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ABSTRACT
Y-1 penetrated an active hot-spring system to 215 feet (65.5 m), where the temperature
rvas 171"c. The core is sinter ro 12 feet (3.7 m), sandstone, conglomerate, and siltstone
composedof rhyolite detritus to 211 feet (64 3 m), and bedrock rhyolite.
Hydrothermal minerals replace obsidian and fill open spaces. original plagiocrase and
alkali feldspar are unaltered. clinoptilolite, mordenite, opa1,and relic a-cristobalite occur
in the less altered core. In the more intensely altered core analcime is the sole zeolite,
hydrothermal quartz is abundant, and a-cristobalite has been converted to cluartz. Montmorillonite and celadonite occur throughout most of the corel calcite, pyrite, muscovite,
kaolinite, erionite, and aegirine are sporadic. Hydrothermal alkali feldspar occurs in on1lr
one sample.
Associated hot-spring fluids are dilute, slightly alkaline, and contain mainly Na, Cl,
HCO3, and SiOz.
Major factors controlling formation of hyclrothermal minerals in y-1 are 1) nature of
starting material,2) elevated temperature, and 3) fluid composition. Parallel distribution
patterns of zeolites and silica species suggest that variation in Sioz activity is important.
Hydrothermal alteration in Y-1 has produced mineral assemblages similar to those
produced during low-temperature diagenesis of sedimentary rocks rich in volcanic detritus

INrnooucrtoN
This report describesthe core from Y-1, a diamond drill hole in Upper
GeyserBasin, YellowstoneNational Park. Y-1 is one of 13 researchdrill
holes completed by the U.S. Geological Survey in 1967 and 1968 in
Yellowstone Park. The drill collar is at an elevation o1 7294feeLon the
east side of the Black Sand loop road at Black Sand Basin, 40 feet at
S. 77' E. of a periodically dischargingspring known as Whistle Geyser
(Fig. 1). The hole is now filled with cementand capped.
Y-1 was spudded"Aprll 18, 1967and reacheda maximum clepthof 215
feet (65..5m) on April 24, 1967.Water was used as the circulating fluid.
Core diameter was 4.5 inches from 0 to 2l feet,2.36 inches from 21 to
100 feet, andl.72 inch from 100 to 215 feet. Core recovery was by wireline method and averaged84 percent.
The core,generallytaken in 5 or 10 f oot intervals,was loggedby Muffler
and D. E. White as soon as possibleafter acquisition. At this time approximatell' 25 percent of the core was selectedfor laboratory study.
1 Publication authorized by the
Director, U.S. Geological Survey.
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Frc. 1. Map showing locations of drill holes, Upper Geyser Basin. Y-1, Y-7, and Y-8
were drilled by the U.S. Geological Survey in 1967. C-l was drilled by the Carnegie Institution in 1929 (Fenner, 1936).

