in the southern Front
Range, -Colorado, and assigned a Miocene age toO both.
MacGinitie (1953) showed that the Florissant Lake beds are
Oligocene in age, and after examining‘Knowlton's collection,
concluded that the Creede Formation was middle Pliocene in
age. Larsen and Cross (1956) interpretted the age of the

beds to be late Miocene or very early Pliocene.
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In 1964 Steven and Ratte found that the Creede
Formation was underlain, overlain, and intertongued with
Fisher Quartz Latite confirming their earlier report (1959)
that Creede sedimentation occurred concurrently with caldera
subsidence and volcanic eruptions. The erupting Fisher
Quartz Latite supplied the bulk of the material in the
Creede sediments (Steven and Friedman, 1968) and is
equivalent in ége to the Creede Formation. Ratte and Steven
(1967), and Steven and others (1967) gave K-Ar dates 26.5
m.y. and 26.4 m.y., respectively, for the latite. Armstrong
(1969), and Lipman and others (1970) also dated the .Fisher
Quartz Latite which again yielded a date of 26.4 m.y! The
age of the Fisher Quartz Latite is; therefore, probkably the
most firmly established of all units in the San Juan
volcanic field and is also the accepted age of the Creede

Formation.

Zeolite Prospect

The Creede Formation presents itself as an excellent
prospect for =zeolite formation since zeolites form as an
alteration product- of wvitric tuffs in ~saline, alkaline
lakes. The wide-spread occurrence of tuffaceocus material in
the formation; the presence of the zeolite, c¢linoptilolite:
and the postulated alkaline, saline depositional environment
‘reinforces this assumption.

Other factors influencing =zeolite formation and

speciation can be related to geologic age, burial depth,
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composition of host lithology, temperature, silica and water
| activity, and pH (Hay, 1965). BAs meteoric water descends
through the formation‘aﬁd alters due to devitrification and
argillization of tuffs, the variability of these‘ parameters

hay cause diagenetic zeolitic facies distribution.

fII. STRATIGRAPHY AND LITHOLOGY OF THE LACUSTRINE FACIES

The lacustrine facies extends over a vertical range of
at least 732 meters. This is not the maximum thickness,
however, as nowhere in the formation are the basal beds
exposed and an unknown thickness of rocks have been eroded
from the upper sections.

Very pale orange (10YR 8/2) +o gray orange (10YR 7/4)
shale or a silty to tuffaceous varient is the predominate
lithology of the lacustrine facies. Altered tuff Deds
‘compose only a minor (less than 10%) part of the formation
studied, and thin lavers of limestone are very rare. The
remainder of the formation 1is made up of siltstones,
conglomerates, and‘ arenites with all gradations existing
between silty shales and silty sandstones. ' Interbedded
‘within these lithologic units are beds of travertine, which
were deposited by springs. Deposits of gypsum occur within
the formation as both vertical fracture and jéint fillings
and horizontal, continuous Dbeds of éatin spar. - The
lacustrine”sediments intertongue marginally with fluviate

sandstones and conglomeritic beds in the vicinity of old




Page 12

sediments,

Figure 4. Shale displaying branch and“HéEETéé
Pinus.

(of tﬁedgéﬂus
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tributary valleys, and with coarse sedimentary breccias and
fanglomerates of local derivation along the margins.
The area studied displays a multitude of sedimentary

features (mudcracks, ripple marks, etc.) which is in

'agreement with a lacustrine environment. Virtually all of

the sediments display some type of paleoflora, primarily
the Pinus and Acer genera {(Fig. 4), and are devoid of any
aquatic life remains.

Except for 1local areas of slumping, the bheds are

relatively undisturbed. All of the sections are essentially

flat lying With dips averaging only 1 to 2 degrees. As one
approaches the caldera rim, however, the beds begin to
increase in dip since the beds were deposited in areas
of increasihg slope. Figure 5 shows a conjectural composite
of ali reference sections assuming all the Ybeds can Dbe
approximated as horizontal due to the low dips measured.

The wupper portions of the lacustrine facies are of
very simple mineralogy (see Apéendix 2). They are strikingly
absent of authigenic minerals except for a few specimens
which contain only trace amounfs of montmorillonite,

While no marker beds nor syngenetic bedded mineral

deposits were found in the areas studied, a massive

" zeolitized tuff of possible economic¢ importance was found in

Reference Section 1.

Table 1 1lists the mnmean, standard deviationg and

coefficient of variation of the major oxides of all the

lithologic units of each section for comparative purposes.
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Fig. 5 Composite drawing of all reference sections. Elevation
in meters.
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Figure 1 shows locations of all reference sections, and
Figures 6 and 7 show outcrops of Reference Sections 1 and 2,

respectively. Plates 1, 2, and 3  are stratigraphic columns

of the reference sections studied. Appendix 1 contains

éompilation charts of all the sections.

Arenites

The arenites are light gray (N7) to 1light brown (5Y
.5/6) on a‘fresh surface and pale yvellow-brown (10YR 6/2) on
a weathered surface. They are relatively thin-bedded (.3 m
thick or 1less) although some are as thick as 3.7 m.
The arenites subtlely grade into the shales and siltstones
and can be easily overlooked upon casual inspection. - All
arenites are'moderate to well indurated with the detrital
. grains floating in either a cement of calcite or gypsum
(Fig. 8) with several specimens bheing rich in a chalcedonic
cement: .

The average grain size of the detrital minerals is .312
mm for arenites of Reference‘Section 1 with poor sorting.
The grains have an estimated roundness of .20-.30. The
cements compose approximately 30% of the rock; quartz, 25%;
hornblende, 4%; biotite, 3%; sanidine, 15%; magnetite, 3%;
élagioclase, 15%; with the remainder cristobolite, pyrite
-and diopside-augite. |

The arenites of Reference Section 2 and 3 are coarser,
.608 mm, but are also poorly sorted and have a roundneés of

-20-.30. The plagioclase content is areater, being 20%, and

B s e
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Vertical exposure of Reference Section 1 which
displays slumping and chalk-colored beds of
zeolitized tuff.
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Figure 7. Vertical exposure of Reference Section 2
$17lustrating near horizontal attitude of beds.

8. A calcite-cemented arenite. Plagioclasc in the
center shows moderate embayment. A poorly sorted
arenite with grains suspended in a calcite cement.
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are the largest grains in the arenites. Cements and duartz
are lower by 5%; biotite, magnetite, and hornblende contents
ﬁre unchanged; and sanidine approximately 10%. Analcime,
identified by X-ray diffraction, was -found only in the
arenites aﬁa conglomerates of Reference Secﬁion 2.

The An content.éf the plagioclases of‘all the arenites

avérages 22%, ranges from 7 to 363, and shows zoning and no
élteration. Only minor embaymehts are observed on a few of
the broken plagioclase crystals with arenites of Reference
Section 2 being the most corroded and embéyed. Trace
“amounts of clinoptilolite, smectites, authigenic quértz,
and organics ére also present with Reference Section 2
arenités showing a definitely greater abundance of
authigenic quartz than any other section or lithology.
| The arenites of Reference Section 2 showed a distinct
increase in volcanic rock fragments. In several specimens,
it was the dominant detrital grain. The fragments are
 subangularN to subrounded, contain plagioclase crystals,
biotite, magnetite, gquartz, and microlaths of feldspar in a
very finely crystalline matrix (Fig. 9). Sedimentary rock
fragments are also found but never exceed 5% in abundance
‘with the clasts béing primarily of shales. Thé clasts are
subrounded to rounded and never approach the size of the
volcanic rock fragments (4.459 mm). |
From Table 1 it c¢can be seen that the coefficieﬁts of
variation for Al,C4, CalO, MgO, and TiO, are nearly identical

for Sections 1 and 2.The Nazo content of Referénce Section 2
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Figure 9. Volcanic rock fragment which occupies most of
the photo shows laths of plagioclase set in a
very finely crystalline matrix. Also present
is sanidine and biotite. Crossed nicols.

! 'J?-'wis}m :
Figure 10. A very poorly sorted conglomerate of Reference
Section 2 composed of rhyolitic and latitic
pebbles and cobbles.
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arenites is twice that of Reference Section 1 as well as the
§i0, mean being Thigher. The Fe,05 and K,0 content of
Reference Section 1 arenites are considerably higher than
those of Referencé Section 2. Reference Section 3 arenites
show - the jowest coefficient of variation and standard

deviation ~for the oxides.

Conglomerate

Conglomerates in the area _studied are thin-bedded,
averaging .6 m in thickness with the exception of one large
thick-bedded deposit. The induration is poor eQen when
cemented by calcite; gypsum, analcime, or clinoptilolite.
The majority of the conglomerates contain clinoptilolite and
montmorillonite in their matrix as determined by diffraction
studies. The pebbles range in size from .32 mm to 7.62 cm
with most less than 2.54 cm. Sorting is poor (Fig. 10), and
the pebbles have a roundness of .30-.60. Volcanic pebbles
which are chiefly rhyolites and latites, predominate, but
some beds contain minor sedimentary rock fragments of the
lower beds as well as pumice. The matrix comprises only 20%
of the rock and also contains feldspar, quartz, biotite,
magnetite, and hornblende. The conglomerates are: moderate
yvellow-brown (1O0YR 5/4) to light olive-gray (5Y &/1) for
fresh surfaces and dark yellow-brown (10YR 4/2) on weathered
surfaces.

The conglomerates of Reference Section 1 only contained

clinoptilolite and montmorillonite in their matrix in
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resembling gaylussite or nacholite occur in the shales and

contrast to those of Reference Section 2, which also
contained aﬁalcimé but never . in association with
clinoptilolite. Reference Section 3 conglomerates contain no
. authigenic minérals. Reference Section 2 also contained a
mudflow congloﬁerate in the upper portion of the section.
Ks can be seen from Figure 11, the sorting is very chaotic,
and the pebbles more angular than the other conglomerates
observed. Also present in the mudflow conglomerate are
angular, undefofmed clasts of lacustrine sediments up to

16.51 cm in length.

Shale

Shale is the predominate lithologic unit in the
lacustrine facies. It is very pale orange (10YR 8/2) ‘to
vellow-gray (5Y 8/1) or a banding of both on fresh surfaces
and light YDbrown (5YR 5/6) on weathered. The shales are
‘evenly bedded and average .6m in thickness, but can range up
to 1.8m. Laminations vary from paper-thin to_beds 2.5 to 5cm
thick. A few shales display evenly bedded .13 cm-thick beds
of calcite (Fig. 12). Detrital calcareous concretions,
somewhat flattened pafallel to the beddiné planes present,
are common in many of the shales.  There is distortion

of the shales around the concretions giving a flow-like

texture around them (Fig. 13). This is probably due to

differential compaction around the concretions while the

shales were being deposited.
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Figure 11. Mudflow conglomerate of Reference Section Z
displaying very chaotic sorting.

Figure 12. Primary

authigenic cafcité
a shale of Reference Section 2.
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Figure 13.
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Distortion of matrix around a calcareous
clast giving 1t a flow-like texture.
Crossed nicols.

Calcite crystals filling molds of former
crystals which were probably gaylussite or
nacholite,



Page 27

Also present are carbonized plant remains as well as

mudcracks, ripple marks, and soft sediment deformation

features. Every gradation exists between shale and the

other lithologies present with arenaceous shales
Most shales contain numerous crystal molds

predominating.

resembling gaylussite or nacholite, .13 to 5.0 cm long, with

nodt averaging .64 cm in length.  There is a tendency
for the smaller crystal molds to occur in groups of

two or three (Fig. 14). Calcite or gypsum oOccurs as

clusters of subhedral to anhedral crystals, where it

apparently precipitated in the molds that formed by solution

of a readily soluble probably galine mineral.

Certain portions of Reference Section 2 display a
green-yellow weathering rind 1-2 mm thick which smells of
sulfur when crushed. This 1is probably due to the weathering
of the pyrite in the shales. Also found in the shales are
impedded oblate spheroids of pumice (Fig. 15) ranging in
size from 1.00 cm to 4.50 cm in length.

Authigenic clinoptilolite and montmorillonite are
common in the shales. This is due to the alteration of the
vitric material which averages 25% of the rock.
Quartz averages .122 mm for Reference Section 1 and .08l mnm
for Reference Sections 2, 3, and 4, is subangular to
subrouhded, and is 10% in abundance. Other constituents are:
biotite, 5%; plagioclase, 5%; organics, 8%; magnetite, 2%;
and trace amounts of hornblende, sanidine, hematite, augite,

diopside, apatite, pyrite, cristobalite, calcite, and

R KA e Lt s 6 b i
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gypsum. The matrix is primarily of silt size of which
tufféceous material dominates.

The coefficient of variation for the K,0 content of
Sections 1 and 2 are very similar. All other oxides”
coefficient of variation is much higher in Reference Section
2. The nean contents of the oxides are similar for Dboth
sections, but Reference Section 2 shows larger standard
deviations for all oxides. K,0 content is identical for
mean and stanaard deviation for Sections 1, 2, and 3.

Fissility is usually  excellent (Fig.  16), and
induration is moderate. The An content of the plagiocléses
ranged from 14 to 44% and averaged 25%. None of the
piagioclases‘studied showed any alterations. Sorting of the
sand fraction'is poor. There are local areas of Thematitic

staining caused by the oxidation of the magnetite present.

Sphericity of the derital minerals is .30-.40.

Siltstone

Siltstone is the second most abundant rock in the
Creede Formation. It is grayish orange (10YR 7/4) to Light
olive-gray (5Y 6/1) for ©both fresh and weathered surfaces.
~ The siltstones are moderately to well consolidated and
moderately sorted. The beds, averaging 2 m in thickness, are
massive and contain abundant organic material.

The siltstones have a sphericity of .20-.30. The
average grain size 1s .065 mm, and the major - detrital

. minerals present are: quartz, 10%: biotite, 2%; feldspar,
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Figure 15. Pumice fragment in upper right of specimen which
is common Lo the shales and siltstones.

Figure 16. Thin-section photo displaying excellent
fissility which is found in most shales.
Crossed nicols.
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5%: magnetite, 1%; and organics, 4%. Minor and accessory
miﬁerals observea were: hornblende, calcite, gypsum, pyrite,
augite, apatite, montmorillonite, and clinoptilolite. The
matrix is composed of alte;ed shards and silt-size

tuffaceous material.

Reference Section 2 showed a larger coefficient of

variation for all oxides except Ca0 and TiOz. 1t also

displays greater standard deviations for all oxides except

- CaoO.
Travertine
The Creede Formation has numerous bodies of
travertine and tufa within it. They are more

abundant near the Dborders of the formation than in the
middle (Larsen and Cross, 1956). The travertine is 1ight
gray (N8) and rénges from dense, fine-~grained calcite to a
porous, highly cellular variety. Freshly broken travertine
yields a fetid sulfurous odor. Within the travertine bodies
are fragments of lacustrine sediments as well as deposits of
opal, chalcedony, and quartz lining cavities or occurring as
vein fillings.

The travertine, occurring in a variety of forms, were
deposited by mineral springs as irregular masses surrounding
cylindrical orifices. Some deposits appear to be leaflike
extensions from a spring which crosscut and intertongue with
lake strata. Also present are large masses Of travertine

surrounded by lacustrine sediments (Fig. 17). Steven and
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Friedman, 1968, postulated that these structures are
travertine terraces. Thin beds of virtually pure limestone
‘are found interbedded within the Creede strata. These
probably resulted from calcite precipitating out of shallow
alkaline ponds fed by mineral springs as evaporation and/or
" supersaturation occurred. The carbonate in travertine in
the Creede Formation was deposited from a sedimentary
carbonate'ﬁnit as based on geologic and isotopic evidence

(Steven and Friedman, 1968).

Tuff

The tuffs of the northern portion of the Creede caldera
were studied and described in 1971 by Steven and Van Loenen.
Tuffs in the lacustrine deposits in the area studied make up
approximately - 10% of the sections and are the most
conspicuous strata, as can be seen from Figure 5. From the
" distinct laminations present, the tuffs appear to be the
result of ash falls into the lake. Eight tuffs were
recognized. Ranging from .6 to 4.0 m in thicknesg, they
are laterally continuous. |

The fresh tuff is very pale orange (10YR 8/2)‘to very
light gray (N8) and wéathers to a light TDbrown (5YR 5/6).
Where zeolitized, the tuff is well indurated, extreﬁély fine
grained, and breaks with a conchoidal fracture. Only upon
very careful examination can the Jlaminations be detected.

Non-zeolitized tuff is wusually very friable and easily

disaggregated.
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Massive body of travertine displaying distortion
of lake sediments as they approached it.

: : sl 4
Thin-section photo (plane polarized light) of a
tuf? displaying well-preserved giass fragments
giving it a vitroclastic texture.

Figure 18.
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The tuffs contain minor carbonized plant remains and

the same type of crystal molds as mentioned in the shales.

The lower contact of the tuffs is very distinct, but the

upper portions are usually gradational into the overlying

lithologies.
Aé seen from Figure 18, the vitroclastic texture 1is

well preserved with the relict shards and vesicles usually

being replaced internally by clinoptilolite and the outer

surfaces rimmed with sodium smectites. Both platy

bubble-wall shards and pumice shards containing elongated

bubbles are present with the former predominating.
Pyrogenic phenocrysts of apatites, Dbiotite, sanidine,
hornblende, pyroxene, plagioclase, and quartz are

distributed uniformly throughout the tuffs. The quartz and

feldspar drains average 410 mm, are subangular to
subrounded, and make up 5% of the tuffs. Organics and
biotites each average 3% 1in apundance, while apatite,

hornblende, gypsum, and pyroxene exist only in trace
amounts. The only species of zeolite in the tuffs was
clinoptilolite and was identified by the technique described

under laboratory methods.

IV. MINERALOGY AND GEOCHEMISTRY

Laboratory Methods

X-ray diffractometer patterns were made of all samples
collected and mineralogic compositions were estimated from

these (see Appendix 2). The samples were ground to less than
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200 mesh, made into either briquettes or fused disks and
.then exposed to copper radiation. The mineralogy determined
from this data was then used to gupplement both the
petrographic and scanning electron microscopy (SEM)
studies.

The petrographic studies were made by using thin
skctions and immersion oil mounts, and selective staining
fof calcite and potassium feldspar. The .~ SEM studies were
done on a Hitachi model HHS-2R unit and were made by carbon

or gold-palladium coating freshly broken rock chips. These

provided information on authigenic minerals and alterations

present, and textural and age relationships of the
authigenic minerals. The SEM was also equipped with an
energy dispersive analyzer (EDAX) which vielded

semi~quantitati§e chemical data (see Appendix 3) used in
mineral identification and in detecting any elemental
distributions.

A Rigaku . X-ray fluorescence spectrometer interfaced
with a PDP 11/23 computer was enployed to determine the
chemistry of all samples collected (see Appendix 4), except
the conglomerates. Some duplicate samples were sent out to
commercial labs for analysis. Fire assays and atomic
absorption were done on two specimens to determine if any
silver was present.

The types of clays present were identified by making
several 2 and .25 micrometer oriented mounts of each sample.