Selectedsamples either contained unusual features (e.g., veins, vugs,
contacts, textural relations) or were representative of an interval. Most
of the analytical data reported in this paper were determined from this
"skeleton" core; the bulk core was put in storage and referred to only
for detailed study of contact zones.
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Detailed optical and X-ray study of the skeletoncore was carried out
in the U.S. GeologicalSurvey Menlo Park laboratories.Sixty thin sections and over 400 X-ray diffractograms were studied. We wish to acknowledge the assistanceof Mrs. Terry E. C. Keith and Miss Chere
Barnett in theselaboratory studies.
Temperature data taken at the hole bottom as drilling progressedare
given on Figure 2. Profiles acquired in this manner closely approximate
predrilling ground temperature, whereas temperatures measured in the
open hole after completion may be very misleading (unpublished Yellowstone drilling data of D. E. White, R. O. Fournier, L. J. P. Muffier, and
A. H. Truesdell). Temperatures above the referenceboiling point curve
at depths greater than 125 feet on Figure 2 do not imply an absenceof
liquid waterl correction for water overpressureindicates that both water
and steam are present at these depths. Water overpressuremeasuredat
the wellhead reacheda maximum of approximately 31 psig.
Fluid samplesuncontaminated by drill water were not obtained before
the drill hole had to be pluggedby cement.Nearby springsof Black Sand
Basin, however, discharge near-neutral waters containing dominantly
Na, Cl, HCOe, and SiOz (Table 1). By analogy with other Yellowstone
drill holes from which we were able to collect fiuid samples, we expect
that deepsamplesfromY-1 wouldhaveshownthesamegeneralchemistry
as waters derived from nearby hot springs. The silica content given in
Table 1 indicates an underground reservoir temperature of approximately
200oC(Fournier and Rowe, 1966).
Y-1 is 4,630 feet west-northwestof the Upper Basin hole drilled to a
depth of 406 feet by the CarnegieInstitution in 1929(Fenner, 1936).The
Carnegiehole (C-1 on Fig. 1) penetrated the same glacial depositsand
rhyolite flow as Y-1 (seebelow) and reached a maximum temperature of
180'C. Alteration in C-1 was similar to that in Y-1 except f or the abundant adularia reported from C-1 but identified in only one specimenfrom
Y-1. We have not yet restudiedthe Carnegiecore,and shall not attempt
a detailedcomparisonwith Y-1.
Srne.ncnApuv
The depositional units penetrated by Y-l are shown in columnar section at the left of
Figure 2. The shallowest 12 feet is sinter-amorphous silica deposited on the ground surface by flowing thermal water. The sinter contains diatom tests, displays plant casts, and
shows textural features indicating the presence of algae at the time of deposition. Sinter is
currently being deposited throughout Black Sand Basin.
From 12 feet to approximately 207 feet the drill hole penetrated interbedded sandstone,
conglomerate, and siitstone that have been cemented by hydrothermal action' These rocks
comprise a unit locally termed "black sand," which occurs throughout most of Upper
Geyser Basin. Where unaltered and uncemented by hot-spring action, the unit is characterized by riearly spherical sand grains and gtanuies of black obsidian. The spherical
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Frc. 2. Distribution of fresh obsidian, devitrification a-cristobalite, and hydrothermal
alteration minerals in Y-1. Column on left shows generalized stratigraphic section penetrated by Y-l (see text). Horizontal lines at right indicate samples selected for skeleton
core and studied in detail; the four solid bars indicate intervais studied in too much detail
to show individual sampies. Width of the mineral columns is an estimate of relative
abundance based on X-ray difiraction data. Interpolation between data points assumes
linear variation in abundance except when a mineral abundance goes to zero, in which
case the zero point is arbitrarily put no more than one foot from the last occurrence. The
dashed line connects data points of bottom-hole temperatures. Boiling point curve is for
pure water ever)'where at boiling, assumiirg water level at the surface (7,294 feet) and no
water overDressure.
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Taslr 1. Cnrurcel Ax,rr-vsrsor Spoumn Gnvsrn, 425 Fprr N. 53' W. or Y-1
ppm
SiOr
AI
Fe
Ca
Mg
Na
K
Li
HCO:
CO:
SOr
cl
F
B
Total

313
q

1
1
1
425
20
3.3
+54
18
312
35
3.6
1662

Sample taken September, 1962 Analyst: J. J Rowe. Boron value on sample taken
September, 1961. Silica value determined in field September, 1961 by R. O. Fournier.
Temperature of geyser,92"C, pH:8 8.
shapes are due to the result of hydration fractures in the glass. Pebbles and cobbles in the
gravei layers are varicolored lithoidal rhyolite having a devitrified groundmass composed
of alkali feldspar and silica (a-cristobalite or quartz) Sporadic cavities in the lithoidal
rhyolite contain crystals of tridymite and alkali feldspar which were deposited from vapor
during cooling of the rhyolite flow from which the clasts were derived. Quartz, sanidine
(approximately Ab56Or5e),minor andesine, and sporadic clinopyroxene occur as phenocrysts in the obsidian and lithoidal rhyolite and as detrital grains derived from phenocrysts.
Bedding throughout the sedimentary rocks in Y-l is conspicuous except in the thicker
conglomerate beds. Dips commonly are less than 10' but locally range up to 30". Cross
beds and graded beds are common, and several pieces of core display contorted zones that
may represent slumping before induration. The siltstone and sandstones, particularly in
the interval from 70 to 110 feet, display fractures that offset bedding as much as several
centimeters. These fractures commoniy are healed by hydrothermal cementation, but
some larger ones have central void space up to 2 mm measured perpendicular to the fracture. Core from 70 to 90 feet has two apparently conjugate sets of fractures; the steep set
has reverse offset, and the shallow set, normal ofiset.
These sedimentary rocks probably rvere deposited as outwash sediments during the
waning stages of early Pinedale Glaciation (H. Waldrop, pers. commun., 1969). Using the
correlation chart given as Table 2 of Richmond (1965), the early Pinedale Glaciation took
place approximately 20,000 to 25,000 years B. P. The obsidian detritus that makes up the
bulk of these sediments probably was derived from the obsidian-rich flow just west of Upper
Geyser Basin. This flow has not been dated, but stratigraphic correlation with other flows
that have been dated suggests eruption approximately 100,000 years ago (R L. Christiansen, pers. commun., 1969)
At a depth of 2A7 feet in Y-1 the sedimentary section passes gradationally downward
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into a coarse colluvial (?) breccia and thence at 2ll feet into a rhyolite flow cha.racterized
by abundant phenocrysts of corroded andesine. K-r\r dating of this flow by J. D. Obradovich (R. L. Christiansen, 1969,pers. commun.) gives an age of 525,000years.

Hydrothermal alteration. The rocks encountered in Y-1 have been markedly affected by interaction with hot water. Except at the shallowest
levels,the rhyolite obsidianhas beenconvertedto zeolites,clay minerals,
and silica. These hydrothermal minerals are also abundant in open
spacesand as fracture fillings.
Sanidine and plagioclase phenocr.vstsare sharply bounded and unaltered (Fig. 3), with only one exception(100feet). In somesampleseven

Frc. 3. Photomicrograph of Y1-125, showing unaltered crystal of microperthitic
sanidine surrounded by clinoptiiolite that replaces obsidian clasts and filis intergranular
space. Crossed polars.

remnants of the sporadicclinopyroxenephenocrystscan be detected,but
these clearly have been partly converted to clay minerals.
The lithoidal rhyolite fragments also show little hydrothermal alteration. Many clasts display a plumose fine intergrowth of alkali feldspar
and a-cristobalite, both of which are products of devitrification during
cooling of the flow material from which the clasts were derived. In the
more intensely altered zones of Y-1, however, this a-cristobablite has
crystallized to quartz, with preservation of the plumose texture. The
correlation of these quartz-bearing lithoidal clasts with the analcimerich intenselyalteredzonesof Y-1 indicatesthat the qtartz is a recrystallization product and not an original devitrification product. The alkali
feldspar in these devitrified rocks shows no microscopic indication of
hydrothermal alteration, but its chemical compositionhas not been investisated.
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The distribution of obsidian,devitrification a-cristobalite,and hydrothermal minerals in Y-l is shown on Figure 2 as a function of depth.
Phenocryst minerals and devitrification alkali feldspar are present in all
samplesdeeperthan 12 feet and are not shown.
The shallowest 12 feet of Y-1 is opaline sinter. Opal also occurs as
secondaryfilling of voids and fractures in the initially very porous sinter.
The contact betweenthe sinter and the underlying conglomeratewas not
recoveredin the core, but it was marked by a changein color of return
water from white to dark gray at12Ieet.
From 12 feet to approximately 30 feet, the core is a sporadically indurated gravel rich in sand grains and granulesof black obsidian. Opal

Frc. 4. Photomicrograph of Y1-19, shorving spherical habit of opal. Plane light.