One mount of each sample was glycolated and the remainder
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TABLE 1

Statistical Analyses of Lithologic Chenistry

Reference Section 1 Arenites

,.___.........,..-_....._._..__._..__.._._._,..._..._._.__..-_._-._._._._._.._____.__

Si0

x 65.65

s 3.70

cv 5.064
Reference
x 60.46

5 5.38

cv 2.91
Reference
x 59.35

s 2.13

cv 3.58
Reference
x 63.85

s 2.63

cv 4,11
Reference
x 64.89

s 4.91

cv 7.56
Reference
x 66,97

s 1.59

cv 2‘38.
Reference
x 66.20

s 0.99

cv 1.50

Section

13.80
2.16
15.68

Section

14.41
1.30
8.99

Section

11.05
1.54
13.91

Section

10.20
2.44
23.93

Section

9.18
0.79
8.60

Section
9.23

0.55
5.99

9.44
6.10
64.61

2 Arenites

7.57
4.75
62.80

3 Arenites
2.56

0.37
14.58

1 Shales
2.70
1.95

72.07

2 Shales
3.58
4.29

119.70

3 Shales
1.63
0.74

45.34

4 Shales

3.53

3.10
87.58

0.96
29.67

2.57
0.50
9.30

3.12
0.24
7.69

3.66
0.95
26.05

3.67
0.99
27.07

3.87
0.44
11.45

4.75
0.18
3.71

1.30
0.71
54.44

1.10
0.11
9.98

1.15
0.27
23.34

1.15
0.52
45.76

1.00
0.26
26.05

0.88
0.12
14.21

0.50
c.14
27.07

0.58
0.08
13.75

0.44
0.06
14.71

0.38

0.11

30.02

0.50

0.03
€£.90

.38
0.05
13.41

3.60
0.72
20.08

2.61
0.68

26.18

2.13
0.89
41.79

2.41
0.60
25.12

2.82
0.27
3.64

2.76
0.7
35.04

2.17
0.36
16.40

1.00
0.22
22.58

1.19
0.43
35.92

0.96
0.22
23.15

0.72
0.06
8.26




Reference
Si0

x 63.74

s 2.34

cv 3.68
rReference
x 61.99

5 5.27

cv 8.49
Reference
x 69.01

s 0.00

cv ~0.00
Reference
x 64.89

S 1.98

cv 3.05
Reference
x 63.45

S 4.49

cv 7.08
Reference
x 71.67

s 1.00

cv 1.40
Reference
x 64.13

s 1.31

cv 2.04

Section

8.47
0.00
0.00

Section

9.87
0.99
10.01

Section

11.65
1.98
17.01

Section

11.15
1.55
13.90

Section

10.87
0.02
0.21
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1 Siltstones
CaO KZO MgO
2.53 3.97 1.15
3.00 0.41 0.1¢
118.66 10.29 16.47
2 Siltstones
1.80 3.63 1.51
"0.71 0.81 0.88
39.75 22.30 57.91
3 Siltstones
7.16 4.60 0.71
0.00 0.00 0.00
0.00 0.00 0.00
4 .Siltstones
1.97 4.72 1.00
1.63 0.33 0.09
82.60 6.90 3.90
1 Tuffs
2.09 2.69 1.36
0.88 0.38 0.52
41.89 14.16 38.03
2 Tuffs
1.18 4.30 0.82
0.16 0.68 0.21
13.56 15.81 25.61
4 Tuffs
1.03 4.80 1.00
0.17 0.37 0.05
16.83 7.62 4.74

0.45
0.03
7.09

0.31
0.00
0.00

0.42

0.06
13.21

0.29
0.13
43.59

0.36
0.21
5.85

0.47
0.02
4.69

2.98
1.20
40.27

1.87
0.00
0.00

2.72
0.43
15.67

2.15
0.78
36.08

1.39
0.07
5.04

- 2.05
0.84
41.06

1.52
0.65
42.46

0.67
0.00
0.00

0.76
0.06
7.28
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TABLE 2

Statistical Analyses of Mineral Chemistry

Reference Section 2

X 58. 86 14.77
s 1.63 0.47
cv 2.77 3.19

Reference Section 1

e 50. 80 5.01
s 17. 34 5.48
cv 34.14 109, 40

Reference Section 2

X 43.43 7.23
] 19.27 5.79
cv 44. 36 80.08

Reference Section 1

ple 62 .96 12.06
S 2.46 1.28
cv 3.91 10.59

Reference Section 2

® 57 .27 14,02
s 4,71 1.78
cv 8.22 12.72

Reference Section 1

X 63.72 10.05
s 0.16 0. 42
cv 0.24 4,22

Reference Section 2

X 57.94 13.55
s 4.11 2.11
cv 7.10 15.57

Reference Section 1

p 4 62.54 12.08
s 2.89 1.34
cv 4.62 11.11

Reference Section 2

X 58.87 12.87
s 6.23 2.77
cv 21.53

10.58

Analcime-Rich Rocks

cCa0 K20 MgO Ti0?
5.48 2.55 1.07 0.55
1.62 0.16 0.17 0.07
29.55 6.09 16.08 13.44
Calcite~Rich Rocks
16.00 3.32 0. 96 0. 35
8.71 1.23 0. 40 0.47
54.47 37.07 41.55 13.49
Calcite-Rich Rocks
20.05. 2.49 1.01 0.27
10. 52 1.18 0. 33 0.17
52.45 47.60 32.88 60,43
Climoptilolite-Rich Rocks
2 .94 2.88 1.30 0.41
1.32 0.41 0. 22 0.12
44,77 14.18 16.93 29. 64
Climoptilolite-Rich Rocks
2.58 3.09 2.10 0.49
0.86 0.48 0.81 0.11
33,38 15.37 38.4¢6 21.85
Gypsum—-Rich Rocks
2.10 4.°59 0.84* 0. 44
0.19 0.52 0.18 0.04
9,11 11.26 21.89 8.77
Gypsum—-Rich Rocks
3.20 3. 06 1.81 0.47
1.11 0.73 0.79 0.11
34,74 23. 80 43.50 22.68
Montmorilloni te-Rich Rocks
2.35 3.06 1.35 0. 40
0.82 0.61 0. 32 0.11
34.80 19.95 23.63 28.53
Montmorilloni te-Rich Rocks
4.15 3.14 1.90 0. 44
5.01 0. 60 0. 85 0.14
120.65 19.20 44.89

32.99

2.91
0. 99
34.07

2.90
1.15
39. 62

2. 62
0.83
31.85

3.01
0. 81
26.93

2.61
0. 79
30. 36

2.96
0.93
31.42




Page 38

heat treated at 350O and 550° C. The mounts were then
subjected to nickel-filtered copper.radiation. By observing
the 001 peak shifts and/or destruction, the clays were
identified (Carroll, 1970).

The species of zeolite of the heulandite gstructural
group present was determined in a similar fashion. By
following the procedures outlined by Boles (1972) and
Alietti (1972), 2 micrometer oriented mounts were separately
subjected to 200, 300, 400, 500, and 600° C heat
treatments and then X-rayed. By observing at which point
the 020 peak was destroyed, the specieé of zeolite was
determined.

Table 2 lists the mean, standard deviation  and
coefficient of variation of lithologic units which are rich
in a particular authigenic mineral. Appendix 5 shows various
oxide plots of the authigenic minerals.

Table 3 is a comparison of Fisher Quartz Latite to the
tuff found in the lacustrine facies. The analyses were first
normalized, and assuming A1203 is immobile, the tuffs’

oxides were recalculated for loss due to weathering. The

~gains and losses of the different oxides can now De

compared.

Analcime

Analcime, also known as analcite, is one of the more
commonly reported zeolites in sedimentary rocks. It has an
ideal formula of NaAlSi?O6.H?O, but is usually higher in

silica ranging from a Si:Al of 2.0 to approximately 2.7
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(Saha, 1959). Analcime ocCCurs in rocks ranging from Late
Paleozoic to Recent 1in age and is especially common in
saline lacustrine deposits, regardless of age. Unlike the

other zeolites, analcime occurs in rocks which lack evidence

of vitric material.

o

Analcime was found only in Reference Section 2 and was
restricted to the arenites and conglomerates (appendix 2).
Relict vitric  naterial was observéble in only one thin
section containing analcime, and the only authigenic
silicate associated with the analcime Tbased on X-ray
diffraction and petrographic data was quartz. Gypsum was
always found in association with analcime (appendix 2).
Comparison of the analcime-rich arenites of Reference
Section 2 to those found elsewhere in the formation shows
the analcime-bearing rocks to be richer in sodium (Table 1).

As can be seen from the ternary diagrams (Fig. 19 and
20), the plotted analcime data occurs in a tight cluster for
both systems. This is due to analcime being richef in
sodium than any other authigenic minerai present.

Analcime.was not recognized iﬁ thin section due to  its
very small crystal size. Studies of numerous size fractions
show that the average size of the analcime is 4 micrometers,
and at 2 micrometers it is virtually absent. Identification
"was based on X-ray diffraction studies and SEM analyses.
The analcime occurs as subhedral to euhedral cubo—oétahedral

and trapezohedral crystals 2.7 to 4.0 um in size (Fig. 21).
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Figure 21. SEM photo of analcime crystals surrounded

Figure 22.

by authigenic clay. Average crystal size
is 3 micrometers. Magnification 3,500x.

Thin-section photo (plane polarized light) of a
calcitic peloid. All peloids displayed concentric
bands and lacked any internal structures.
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Calcite

Calcite occurs in a variety of forms in the sediments.
Tt most commonly occurrs as a cement and may exceed 30%
in some rocks. As mentioned in the stfatigraphic section,
it also occurs as crystals in molds. The more unusual form
ofxcalcite is that of peloids (Fig. 22) and thin bands of
very pure crystalline calcite interbedded with shales (Fig.
23). 'The bands of calcite are primary deposits which either
formed from calcite precipitating out of evaporating
alkaline ponds or from hot‘springs enriching the waters in
calcium carbonate beyond the saturaticn point of calcite

(Love and Hawley, 1981).

Clay Minerals

Most of the sediments of the lacustrine facies of the
Creede Formation contain authigenic clay. The clay minerals
are associated with all the other authigenic minerals except
analcime, and their content is generally less than 30% of
the rock. By diffracting glycoclated and heat-treated
oriented mounts, the sodium-rich variety of montmorillonite
was the only species of clay found. Scanning electron
microscope photos of the clay (Fig. 21 and 24) show the
irregular, wavy plates which are characteristic of the
smectites. Figure 25 ghows clay films coating the outer rims
of shards indicating an authigenic origin. The occurrence
of montmorillonite is more widespread than any of the other

authigenic silicate minerals.

e % T e o2 e D e 3 8 e LR RO DA S
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Figure 23. Thin-section photo (crossed nicols) of bands of
primary calcite. This section was made from the
specimen displayed in Figure 12.

Figure 24. SEM photo showing irregular wavy plates
which are characteristic of the smectites.
The clay shewn is detrital. Magnification
1,000x.




Figure 25.
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Thin~section photo (crossed nicols) showing the
occurrence of authigenic montmorillonite coating
the outer surfaces of shards. The montmorillonite

is identified by its high birefringence.
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The rocks rich in montmorillonite occur in groups for

Fe203 -~ K,O+ Nazo - MgO and Nazo - K20 - MgO ternary

2
diagrams (Fig. 26 and 27).