occurs primarily as transparent, vitreous crusts lining intergranular cavities and cementingthe clasts.The habit is commonly botryoidal, and in
somesamplesopal occursas minute spheres(Fig. a). Refractive index of
the opal rangesfrom 1.43to 1.45,and X-ray diffractogramsshow a broad
maximum from 19oto 25" 20c..Somesamplesshow partial crystallization
to B-cristobalite,which is detected by a broad X-ray peak at approximately 2t.8" 20c.. We interpret this B-cristobaliteto have beenproduced
by solid-statecrystallization of initial opal depositedby the hot water,
but the possibility of direct crystallization from the hydrothermal solutions can not be excluded. Vitreous opal also occurs at 14 ieet as a thin
coating on a gently dipping irregular fracture. A white clay-like material
along this fracture alsoproved to be opal.
Other hydrothermal mineralsoccur only in trace amounts in this zone.
Celadonite, montmorillonite, and traces of kaolinite occur as thin films
between clasts and the opal cement and along hydration cracks in the
obsidian.Minute cubesof pyrite are depositedon opal at 26.5 feet. The
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only zeolite detected in this zone is erionite, which occurs sporadically
with montmorillonite and opal at 23.5 feet. To our knowledgethis is the
first reportedoccurrenceof erionitein a hot-springsystem,
A major alteration boundary occursat approximately 30 feet, but the
contact relations are unknown owing to the recovery of only 0.3 feet of
core between27.5 and 30.5feet depth. Frorn 30 to 66.5feet the core consists of conglomerate,sandstone,and minor siltstone that are generally
light grayish-green.With the exceptionof the core at42 and 52.5 feet,

Frc. 5. Photomicrograph of Y1-61.5, shorving relict perlite cracks marked by montmorillonite in fragments of obsidian that have been completely replaced by clinoptilolite.
Clinoptilolite and botryoidal celadonite also occur in intergranular space. Plane light.

fresh obsidian is absent, having been altered mainly to clinoptilolite.
Mordenite occurs in open spacesat 31.5 and 34 feet, and is common at
depths greaterthan 50 feet. Erionite was detectedin trace amounts at 36
and 55.5 feet. Both celadoniteand montmorillonite are common. Opal
and B-cristobalite are abundant in the shallow parts but they were not
detected below 52.5 feet. Calcite occurs in intergranular cavities at 36
and 36.5 feet, and qvartz occurs in fissuresand vugs with B-cristobalite
from 36 to 39.5 feet.
Clinoptilolite, the characteristic alteration mineral of this zone, occurs
as replacementof obsidian, as lining of intergranular cavities (Fig.5),
and in fractures. Where growing in open spaces,the clinoptilolite occurs
as stubby, euhedralcristals 0.02 to 0.10 mm in sizethat haveamegascopic saccharoidalaspect.Clinoptilolite that replacesobsidian has a fibrous
habit. Obsidian clasts replaced by clinoptilolite retain the relict perlitic
structure as outlined by montmorillonite andf or celadonite (Fig. 5).
The grayish green color of this zone is due primarily to celadonite.In
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thin section this meneral is a brilliant green. It occurs along relict hydration cracks,in pumice vesiclesand as botryoidal growths extendinginto
the intergranular void space (Fig. 5). Some relict obsidian clasts are
brown.
The pattern of alteration to a mineral associationdominated by clinoptilolite is interrupted by two bands of analcime-richrock at 66.5-66.9
feet and 67.35-68.05feet. Clinoptilolite andmordeniteare absentin these
zones. The sole zeolite is analcime, which is associated with abundant
hydrothermal quartz. a-cristobalite could not be detected in the analcime-bearing layers or in clinoptilolite-bearing rocks within approximately 3 inches of the analcime-bearinglayers. Celadoniteis persistent
throughout the interval, but montmorillonite is absent or present only
in trace amounts from 58 to 78 feet.
Boundaries of the analcime-bearingIayers are parallel to bedding in
the sandstonesbut irregular and only rudely parallel to bedding in the
conglomerates.There are no fractures in the rock and no major primary
lithologic breaks that could have Iocalizedthe boundaries.Contacts in
hand specimenare marked by a sharp line betweengray-greenclinoptilolite-bearing rock and dark-green analcime-bearing rock. In thin section,
however, analcime occurs on the clinoptilolite side of the boundary, decreasingin abundancerapidly away from the contact.
The analcime occurs as isotropic crystals 0.1 to 0.2 mm in diameter
that sporadically show 6-sidedform. Where analcime replacesvolcanic
fragments, the original perlitic texture of the hydrated obsidian is obIiterated. Analcime also occurs in intergranular cavities. Hydrothermal
quartz occurs as lozengesor prisms 15X30 microns enclosedby or surrounding analcime.
The interval from 68.05to 111 feet consistsof sandstoneand siltstone
with only a few conglomeratebeds.Clinoptilolitereplacing obsidian clasts
and lining intergranularcavities is again the dominant alteration mineral.
Cottony mordenite is common in openspaces.Celadoniteoccursthroughout the interval whereasmontmorillonite is sporadic. All samplesstudied
contain a-cristobalite.
Complexly banded, steeply dipping fracture fillings up to 5 mm thick
occur at 79 feet and from 108 feet to 110 feet. Thesefracture fillings display symmetrical bounding zones0.4 to 2.0 mm thick that are composed
entirely of clinoptilolite. Banding parallel to the fracture margins (Fig. 6)
is causedby variation in grain sizefrom 0.005 mm to 0.5 mm. The larger
crystals of clinoptilolite are oriented perpendicular to the banding or form
clustersradiating outward towards the center of the fracture (Fig. 7).
The central parts of the fracture fillings are texturally complex mixtures
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Frc. 6. Photomicrograph of Y1-109, showing edge of fracture filled with clinoptilolite
(cpt), chalcedony (ch), pyrite (py), and montmorillonite (m). Matrix at left is a finegrained sandstone rich in clinoptilolite and mordenite. Banding in clinoptilolite zone is due
to variation in grain size. Plane light.

of montmorillonite, chalcedony (Fig. 6), mordenite, pyrite, analcime,
and open space. Analcime crystals locally coalesceto monomineralic
bands up to 0.8 mm thick (Fig. 7).
Other fractures do not contain analcime. At 81 feet a fracture 8 mm
wide is lined with chalcedonyupon which was depositedmordenite and
montmorillonite; the central part of the fracture is void space.Steeply
dipping, irregular fractures coated with montmorillonite occur at 89.5

Frc. 7. Photomicrograph of Y1-79, showing radiating sheavesof clinoptilolite (cpt) overgrown by analcime (o) at edge of fracture filling. Partly crossed polars.
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and 91 feet, and at 89 feet there is a fracture filling of pure chalcedony
0.5 mm thick. At 86.5feet a thin fracture dipping 20ois lined with pyrite,
montmorillonite, and traces of gypsum. The available experimental data
(Holland, 1967, p.418-419) indicate that anhydrite should be the stable
calcium sulfate at temperatures greater than 57oC. Inasmuch as the
temperaturein Y-1 at 86.5f eet is about 129'C (Fig. 2) this gypsum either
was formed metastably or was producedsubsequentto drilling by oxidation of pyrite.
The drill core at 100 feet is a sandstonethat contains a singlerhyolite
cobble 5 cm in diameter. This cobble has a light-gray to violet central

Frc. 8. Photograph of Y1-100, showing rhyolite cobble in fine-grained sandstone rich in
clinoptilolite. White alteration rim is dominantly potassium-rich hydrothermal alkali feldspar.

p a r t s u r r o u n d e db y a b l e a c h e dr i m 1 t o 1 0 m m i n t h i c k n e s s( F i g . 8 ) .
This rim is difficult to explain other than as a reaction rim caused by
hydrothermal alteration after the cobble was incorporated in the sandstone.
The sandstonecontains the usual clinoptilolite-mordenite-celadonitemontmorillonite mineral association,and the constituent grains of detrital feldsparare, as usual,unaltered.The cobble,however,is unique in Y-1
for its bewildering variety of alteration minerals and their enigmatic
textural relations.
Sanidinephenocrystsboth in the centralpart of the cobble and in the
rim are veined and partly altered to clino.p.tilolite.Other feldspar phenocrysts in the central part of the cobbleare completelyreplacedby clinoptilolite, kaolinite, and muscovite(?).Quartz phenocrystsare unaltered.
The groundmassof the central part of the cobble is a murky aggregateof
tridymite, clinoptilolite, kaolinite, analcime, mordenite, quartz, and alkali
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feldspar; the tridymite commonly occursin nests and is most probably
relic from high-temperaturevapor-phasecrystallization.The rim of the
cobble, on the other hand, has an aphanitic groundmassmade up of
dominant K-feldspar, subordinate clinoptilolite and quartz, and minor
mordenite and analcime.Interpretation of X-ray diffraction powder data
(Table 2) using Figure 1 of Wright and Stewart (1968) indicates this
K-feldspar to be essentiallypure potassium end member and of highsanidinestructural state. This high K content contrastsstrikingly with
the intermediate compositions of the phenocrysts and devitrification
alkali feldspars of the Yellowstone rhvolit.es and suggestsformation or
recrystallizationat hydrothermal temperaturesrather than vapor-phase
or devitrification temperatures(y'. solvusof Orville, 1963,Fig. 9).
Tenr,t 2. Cerr, Pnnnnrrrns op MoNoclrNrc K IirllspLn
lnou Rrn or CossrE rN Y1-100