Clinoptilolite

Clinoptilolite, described as early as 1890 by Pirsson,
is the silica and alkali-rich member of the Theulandite
structural group. Extensive studies have found that it
occurs chiefly in sedimentary rocks and ranks number one in
abundance in comparison to the other zeolites.

Due to anomolous optical properties of the heulandite
group and very small particle size, petrographic studies
cannot be utilized in determining which species is present.
Thermal treatments vielded c¢linoptilolite as the only
species present.

Clinoptilolite is the most common zeolite found in
the sediments of the Creede Formation. It is found 1in
association with all of the other authigenic minerals.
especially montmorillonite, but was  never found - in
association with analcime. The clinéptilolite coﬁtent
ranges from trace amounts to approximately 75-80% of the
rocks. It occurs as prismatic or platy crystals (Fig. 28)
that average 10 um long, 9.5 um wide, and 1.5 um thick.
The clinoptilolite in thin-section studies 1s found as
crystals_lihing molds of former glass shards (Fig. 29)
suggesting‘ an authigenic origin. Examination by SEM also
shows the clinoptilolite lining the inside of glass shards

(Fig. 30) and as Jjumbled stacks of euhedral platy crvstals
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Figure 28.

Clinoptilolite in SEM view. Although crystal
morphology is very distinct, thermal treatment

is the most certain method of identification.
Magnification 3,000x.

Figure 29.

High magnification thin-section photo of platy
crystals of clinoptilolite 1ining molds of
former glass shards preserving the relict
vitroclastic texture & indicating its authigenic
origin. Crossed nicols.
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(Fig. 31) £filling veinlets and voids within the rocks.

X-ray diffraction of size fractions indicates that the

¢linoptilolite still persists at a .25 um separation along
with montmorillonite.

The clinoptilolite was found to occur in practically

every rock type as long as there was once vitric material
¥ » ) .
present for zeolitization to occur.

Cclinoptilolite-rich rocks, when plotted on a Fe,04

Na,0 + K,0 - MgO ternary diagram, show the closest grouping

2

of points (Fig. 26). The Na,O0 - Rzo ~ MgO ternary diagram

showed nearly as good results, and the ternary' diagram

Na,O = K, - CaOo showed the greatest spread of points

(Fig. 27 and 32).

Gypsum

Gypsum is found in a variety of forms and occurrences
in the Creede Formation. Displacive veins of fibrous satin
spar gypsum filling primarily vertical fractures and Jjoints
and minor discontinuous layers ranging from .6cm on the ends
to 5 cm in the centers between bedding planes are found. In
some of the open fractures, the walls are lined witﬁ masses
of euhedral bladed crystals which average 1.3‘cm in' lLength,
.25 em thick, and .8 cm in height. Gypsum is also found as
subhedral crystals within the rocks and as a cementing agent
with Reference Section 2 having the greatest abundance of
gypsum.

Both major.reference sections display nuherous .25 to

.64 cm-thick displacive horizontal beds of gypsum which can




Figure 30. SEM view of clinoptilolite crystals occurring

as a shard filling. Magnification 1,000x

Figure 31. SEM photo of jumbled stacks of platy
clinoptilolite crystals. Magnification
2,000x.
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be traced as far laterally as the upper and lower sediments.

Gypsum~rich rocks of Reference Section 2 are iO times
the coefficient of variation for Na,0 for similar rocks of
Reference Section 1. The coefficient of variation is also
greater than Reference Section 1 . for all ‘oxides _except
Fe203. Reference Seqtion 2 also showed higher standard
deviations for all oxides and larger means for all oxides

except K2 and SiOz.

Halite

Halite was never observed in X-ray diffraction or in
petrographic studies. | It was found during general SEM
examinations éf selected samples and occurs as both perfect
cubes (fig. 33) and nearly completely dissolved forms.
Although clearly authigenic, the ease at which halite is
mobilized and reprecipitated, and the fact that in none of
the petrographic examinations were molds of former Thalite
crystals observed, suggests that it is a post depositional

secondary mineral.

Pyrite

Authigenic pyrite occurs as scattered groups of
euhedral crystals ranging from 1 to S5um in length. As can be
~seen from Fig. 34, they are cubic and pyritochedral in fofm.
Figures 35 and 36 show the iron and sulfur .distributions,

respectively for the pyrite.
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Figure 33. SEM photo fo a perfect cube of halite. :
Magnification 7,000x.

Figure 34. SEM photo of cubic and pyritohedral
crystals of pyrite. The pyrite occurs
primarily in the shales as disseminated
crystals. Magnification 5,000x.
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Quartz

Quartz is a common authigenic mineral in ‘the Creede
Formation. As determined by X-ray diffraction, it is
associated wth all other authigenic minerals. Petrographic
and SEM studies have confirmed the aésociation of authigenic
quartz with montmorillonite, c¢linoptilelite and analcime.
Aﬁthigenic Quartz was ildentified in every sample in which
analcime occurred.

Quartz occurs in a variety of forms. Aggregates of
anhedral, nearly equidimensional c¢rystals (Fig. 37) were
found with the individual crystals ranging from .40 to 20 um
in diameter. The quartz also occurs as aggregates of fibers.
SEM studies show authigenic quartz, identified by enerqgy
dispersive analysis and its euhedral, trigonal trapezohedral
outline (Fig. 38), occurring as a void filling (Fig. 32) or
covering of detrital grains (Fig. 40) rather than a
replacement. Most of the quartz is chalcedonic based on its
low index of refraction (less than 1.54).

Opal, Dbecause of 1its nondescript and isotropic
character, was primarily identified.by X-ray diffraction of
bulk samples. It has characteristically broad peaks at
4.24A, 4.10A, 3.327A, 2.98A, and 2.50A 4 spacings. Opal was
found only in one sample which was collected near a
travertine orifice. It constitutes virtually 100% of the

rock and is globular in form (Fig. 41).‘
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Figure 38. SEM photo of trigonal trapezohedral crystals
of quartz. This example appears to show
authigenic quartz forming as a void filling
rather than a replacement. Magnification 4,000x.
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Figure 39. Authigenic quartz crysta]s lining a
cavity. Magnification 3,400x.

Figure 40. SEM photo showing authigenic quartz coating

a detrital grain of feldspar. Magnification
500x.
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Igneous Remnants

Igneous remnants are common in Creede sediments as both

major and accessory minerals. The more Ccommon oOnes are:
apatite, =~ Tbiotite, cristobalite, diopsidic-augite,
hornblende, magnetite, plagioclase, and sanidine. The

apatites are broken euhedral crystals common to all
“1ithologies (Fig. 42). Biotite is found. in virtually all
sedimenté and undérgoes 1ittle alteration. Only occasslonal
oxidation around the rims of the grains is observed.
Cristobolite was identified by diffraction techniques and
thin-sections studies. 1t occurs as aggregates of small
crystals, has a curved fracture, and low index of
refraction. Hornblende and diopsidic-augite are most
abundant in the arenites, and in some cases exceed 5% of the
rock. Hornblende always exceeded diopsidic-~augite in
abundance, while both were usually partially to almost
completely.dissolved out of the rock. Plagioclase was found
in all lithologies with the greatest percentage occurring in
the arenites. The plagioclases were found as broken etuhedra
and were very fresh in appearance. All twinning was very
sharp and distinct with no alteration observed except for
minor corrosion and embayments. Approximately 10% of all
plagioclases observed displayed very distiﬁct zoning (Fig.
43). The An content rangéd from 13 to 44% and averaged 24
percent. Sanidine, occurring as broken euvhedral crystals,
was found in all lithologies and was never the. doninant
detrital mineral. It never exceeded plagioclase in
abundance. A few of the sanidine grains showed rims of

sericite.




e

Page 60

Figure 42.:

Thin-section photo (crossed nicols) of
rich rock with the opal occurring as a
form.

an opal-

n!_ﬁ;
b R i .
SEM photo of nearly euhedral crystal
which is common to most lithologies.
tion 950x.

of apatite
Magnifica-
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V. DISCUSSION

~Origin of the Zeolites

The formation and distribution of zeollites and
associated authigenic minerals in sedimentary deposits 1is
dépendent upon the age and permeability of the sedinments,
temperature and pressure, pore-~water chemistry, and
composition of the host rock. Authigenic mineral assemblages
in sedimentary rocks vary considerably as 2 function of age,
regardless of burial depth or depositional environment (Havy,
1965). TFigure 44 shows the wvariation in abundance of
different zeolites as a function of age. As all sédiments
are coeval, this relationship does not apply.

Most zeolitic reactions require the addition of K, Na,
and Ca ions and water. As zeolites were found in virtually
all types of sediments, the permeability had no influence on
zeolite distribution.

The total estimated thickness of the deposits is 732 m,
which is equivalent to 190 bars and temperatures of 38 to 43
degrees C. assuming a normal geothermal gradient. For
metamorphism to produce zeolites, it requires 240 to 1200
bars pressure and temperatures of 41 to 140 degrees C.
(Hyndman, 1972). The less-hydrous calcic zeollites such as
wairakite, scolecite, and laumontite are favored in such
environménts. The lack of these zéolites and the conditions
necessary for metamorphic =zeolites to occur removes

temperature and pressure as an influencing factor.
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Figure 43. Thin-section photo {crossed nico?s) showing
a strongly zoned plagioclase grain.
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Figure 44. Schematic diagram showing the abundance of
analcime relative to the sum of phillipsite,
clinoptilolite, erionite, and chabazite as a
function of age in Eocene to late Pleistocene
silicic tuffs deposited in saline, alkaline
Takes.

PRRENC PR IS



e T e, S e S e D et Ll M

Page 63

All sediments were derived from a common host

rock, namely, Fisher Quartz Latite. As the composition of

the solid phase present in the sediments is the same, the

pore-water chemistry must be the determining parameter in
zeolite genesis and distribution.

The documentation of zeolites and authigenic silicate
%inerais forming during diagenesis by reaction of volcanic
glass with interstitial water is well established (Hay,
1966; Sheppard and Gude, 1968 and 1973; and Surdam and
Parker, 1972) with the interstitial water originating as

either meteoric water or connate water of a saline lake.

‘Laboratory experiments indicate that the activity ratio of

alkali ions to hydrogen ions and silica activity are the
determining parameters of the pore water that governs which
silicate minerai will form.