a : 8 . 5 9 4 +. 0 0 2 A
9
b: t3.023+.00.55
A
c : 7 . 1 7 8 + . 0 0A
28
v :72r 36 L3
a:116"7.O',
Total standard erors:
Lines used: 17

.026"20

Values are calculated from X-ray diffractometer data using a computer program
modified from Evans, Appleman and Handwerker (1963).

Possibleexplanationsfor this cobble are speculative.Perhaps,as suggestedby A. J. Gude, 3rd (written comm., 1969),the cobble was altered
to zeolitesbeforeit was incorporatedinto the early Pinedalegravels,and
the K-feldspar-rich rim resulted from further reaction with the hydrothermal fluids at the Y-1 site.
In contrast to most other alteration boundariesin Y-1, the contact at
111f eet is along a fracture. This fracture dips approximately 80o,and its
walls are 6 mm apart. It is filled with analcime,chalcedony,montmorilIonite, pyrite, muscovite,celadonite,and mordenite,but no clinoptilolite.
Complex banding within the fracture is producedby modal variations in
the filling material, and there is void space about 1 mm acrossat the
center. The sandstoneof the hanging wall is greenishgray, soft, and contains abundant clinoptilolite and mordenite but only sporadicanalcime.
Tbe rock of the footwall, on the other hand, is a medium gray, tough sandstone rich in analcime and hvdrothermal quartz. with no clinoptilolite
or mordenite.
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Frc 9. Photomicrograph of Y1-111, showing relict perlite cracks marked by montmorillonite (m) in obsidian fragments completely aitered to analcime (a) and quartz
(q) Partly crossed polars.

The dominant alteration assemblagefrom 111 to 125 feet is analcrmeqraftz. The quartz occursboth as interlocking crystals averaging0.03 mm
surrounding euhedral analcime crystals (Fig. 9), and as lozenge-shaped
crystals0.01-0.05mm enclosedin analcime (Fig. 10). Although many of
these tiny crystals have a habit similar to that of adularia, extinction is
always parallel to the long axis and sporadic hexagonalcross sections
give uniaxial positive figures.Beam scanson an electronmicroprobe by
M. H. Beesonshowedthat thesecrystalsin corefrom 117feet contain no
A1, K, or Na, thus confirmingthe identificationas quartz. The recrl-stal-

Frc. 10. Photomicrographof Y1-125.0,showing mordenite (md), quartz (q), and
analcime(a) in an intergranularcavity lined u'ith clinoptilolite (cpt). Clasts are obsidian
replacedb1' clinoptilolite. Planelight.
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lization to analcime-qrartz partly or wholly obliteratesthe relic perlite
s t r u c t u r e( F i g . 9 ) .
a-cristobalite is absent in this zone. Fragments of lithoidal rhyolite
display the characteristic plumose structure but are composed of alkali
feldspar and quartz.
At 116 feet the drill core displaysa mass about 4X5 cm that consists
of relict obsidian clasts altered to nearly pure muscovite in a matrix of
quartz and muscovite.The top of the massshowsrude control by a bedding plane, but the other margins of the mass show no apparent lithologic or structural control. Plagioclaseand sanidinephenocryststhroughout both the muscovile-bearingmassand the analcime-bearingremainder
of the sample are microscopicallyunaltered. Comparison of X-ray diffraction data with that given by Yoder and Eugster (1955)suggeststhat
this muscovitehas the 1M structure.
The lower contact of the analcime-quartzzone at 125.0feet is a sharp
boundary dipping about 15o.As is the casefor the contacts in the 66-69
foot interval, the boundary is not controlled by any fracture or primary
lithologic discontinuity. In the rock just above the 125.0 foot contact,
analcime occursboth as open-spacefilling and replacementof obsidian.
Analcime persistsfor 2 inchesinto the clinoptilolite-bearingrock below,
but only as open-spacefilling (Fig. 10). The first inch below the contact
is exceptionallyrich in mordenite.
The core from 125.0to 171.85feet is pervasively altered to clinoptilolite, mordenite, celadonite,and montmorillonite. The textural relations
are similar to those in the clinoptilolite-bearingcore at shallowerdepths.
Mordenite is abundant, primarily as thin fibres in intergranular cavities
( F i g .1 1 ) .

Frc. 11 Photomicrograph of Y1-161 1/2, shou'ing clusters of radiating clinoptilolite
crystals (cpt) at edge of an intergranular cavity containing wisps of mordenite (md). At
bottom is matrlr material composed primarily of clinoptilolite. Plane light
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Frc. 12 PhotographotYl-202.9,
showing bladed calcite (cc) in vuggy, leached conglomerate. Cavities contain a netrvork of analcime and cuartz crystals.

Analcime does occur at 128.5feet in the conglomeratenear a 2 mm
thick fracture filling composed of chalcedony, analcime, celadonite,
pyrite, and mordenite. Analcime also occurs at depths greater than 150
feet primarily as fillings of intergranular cavities, but also as euhedrai
crystals in relict obsidian clasts. Secondary qua"rtz,however, is present
only in trace amounts, and a-cristobalitepersistsin many samples.
The lower contact of this clinoptilolite-bearingzone is again quite
abrupt. The contact is at a depositionalboundary between light-greenish-gray sandstoneabove and medium-greensiltstone and sandstonebeIow. The hydrothermal minerals immediately above the contact are
dominant clinoptilolile, subordinate analcime, and minor mordenite,
montmorillonite, and celadonite;a-cristobaliteis alsopresent.The hydrothermal minerals immediately below the contact are dominant analcime
and quartz, with minor mordenite, montmorillonite, and celadonite.No
clinoptilolite was detected in any samples from depths greater than
171.85feet, and no a-cristobalitefrom 171.85to 207 feet (Fig. 2).
The core from 171.85to 205.0 feet is the most intensely altered core
of Y-1. Analcime and hydrothermal quartz are abundant. Celadonite
and montmorillonite are present in minor amounts throughout. Clinoptilolite is completelyabsent,and mordenite is presentonly to approximately 175 feet. Calcite becomesconspicuousbelow 177 feet as thin,
bladed crystals up to 3 cm acrossthat are intergrown with analcimeand
quartz in vugs (Fig. 12). Lt193-194 feet these calcite crystals have been
replacedby chalcedonicquartz.
The core at depths greater than 187 feeLis entirely conglomerateand
is exceedinglyvuggy (Fig. 12). Many of these vugs represent original
obsidian clasts that have been leachedout by hydrothermal fluids. The
original perlitic texture of these relic obsidian grains has been completely-
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Frc. 13. Photomicrograph of Yl-204.7, showing hydrothermal aegirine (Ac) growing with
montmorillonite (m) on hydrothermal analcime (a). Plane light. (v) void space.