The initial action of the water 1is to exchange 1its
hydrogen ions for sodium and potassium from the latitic
glass surface, making the water alkaline and increasing the
solubility of the glass. This process not only generates an
alkaline fluid, but also acts as a éelfuaccelerating process
of dissolving the glass present {(Mariner and Surdam, 1970).
The silica-to-aluminum ratio decreases with the increasing
alkalinity due to the fact that alumina activity increases
faster than the silica activity. The zeolite mineralogy is
postulated +o be a function of the silica-to-aluminum
relationship and pH. Initially, then, the Na - K+/H+ ratio

would be at its lowest value which would favor the formation
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of montmorillonite. Subsequent solution of the glass and/or

+he formation of montmorillonite by hydrolysis of the glass

‘would cause an increase in pH and the alkali-to-hydrogen

ratio. This change in the chemical environment would
disfavor the formation of montmorillonite, and would instead
be suitable for zeolite genesis. The species of zeolipe(s)
formed will be dependent upon the activity of HZO and the

Ca:Na + K and Si:Al ratios of the pore water. To form the

'clinoptilolite present in the sediments, the §i:Al and

Ca:Na + K ratios must be high, while the H2o activity must
be low. The analcime, based on experimental studies, forms
from alkalic, silicic zeolite precursors. Analcime formation
is favored by a high Na:H ratio, and relatively low Si:Al
ratio and H,0 activity in the pore fluids. The reaction of
clinoptilolite to analcime is as follows:

Na.K.CaAl,.Si. O, ° 24H,0 + 4Na + —-—> 6NaAlSi,0. ° H,0
0772 2 . 276 2
clinoptilolite analcime

+2

+ 18H.O + 188i0, + 2K + ca

2 2
As can be seen from this reaction, there is a gain in sodium
and a loss in Hzo, Sioz, K, and Ca. Increased salinity
should, therefore, be a determining parameter 1in analcime
genesis. Increasing salinity may also lower HZO activity
favoring the transformation. Decreasing hydrogen ion
concentration (increasing pH) would increase the Na%:H+
ratio and decrease the Si:Al ratio enhancing the prebability
of analcime formaticon. Both clinoptilolite and analcime may

react to form potassium feldspar. The reactions for these

transformations are as follows:
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Na,K,CaAl _.Si., 0 © 24H.0 + 4K --> BKALSi.O, + 24H.O +
378 2
gl%nopt?lof?tgz 2 adularia
12510, + Na© + ca™?
. . . + .
and NaA181206 H20-+ 5102 + K =2 KA1813O8

Both reactions represent gains in potassium and

sodium and water. As no occurrence of adularia
the potassium concentration must have been too
¥

transition of zeolites to adularia. This also

. . + .
the pH was too low since a Thigh k*:q ratio

adularia crystallization. The absence of

adularia

2

leosses in
was reported,
low for the
infers that
also favors

could,

therefore, by due to either the lack of potassium necessary

the basin which possess the necessary

conducive to adularia genesis. The lack of

feldspars.

In summary, the trend of authigenic

This same transition is

mineralogic
laterally within the lake sediments with the

adularia and was used to further

L Formation. The northwestern portion of the
3 facies is  comprised of a fresh glass
montmorillonite-clinoptilolite facies,

analcime-clinoptilolite facies.

found

subdivide

for adularia formation and/or simply not finding outcrops in
chemical parameters
potassium 1is

probably due to its being retained in the unaltered detrital

silicate mineral
genesis is as follows (with increasing alkalinity):
glass —--> montmorillonite or alkalic, silicic zeolites ——»>

analcime or adularia and analcime --> adularia

to occur

exception of

the Creede
lacustrine
facies, a

and ©an
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Synopsis of the Depositional Environment of Lake Creede

In order to interpret accurately the depositional
environment of Lake Creede, hydrologic, sedimentary,
biologic and structural featgres as well as authigenic
minerals present must be examined. First and foremost is the
correlation between water chemistry of the depositional

¢ :
environment and the authigenic minerals present. This
transition of facies mentioned represents the change of
fresh water to slightly saline to moderately saline water,
respectively. This is the type of zonation one would expect
in a closed basin lake. The outer perimeters of the lake
would be fresh water due to streams and runoff from the
caldera rim. As the center of the basin is approached, the
~alkalinity and salinity increases due to evaporation and
concentration of alkalies from hot spring activity and

alkalies from dissolved volcanic glass. The nudcracks

indicate that at times only portions of the lake existed and

were probably concentrated brines. By looking at the
mineralogies of the columns (plates 1, 2, and 3), the
stratigraphic relationship of each (Fig. 5), and Dblock

diagram 45, the diagenetic facies reflect this compositional
variation in the lake. Reference Sections 3 and 4 should
contain very small amounts of authigenic minerals; Seétion
l,‘authigenic minerals related to slightly alkaline, saline
solutions; and Section 2 should contain authigenic minerals
stable in a moderate saline, alkaline lake. As can be seen,

this is indeed the exact sequence of  authigenic minerals
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found in the area studied. Reference Section 2 displays
primary deposition of calcite which requires the solution to
have a pH of 7.8 orlhigher, and analcime which also forms
in high pH, moderately saline and alkaline environments.
Reference Section 1 contains very abundant clinoptilolite
and montmorillonite indicative of lower PH's and only
slightly saline and alkaline conditions. The remaining two
sections contained virtually no authigenic silicate
minerals. This type of distribution is identical to other
saline, alkaline lakes as reported by Sheppard and Gude
(1968, 1969 and 1973), Surdam (1977), and Hay (1966). The
well-preserved, original vitroclastic textures and
sedimentary features in the tuffaceous sediments indicate
that alteration probably occurred after burial. The pore
waters retained the chemical signature of the lake water and
reacted with the glass to form the present diagenetic
facies. |

Table 3 lists the normalized host rock, Fisher Ouarts
Latite, and various tuffs and authigenic silicate-rich rocks
also normalized. Weight gain or loss as well as present
gain or loss was determined by assuming A1203 constant
(Krauskopf, 1967). By examining the percent gain or lbss‘of
o#ides, the following was found. Thev'montmorillonite—rich
rocks lose iron, titanium, and sodium but gain silica, water
and potasgium. Therefore, as montmorillonite .forms, the
salinity should increase. This change in pore-water

chemistry would then favor zeolite formation.
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Table 3

Canpérison of Fisher Quartz Tatite to tuffs and
auvthigenic silicate-rich rocks in the Creede Formation.

Fisher
Quartz R1 Clin R1 Clin Weilght Percent
Oxide Latite Norm Al corr change change
* 5102 61.76 62.96 83. 53 21.77 35.25
Al203 16. 00 12.06 16.00 0.00 0.00
ca0o 4.93 2.94 3.90 ~-1.03 ~-20.89
K20 3.23 2.88 3.82 0.5¢9 18.27
MgO 1.95 1.30 1.72 -0.23 -11.79
Tio2 0. 88 0.41 0.54 -0.34 ~3 8. 64
Fe203 6.15 2.91 3.86 -2.29 -37.24
Na20 3.54 1.02 1.35 -2.18 ~-61.86
L.OI 1.56 13.582 17.94 16. 38 1050.00
Sum 100.00 100.00 132.67
Fisher
Quartz R2 Clin R2 Clin Welght Percent
Oxi de Latite Norm Al corr change change
5102 61.76 57.27 65. 36 3.60 5.83
Al203 16.00 14,02 16. 00 0. 00 0.00
Ca0 4,93 2.58 2.94 -1.99 -40.,.37
K20 3.23 3.09 3.53 0.30 9.29
Mg0 1.95 2.10 2.40 0. 45 23.08
Tio2 0. 88 0.49 0.56 -0.32 -36.36
Fe 203 6.15 2.90 3.31 -2.84 46.18
Na20 3.54 1.95 2.23 -1.31 ~37.01
LOT 1.56 15.60 17.80 16.24 1041.03
s 100.00 100.00 114.12
Fisher
Quart=z Rl Mont R1 Mont Weight Percent
Oxide Latite Norm Al corr change change
Sio2 61.76 64. 54 85, 48 23.72 38. 41
21203 16.00 12.08 16. 00 0. 00 0. 00
Cao 4,93 2.35 3.11 ~-1.82 -36.92
K20 3.23 3.06 4. 05 0. 82 25.39
Mgo 1.95 1.35 1.79 ~-0.16 -8.21
TiO2 0. 88 0.40 0.53 -0.35 -39.77
Fe203 6.15 2.61 3.46 -2.69 -43.74
Naz20 3.54 0.87 1.15 ~2.39 ~-67.51
LOI 1.56 12.74 16.87 15,31 981 .41
S 100. 00 100.060 132.45
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R2 Mont Weight
Al corr change
73.19 11.43
16.00 0.00
5.16 0.23
3.90 0. 67
2.36 0. 41
0.55 -0.33
3.68 -2.47
2.21 -1.33
17.27 15.71
124,32
R2 Anlm = Weight
Al corr change'
63.76 2.00
16.00 0.00
5.94 1.01
2.76 -0.47
1.15 -0.08
0. 60 -0.28
3.47 -2 .68
4. 06 0.52
10.59 9.03
108. 33
R1 Tuff Welght
Al corr change
87.14 25.38
16.00 0.00
2.87 -2.06
3.69 0.46
1.87 -0.08
0. 40 -0.48
2.95 -3.20
1.87 -1.67
19.83 18,27

-37.57
1007. 05

Percent

Percent

-4.10
~183.33
-52.03
~-47.18
1171.15
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Clinoptilolite-rich rocks alsoc lose sodium and titanium as
well as calcium. Gains are in silica, potassium, and water.
Clinoptilolite formation would further increase the salinity
and alkalinity of the solution. The solution existing;in the
pore water would now be moderately alkaline and saline and
should favor analcime crystallization. The analcime
comparison in Table 3 displays only a minor gain 'in silica
and water when compared to montmorillonite and
clinoptilolite~rich rocks. The comparison also exhibits
the only gain in sodium and loss in potassium. This agrees
exactly with the above equation of clinoptilolite and sodium
reacting to form analcime and losing water, silica, and
potassium. Thus, the comparison of the authigenic
silica~-rich rocks also reflects the chemical zonation of
ancient Lake Creede which was preserved in the pore water.
Structural conditions also fa&or the formation of a
saline, alkaline lake. The resurgent doming produced a
closed basin surrounded by the caldera rim that trapped
precipitation. The Creede paleoflora suggests a montane
environment, with a cool temperate climate and a moderate
Seasonal rainfall on the higher slopes and a warmer, drier
climate on the lower slopes (Steven and Eaton, 1975). Given
these data, the basin floor should have consisted of a
shallow body of water that periodically expanded and then
shrank to a saline, alkaline lake. Both sedimentary features
and authigenic mineral distributions seem to confirm this.

The sediments show many features indicative of
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deposition in shallow water or under playa conditions. The
most obvious of these features are the ripple marks and
mudcracks which are extensive throughout the facies. The
presence of uniform textured arenites and the domiﬁance of

shale over all other lithologies are also suggestive of lake

deposits.

) Having established that the deposits were lacustrine

and the structural and climatic conditions were favorable
for a saline, alkaline lake, biologic information must be
examined next 1in order to determine the chemical

characteristics of the lake. Although the Creede Formation

contains abundant paleoflora, it is devoid of any evidence

of aquatic 1life. This suggests either & penesaline or
hypersaline environment. Since the most obvious evidence of
a saline, alkaline depositional environment is lacking,
bedded saline minerals, it is inferred that only penesaline

and alkaline conditions prevailed. Disseminated crystal

molds resembling gaylussite or nacholite occur in the shales

and siltstones and suggest saline conditions during

deposition.

Although all evidence points towards a closed system

for zeolite genesis {saline, alkaline lake), this does not

\

preclude the validity of some other type of system. As

sampling was taken only from available outcrops in the area,

there 1is the possibility that key authigenic mineral

assemblages which would favor some other system were

present but unobtainable in surface exposures.
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Analcime—clinoptilolite—bearing units between sections 1 and
2 and clinoptilolite—montmorillonite units between sections
1 and 3 at approximately the same elevations would favor an
open system for zeolite genesis.

Hot spring activity, as mentioned by Steven and Van
Loenen, 1971, and the possiblility of circulating

hydrothermal fluids (Bethke and Rye, 1979 ang Steven

and
Eaton, 1975) could have also played an important role in
zeolite distribution as well as reaction kinetics. Only by

a more detailed analysis of these sediments, possibly by

coring selected areas of the formation, can the authigenic
mineral distribution to = specific hydrologic model be

assigned.

Summary and Conclusions

The Creede Formation consists of an upper fluviate and

a lower lacustrine facies. The Jlatter can be subdivided

into a fresh glass facies, a clinoptilolite—montmorillonite

facies, and an analcime-clinoptilolite facies. From +the

biologic and sedimentary features present, and diagenetic

distribution, it ig inferred that the paleodepositional

chemical environment of the lake was saline and alkaline.

The chemical characteristics and zonation of its waters were

retained after deposition in the pore waters. It was +this

variation in pore-water chemistry which was responsible for

the diagenetic facies pPresent.




[T

it S i o e e e

W

Page 74

APPENDIX I

s
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COMPILATION CHART OF REFERENCE SECTICN 1

Measured at a vertical exposure along the Rio
Grande River NW1/4, SWl/4, NE1/4, section 16,

T41N, RIW, Creede quadrangle.

Elevation Lithologic Sample
in Meters Uni t #

" Base of section is not exposed.

2657.9 siltstone 1
2658.5 siltstone 2
2660. 6 s1ltstone 3
2661.5 siltstone 4
2662.0 conglomer at e 5
2675.1 arenite 6
2678.9 conglomerate 7
2679.0 shale 8
2680.0 arenite 9
2680.1 shal e 10
2680.7 .arenite 11
2680. 8 siltstone 124
2685.1 ' tuff 12B
2688.5 tuff 12C
2692.3 conglomerate 13
2692.4 shale 14
2692.9 shale 15
2693.6 siltstone 164
2697.1 siltstone 16B
2699. 3, shale 17
2700.9 shale 18A
2704.3 shale 18B
2704.9 siltstone 19
2706. 4 conglomerate 20
2706.5 tuff 21
2708.2 conglomerate 22
2708. 6 shale 23
2710.2 areni te 24
2710.5 _ shale 25
2711.4 conglomerate 26
2711.8 arenite 24
2712.0 conglomerate 26
2712.6 sil tstone 27A
2714.7 siltstone 278
2716.9 shale 27¢C
2719.0 shale 27D
2721.0 shale 27E
2721.6 tuff 28A
2723.1 tuff 28B
2726.5 shale 28C
2728.3 shale 28D

Thi ckness
in Meters

0. 61
2.10
0.91
1.20
13.10
3.80
0.15
0.91
0.08
C. 66
0.15
4.27
3. 35
3.81
0.13
0. 46
Q.76
3.48
2.13
1.68
3.35
0.6l
1.52
0.10
1.68
0. 46
1.52
0. 30
0.91
0. 46
0.15
0.61
2.13
2.13
2.13
1.98
0.6l
1.52
3.35
1.83
0.6l



s S i AR T e

Page 76
2728.9 arenite 28E 0.6l
2729.5 conglomerate 29 0.30
2729.8 shale 30A 1.83
2731.7 sil tstone 30B 1.83
2733.5 arenite 30C 1.83
2735.3 siltstone 30D 1.83
2737.1 g1l tstone 31 1.83
2739.0 siltstone 32 2.13
2741.1 sil tstone 33 2.13
2743.2 top of column eroded.
¥y
COMPILATION CHART OF REFERENCE SECTION 2
Measured at a vertical exposure along the Rio
Grande River NW1/4, SElL/4, NW1l/4, section 10,
T41N, RIW, Creede quadrangle.
Elevation Lithologic Sanple Thickness
in Meters Unit # "in Meters
Base of section 1s not exposed.
2633.5 alluvium - 1.68
2635.2 conglonerate 1 0. 61
2635.8 arenite 2 0. 20
2636.0 conglomerate 1 0.20
2636.2 shale 3 0.15
2636.3 conglomerate 1 0.12
2636.5 siltstone 4 0.19
2636.7 conglomerate 1 0. 20
2636.9 siltstone 5 0.15
2637.0 conglomerate 6 0.37
2637.4 . shale 7 '0.05
2637.4 conglomerate 6 0.20
2637.6 shale 8 0.08
2637.7 conglcmerate 6 0.11
2637.8 shale 9 0.17
2638.0 arenite 10 0.21
2638.2 shale : 11 0. 62
2638.8 arenite 12 0.15
2639.0 shale 13 0.15
2639.1 limestone 14 0.06
2639.2 shale 15 0. 24
2639.4 limestone 14 0.10
2629.5 shale 16 2.80
2642.3 arenite 12 0. 05
2642.4 tuff 17 1.04
2643.4 arenite 12 0. 05
2643.5 shale 18 : 2.%0
2646. 4 arenite 12 0. 05
2646.4 shale 19 1.88




2648. 4
2649.2
2650. 3
2653.3
2654.6
2654.9
2656.8
2658.0
2659.1
2660. 7
2661.7
2662.3
2665. 6
2666. 2
2666. 5
2667. 3
2668. 6
2668.6
2669. 6
2669. 8
2670.7
2671.4
2671.5
2674.1
2675.8
2676. 4
2677.9
2678.5
2679.4
2681.9
2682.5
2685.5
2687.8
2689.0
2689. 5
2691.9
2694.8
2695.0
2700.5
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arenite
shale
arenite
shale
arenite
shale
conglomerate
arenite
conglomer ate
siltstone
conglomerate
siltstone
conglomer ate
siltstone
conglomerate
shale
conglomerate
shale
conglomerate
shale
shale
limestone
siltstone
arenite
shale
shale
tuff
shale
shale
conglomer ate
shale
conglomer ate
shale
conglcmerate
shale
shale
arenite
siltstone
top of column eroded.

20
21
20
22
20
23
24
25
24
26
24
27
28
29
28
30
28

kY
E s

28
32
33
34
35
36
374
37B
378BT
37C
37D
38
39
38
40
38
41 A
41 B
42
43

NMNOHNWONOOFOFENOOOOQOOH OO O WO H i -

.76
.07
. 00
.37

QWO

. 89
.22
.10
.52
.01
. 61
.30
. 66

. 82
30
05
. 98
.18
. 95
70
10
56
.66
. 61
.52
. 61
.91
.47
. 61
. 05
.29
.22
. 46
. 44
. 90
0.15
5. 49

.

30

.22
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COMPILATION CHART OF REFERENCE SECTION 3

Measured at an outcrop located at SEl /4, NW1l/4
SE1 /4, section 9, T41N, RIW, Creede quadrangle.

Elevation Lithologic Sampl e Thi ckness
in Meters Uni t # in Meters

T T o e o e e e o e e e e e e e e = e i e - — o ar it it e o o o e o e e e o o o oo

Base of section is not exposed.

‘2735.6 shale 1 1.68
"2737.3 arenite 2 0.10
2737.4 shale 3 1.68
2739.0 arenite - 4 1.68
2740.7 shale 5 1.68
2742.4 arenite 6 1.22
2743.6 shale 7 1.22
2744.8 siltstone 8 0.15
2745, 0 conglomer at e 9 0.15
2745.1 top of column not exposed.
COMPILATICN CHART OF REFERENCE SECTION 4

Measured at an outcrop located at NE1 /4, NWl1/4,

SEl /4, section 9, T41N, RIW, Creede cuadr angle.
Elevation Lithologic Sampl e Thi ckness
in Meters . Unit # in Meters

Base of section is not exposed. _

2773.7 shale 1 1.68
2775.4 shale 2 1.68
2777.0 tuff 3 0.91
2778.0 shale 4 1.68
2779.6 sil tstone 5 1.68
2781.3 siltstone 6 0.91
2782.2 tuff 7 0.6l
2782.8 siltstone 8 1.83
2784.7 siltstone 9 1.83
2786.5 tuff 10 1.52
2788.0 shale 11 1.52
2789.5 shale 12 J.83
2791.4 _ shale 13 2.44
2783.8 shale 14 1.83
2795.6 siltstone 15 1.83
2797.5 sil tstone 16 1.83
2799.3 shale 17 1.83
2801.1 shale 18 2.44
2803.6 shale 19 3.05
2806. 6 shale 20 - 2.13

2808.7 top of column eroded.
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SEMI -QUANTITATIVE MINERALOGICAL COMPOSITION OF LACUSTRINE
SEDIMENTS FROM THE CREEDE FORMATION, MINERAL COUNTY, COLORADO

Estimated from X-ray diffractometer patterns of bulk
samples: O, abundant, more than 50%; 0O, 10 to 50%; X,
trace to 10%; -, 1looked for, but not found.

Also locked for, but not found were: adularia,
celadonite, chabazite, erionite, mordeni te, and
phillipsite.

Reference Section 1

Sample
No. Glass Crstb Clay Clin Anlcm Gyp Qtz Cal Feld Biot Horn
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Sample '

No. Glass Crstb Clay Clin Anlcm Gyp Qtz Cal Feld Biot Horn
27D - - X - - - & - X x -
27E - - X - - - @ X X -
28A - - O o - - O - x X -
2 8B - - 0O 4] - - O - X X -
28C - - 0 0 - - @ - X X -
28D - - O 0] — - O - O X -
28E - x X Q - - O X X X X

29 - - - X - - X 0} 0 X -
30A - - X X - - o - X X -
30B - - o 0 - - ) - O X X
30¢ - - X X - - O - O X X
30D - - X 0 - - 0 - X X X

31 - - - X - - 8 X X -

32 - - X - - @ - x X -

33 - X X X - - O - X X -

Reference Section 2
Sample ,

No. Glass Crst Clay Clin Anlcm Gyp Qtz Cal Feld Biot Horn
1 - - X - - X 0 - O X X
2 - - X X - 0 X - O O X
3 - - X X - - (] - X X -
4 - - 6] O - O 0 - ) O =
5 - -~ 6] O - - O - O O X
6 - - X X - X O - O X -
7 - - X X - X e - X X X
8 - - X X ~ X 0o - 0 X X
9 - - X X - - 0 - X X -

10 - X - - 0 X 0 O O O X

11 - - X 0 - - 0 - X 0 X

12 - - - - 0 O O - 0] X X

13 - - X X - X L] - be bl -

14 - - - - X X 0 0 X X -

15 - - O O - X 0 - X X X

16 - = - X - - o - O X -

17 - - - x - 8} 2 - X x —

18 - - - - - X o - X X -

19 - - - - - X X o - - X

20 - -~ - X - X 0 0 0 X X

21 - - - X - - o - X X -

22 - - - X - - 9 X X -

23 - - - X - - o - X X X

24 - - - - 0o 0O 0o X o0 X . X

25 - - - - - X @ - 0 X e

26 - - - X - - @ - X pe -
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Sample
No. Glass Crst Clay Clin Anlcm Gyp Qtz Cal Feld Biot Horn
27 - - X X - -~ & - o) X -
28 - - - X - X o - 0 X X
29 - - ~ 0 - X 0o - o) X X
30 - - X X - - 0o - 0 X X
31 - - X X - X o - o X X
32 - - - X - X e - o) X X
33 - ~ - ~ - - & - X X -
« 34 - - X X - X 0 O & X -
35 - - X X - X %] - O X -
36 - - - - O 0 0] - @] X x
37A - - - - - - o - 0 X -
37B - - - - - X 0 0 X X -
3 7BT - - - X - - @ - X X -
37¢C - - - X - - 0 © X X -
37D - - X X - - 0 O X X -
38 ~ ~ X - - X 0o 0 0 X
39 - - — X - - e - 0 X -
40 - - - X ~ - o - 0 X -
417 - - - X - - ® 0 X X
41 B — - o} o - - 0o - o X X
42 - ~ - X - - 0 o 0 X X
43 - - - X - - e - o) X ~

Reference Section 3

Sample v
No. Glass Crstb Clay Clin Anlcm Gyp Qtz Cal Feld Biot Horn

o1 0 - X - - - ® - 0 X -
2 o - - - - - 0 - o) X -
3 0 - - - - - 53 - 0 X -
4 o) - - - - - 0 - o) X -
5 o - - - - - o] - 0 X -
6 0 - - - - - 0 - 0 X -
7 0 - X - - - 0 - 0 X -
8 0 - X - - - o 0 0 X -
2 0 - - - - - 0 - 0 X -
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Reference Section 4

COa00C000080000C00C0OQ0

Glass Crstb Clay Clin Anlam Gyp Qtz Cal Feld Biot Horn

AN ONDANCHNMITNOSN0NO
L B e e B B B o B e B B e B QN
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APPENDIX IIT

Accuracy.of Energy Dispersive Analysis

The following charts represent only
semi-quantitative abundances of the elements shown
above the peaks. This is primarily Dbecause of
instrumentation, but is also affected by the
irregular specimen surfaces and low absorption
cbefficients of the lighter elements (sodium,
magnesium, etc.). The gold and palladium peaks
present are due to the coating wused on the
specimens. The vertical axis represents counts
per second and the Thorizontal axis KeV. The
energy dispersive unit used in this study was

manufactured by Ortec.
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Reference

Al,04 Cca0
10.49 1.45
11.10 1.09
10.37 13.06

9. 85 1.24
10. 35 2.23
7.83 13.37
9.75 1.96
26 14.15

9, 54 1.09
00 14.11
9.66 3.88
39 1.13

8. 83 1.18
11.78 2.59
65 3.00

9. 63 1.57
10.75 1.95
10.05 1.53
10.51 6.84
11.66 1.46
12.07 2.51
20 2.88
11.25 15.51
12.71 3.10
58 1.71
11.24  1.57
8. 43 7.07
11.58 1.00
11.00 1.30
11.41 3.02
11.55 2.62
10.76 1.28
12.56 2.63
13.41 4,009
9.48 1.54
13.27 2.64
12.58 2.63

0.71
0.28
0.88

0.40

1.03
2.16
1.21
1.42
1.68
1.07

1.09°

1.27
1.04
1.24
1.52
1.27
1.06
1.38
1.23
1.14
0.77
1.02
1.31
0. 82
1.07
1.00
1.26
1.48
1.10
1.38
1.40
1.10
0.96
1.02
1.38

e e e e i e o e T T e e S

e i T o e o e e e S
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Reference Section 2 Chemistry

# Sio Al.O Cao K,O MgO TiO2 Fe203 NaZO DLFF

36 57.05 15.19 4.06 2.70 1.25 .638 -3.80° 3.59 11.72
'37A 70.12 - 7.74 1.45 4.24 0.63 .39 1.23 1.21 '10.9¢
378 74.59 - 5,52 14.55 3.45 0.15 .175 2.32 0.76 -1.52
37C 67.22 9.87 10.50 3.92. 1.12 .220 2.57 0.74 3.84
37D 71.18 8.46 -11.48 3.90 0.64 .260 .1.52 0.92 1.64

32 65.37 10.68 1.08 5.20 0.76 .428 0.65 0.99 14.84

40 62.78 10.18 1.78 4.00 1.18 .409 3.65 0.90 15.1%
- 41A 64.54 12.33 2.00 3.69 0.86 .429 1.15 0.94 14.0¢
41B 60.86 10.83 1.90 4.11 1.30 .466 2.43 0.74 17.3¢
42 64.53 12.71 13.00 2.78 0.92 .473 3.08 2.05 0. 4¢
43 63.57 10.82 1.39 4.8%F 0.87 .449 3.27 0.9 13.86
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Reference Section 3 Chemistry

# si0, Al,0;  Cad0  K,0 Mg0 Ti0. TFe o Na,O  DIFF

__.-...-_—._..-._.—...__._......._.,......_._.u.__.._._..._.._._....

68. 56 8.38 1.06 3.94 1.07 .503 1.70 0.70 14.09
-61.48 13.55 2.82 2.88 0.99 662 3.15 1.99 12.48
68.10 8.74 0.99 4.11 0.87 .544 2.15 0.85 13.65
59.35 13.78 2.13 13.12 1.11 .498 4.43 1.94 13.64
_ 9.41 1.92 4.19 0.73 .458 3.07 1.15 13.34
57.23 15.90 2.72 3.36 1.21 .59] 3.21 2.58 13,20
65.47 10.17 2.53 3.22 1.33".477“ 2.7 1.14 12.95
69. 01 8.47 7.16 4.60 0.71 .313° 1.87 0.67 7.20

_._....._-.._._._._...__.___...._._._..._..,._.._.—,...u__._.....___.____._.

OB U W
o))
wn
~J
W

Reference Section 4 Chemistry

# 8102 A1203 Cao KEO Mgo T102 F9203 NaQO DIFF

..._._——_...._........_._.__-.......___._._._..._..__....._-..-......_..._......._..._-.,____.m.,._u...__....__....._.__..—w_____“

1 66. 45 9.40 5.89 4.88 0.80 .364 2.44 0,78 2.02
2 66. 32 9.84 5.98 4,98 0.78 .358 2.31 o0.71 B.72
3 62.79 10.88 1.23 5.22 1.05 .473 2.56  0.70 15.10
4 64.59 10.09 1.28 4.63 1.11 ,473 2.72  0.74 14.37
5 63.44 10.30 1.97 5.26 1.05 402 2.90 0.64 14.04
6 64.26 9.85 1.18 4.27 1.09 . 465 3.19 0.78 14.97
7 64.19 10.84 0.97 4.55 0.96 497 2.52  0.81 14.67
8 65.54 9.87 0.97 4.72 0.96 .451 2.06 0.77 14.¢66
9 - 63.64 10.74 0.92 4.63 1.04 . 459 2.79 0.76 15.02
10 65.41 "10.88 0.90 4.63 0.98 448 1.08 0.76 14.0]
11 68.28 . 8.63 8.59 4.88 0.69 .288 2.61 0.59 5.44
12 66. 96 9.30 8.57 4.79 0.85 .315 2.83 0.66 5.73
13 66.27 8.71 2.06 4.74 0.87 .388 3.08 0:80 13.08
14 65.23 9.80 1.20 4.41 1.03 .449 3,07 0.78 14.03
15 63.83 10.47 1.s59 4.84 1.01 .416 3.01 0.70 14.13
16 68. 62 7.98 5.19 4,60 0.84 .317 2.36 0.58 9.51
17 65.25 9.53 2.27 5.00 0.81 .399 2.89 0.77 13.08
18 66.69 8.49 0.92 4.68 0.91 .381 3.02 0.71 14.20
19 65.78 8.99 1.09 4.68 0.80 .379 3.12 0.70 14.46
20 ©6. 35 8.72 1.03 4.e61 1.00 387 2.95 0.73 14.22
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Reference Section 2 Analcime-Rich Rocks Chemistry

P S1% M0 ©20 | K0 MO Ti0p Feply Nag®  PIFT
10 60.21 14.86 7.24 2.56 1.04 . 511 2.85 3.96 6.77
12 59.33 14.26 5.13 2.39 0.88 . 508 2.95 3.70 10.85
14  71.24 7.40 13.87 3.10 0.91 .175 1.59 1.3¢ 0.33
36 57.05 15.19 4.06 2.70 1.25 .638 3.80 3.59 11.72

Reference Section 1 Calcite-Rich Rockslchemistry

# sio, -A1203“ ) Ca0 K,0 Mgo ~_T_iog "53203 Na,0  DIFF

3 60.76 12.15 5.17 4.42 1.04 . 443 3.14 1.67 11.21
6B 70.96 7.83 13.37 3.69 0. 65 .336 1.60 1.10 0. 46
9 39.98 0.20 22.33 2.77 0.79 .319  2.68 2.25 28.68
11  40. 46 0.15 20.90 3.57 0. 80 .314 2.58 1.67 29.56
24 27.13 0.15 26.83 1.12 1.72  .340 3.38 1.55 37.78
27C 65.29 9. 56 7.39  4.32 0.73 .359  1.72 0.68 9.095

# S]'.O2 A1203 Cao KZO MqgO Ti02 FeZO3 Na20 DIFF
10 60.21 14.86 7.24 2.56 1.04 . 511 2.85 3.9 6.77
14 47.73 .7.73  18.20 2.70 1.06 .186 2.10 1.41 18.27
19 1.29 +0.12 43.04 -0.03 0.83 ~.055 0.09 -0.03 53.093
20 32.84 9.91 24.81 1.42 1.58 . 337 2.93 2.07 24.10
34 34.26 0.09 25.46  2.51 0.98 .207 1.80 0.68 34.01
37B 49.26 0.07 17.66 3.13° 0.41 .199 3.16 0.54 25.57
37C 67.22 9.87 10.50 3.92 1.12 . 220 2.57 0.74 3.84
37D 55.77 8.84 13.76 3.66 0.76 .269 1.8 0.79 14.31

42 41.59 13.55 19.76 2.49 1.30 . 530 4.30 2.79 13.69
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Reference‘Section 1 Clinoptilolite-Rich Rocks Chemistry

25
28A
 28B

28D
28E
308
30¢

A12033
8. 83
11.78
13.65
10.51
11.66
12.07

12,90

12.71
11.41

©11.55

12.56
13.41
13.27
12.58

Section

2 3

16.87
14.67
14.65
13.58
12.04
12.33

Cao

1l.18
2.59
3.00
6. 84

'1.46

2.51
2.88
3.10
3.02
2.62
2.63
4. 09
2.64
2.63

K,0
3.18
2.54
2. 60
3.09
3.92
2.95
2.66
2.41
2.41
2.66
3.15
2.64
2. 89
3.16

_____ 0 1%
1.21 .356
1.42 449
1.68 .485
1.04 " .306 "
1.24 . .498
1.52 .,441 -
1.27 .49 .
1.38 .517
0.82 .125
1.07 .200
1.26 .422
1.48 .s528
1.38 .422
1.40 .459

Fe 05

2 Clinoptilolite~Rich Rocks Chemistry

Cao

4.03
3.14
2.18
1.69
2.46
2.00

KQO
2.51
2.84
2.90
2.95
3.65
3.69

MgO Tio

gl L] 2_ e
2.87 .692
2.70 .471
2.72 .488
1.99 .406
1.48 424
0.86 .429

2 3
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Section 1 Gypsum-Rich Rocks Chemistry

S0 20 1p0 M0 Ti%p Fep0; Mej0  pIRE
1.45 4.17 1.10 .430 3.12 1.29 15.01
1.09 4.29 1.44 .468 4.01 1.34 15.98

12A

12C
16B
24

<443 3.14 1.67 11.21

1.24 3.72 1.32 .456 3.34 1.68 14.86
2.23 4.22 0.97 .471 3.21 1.2 13.61
13.37 3.69 0.65 .336 1.60 1.10 0.46
1.96 4.95 0.71 .416 2.03 1.41 14.94
22.33 2.77 0.79 .319 2.68 2.25 28.68
1.09 4.94 0.88 .474 2.72 1.2 14.93
20.90 3.57 0.80 .314 2.58 1.67 11.21
3.88 3.77 1.03 .418 3.13 1.15 11029
1.18 3.18 1.21 .35 2.79 2.1¢ 13.89
1.95 4.62 1.09 .475 2.95 1.47 14.11
15.51 1.52 1.06 .308 2.19 1.44 ~0.57

Reference
8102 A1203
62.94 10.49
60.28 '11.10
60.76 12.15
63.53 9.85
63.61 10.35
70.96 7.83
63.83 9.75
39.98 0.20
64,21 9.54
40.46 0.15
65.67 9.66
66.40° 8.83
62.59 10.75
67.29 11.25

. Reference
SiO2 Al2O3
51.86 16.87
54.95 14.67
58.04 13.28
59.33 14.26
55.924 13.58
64.13 10.15
61.32 12.04

3.12 2,67 1.82 .431 3.33 1.90 15.41
5.13 2.39 0.88 .508 2.95 3.70 10.853
1.69 2,95 1.99 _406 3.13 2.24 18.07
2.81 4.43 0.92 .369 2.07 1.45 313.67
2.46 3.65 1.48 .424 1.99 1.11 15.53
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Reference Section 1 Montmorillonite-Rich Rocks Chemistry

# SiO2 A1203 CaO K20 MgO TiO Fe 03 Na,0 DI

© 21 0. 62.33 12.07 2.51 2.95 1.52 .441 2.38 0.65 15.1!
. 24,27.13 0.15 26.83 1.12 1.72 .340 3.38 1.55 37.7¢
27A .61.49 11.58 1.71 4.10 1.23 .439 3.26 0.73 15.4¢
“27E  62.51 11.00 1.30 3.20 1.31 .510 2.90 0.74 15.87
'28A 67.36 11.41 3.02 2.41 0.82 .125 0.80 0.56 13.5¢
28B 65.01 11.55 2.62 2.66 1.07 .200 2.45 0.59 13.8¢
*28D 62.03 12.56 2.63 3.15 1.26 .422 2.95 0.83 14.1°
28E 61.12 13.41 4,09 2.64 1.48 .528 3.25 1.39 12.0¢
30A 66.75 9.48 1.54 3.59 1.10 .369 2.31 0.82 14.0¢«
'30B 62.16 13.27 2.64 2.89 1.38 .422 2.15 ©.79 14.3¢C
30Cc 61.30 12.58 2.63 3.16 1.40 .459 4.33 1.11 13.0:
30D 65.61 10.36 1.49 3.96 1.10 .393 2.05 0.94 14.1C

# Sio Al O CaO K,.O MgO TiO2 Fe203 NaZO DIFE

o et o . i R M M e o M At e i S S e o e s e e A i e M e v - —

41B 60.86 10.83 1.90 4.11 1.30 .466 2.43 0.74 17.3¢
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Reference Section 1 Arenite Chemistry

# 5102; A1203 Calo K2O MgO T102'Fe203 Na2O. DIFF

1.50 ~0.10
24 67.29 11.25 15,51 1.52 06 308 2.19 1.44 0.57
288 61.12  13.41 4.09 2.64 .48 .528 3.25 1.39 12.09
30C 61.30 12.58  2.63 3.16 1.40 .459 4.33 1.11 13.03
¥,
Reference Section 2 Arenite Chemistry
# Sio. Al.O ca0 K MgO TiO. Fe.O, Na,.0 DIFF

2 2°3 2

42 64.53 12.71 13.00 2.78 0.92 .473 3.08 2.05 0. 46

# §i0, Al,0, cao K,0  MgO0 TiO, Fe,0, Na,0 DIFF

—— — e P . o . o Yt m Tmn s o t i Mo mn m mk e fd f WP S S M et e A o o e T (b i A T o o M oo AT Ty e W e o

Bt




37A
37B
37¢C
37D

39

40
41A
41B

62.78
64.54
€0. 86

A1203
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'Reference Section 3 Shale Chemistry

e 4 ot e en . S e b Sp Smn AR L —— . .~ " - o o~ — b A ot i ian rnh o fah o d ok ke ek e e WA Tt A Lt Tt iR S e e (g

Reference Section 4 Shale Chemistry

. 0.

10.09 1.28 4.63 -1.11 .473 2.72
8.63 8.59 4.88 0.69 288 2.61
9.30 8.57 4.79 0.85 315 2.83
8.71 2.06 4.74 0.87 388 3.08
9.80 1.20 4.41 1.03 449 3.07
9.53 2.27 5.00 0.81 399 2.89
8.49 0.92 4.68 0.91 .381 3.02
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Reference Section 1 Siltstone Chemistry

— e ek it . s A i Sk i o i i it . e St it S o e ke o s Ykl e AR o Ml R bt T S S M RLin U [ i i e i L Rt Rt e it S b s

. T —— T " o —— (- Mot ol o o Pt T B i i S B i o o e ik o . S i S SR S AP M S MmN oo i, Mt Ay Y ST T TR Akl At MR Al L il o Y S D WY o e T e B

69.01 8.47 7.16 4.60 0.71 .313 1.87 0.67 7.20

WS S v i e Tt A sy et i S N it Py P TP S A A A Yok Al ot AL Sl i L B ALl Al Sl sy IS Wive s S S T it TS ki Sk ke S e ks S e A P S o e Mo S e S S i e S ot
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Reference Section 1 Tuff Chemistry

T T T S T e it i n M bl o e e e e e s e bl e e o . e e o e o e e o et e o e et e

T e e e e e e e e e e = et o h et e o o i ot ot e o e

17 72.37 10.05 1.29 3.82 0.67 .344 2.54 1.34 E
37T 70.96 12.24 1.07 4.78 0.97 .374 1.44 1.51 €

Reference Section 4 Chemistry

T T e ot e e e et e e e e it e ek e 1 - — s A e e o o o
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