obliterated by the hydrothermal alteration. Characteristically,the vugs
are lined with euhedralanalcimecrystalsabout 0.1-0.25mm across.
From 204.7to 205.0 feet, at the bottom of this intenselyaltered interval, spectaculareuhedralcrystals of aegirineoccur in the analcime-lined
cavities. These crystals, up to 0.15 mm long, radiate from individual
analcimecrystals (Fig. 13) and thus must have been formed subsequent
to the analcimeand in a hydrothermal environment. To our knowledge
this is the first known occurrenceof aegirinein a hot-spring system. It
should be noted, however, that aegirine has been described as a constituent of scalelining steam boilers down to temperaturesbelow 200oC
(Kirsch, 1967, p. 307-309).
The alteration pattern changesabruptly at 205.0feet. The rock is no
longer vuggy but is a dark-green,tough conglomeratethat gradesdownward through a colluvial(?) breccia into bedrock rhyolite. Analcime
occursonly in trace quantities below 205 feet, whereasmordenite is present, commonly in veins with chalcedonyand subordinatemontmorillonite and celadonite(Fig. 1a). The mordenite-chalcedonyassociationwas
nowheredetected at shallower depths. lVlontmorillonite and celadonite
are sporadic.Bladed calcite doesnot occur below 205.2Ieet, but quartz
pseudomorphsafter bladed calcite were noted at 2O7.0-207.5and 208.3209.3feet. A single specimenfrom approximately 207 f.eet(part of a redrilled interval) displaysa vein 7 mm thick consistingof calcite, chalcedony, and mordenite.a-cristobalitewas detectedsporadicallyfrom 205.0
to 2ll feet, and is abundant in the rhyolite bedrockfrom 211 to 215 feet.
The bedrock rhyolite flow from 2ll to 215 feet and the fragments derived from this flow that were incorporatedinto the overlying colluvial(?)
breccia and conglomeratesdisplay a number of features that are found
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Frc. 14. Photomicrograph ol Yl-207, showing mordenite (md) fibers and chalcedony
(ch) at edge of fracture filling. Rock at left consists of igneous crystal fragments in a matrix
of mordenite, quartz, montmorillonite, and a trace of analcime. Plane light.

nowhere elsein Y-1. We interpret many of thesefeaturesas having been
formed during the cooling of this flow and probably not related to the
p r e s e n th y d r o t h e r m a lr e g i m e .
This rhyolite flow has phenocryst mineralogy that is unique among
Yellowstone flows (R. L. Christiansen,oral commun., 1968). Instead of
containing abundant phenocrysts of quartz and sanidine with minor
pyroxene and virtually no plagioclase,it contains dominant plagioclase
phenocrysts,minor qvartz and pyroxene, and little or no sanidine.The
phenocrysts are conspicuouslyglomeropcrphyritic, and the plagioclase
(andesine)phenocry'stsare corroded and embayed. These embayments
are commonly filled with groundmass material (alkali feldspar, qrrartz,
and a-cristobalite)or with homogeneousalkali feldspar.Texturally similar alkali feldsparoccursin outcropsaway from the hot spring areasand
is thus interpreted as a phenomenonof the cooling history of the flow.
Alkali feldspar is also present as lath-shapedcrystals in cavities; these
are interpreted as the product of high-temperaturevapor-phasecrystalIization during cooling of the flow.
Hematite is abundant in this rhyolitic flow rock, mainly as earthy red
material disseminatedthroughout the devitrified groundmass.Hematite
also occurswith some greento brown biotitic(?) material along cleavage
of plagioclasephenocrystsand in crackscutting acrossthesephenocrysts.
Chlorite is detectedin small quantities on X-ray diffractogramsfrom
205 to 212 f eet, and the X-ray data suggesta complementaryabundance
pattern between chlorite and montmorillonite andf or celadonite.The
chlorite was not readily identifiablein thin section,but it probably occurs
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primarily as the alteration product of pyroxene phenocrysts,along with
15 A montmorillonite and biotitic material. The pyroxene phenocrl.sts
do not display the replacementby celadonite that was observedcommonly in the sediments.
It is uncertain whether the hematite and the chlorite are products of
the presenthydrothermal regime or are relicts f rom earlier deutericalteration during coolingof the flow.
Hydrothermal quartz, however,is abundant in this flow rock as microcrystallinesubhedralcrystalslining or filling cavities,into many of which
project vapor-phasealkali feldspar crystals. Many of these alkali feldspar crystalsare unaltered.Other crystal forms, however,are completely
replaced by quartz; the psuedomorphsare outlined by red hematitic
material. Someof thesepseudomorphsdisplay the habit of tridymite, but
the majority are identical in crystal form to the vapor-phasealkali feldspar crystals and appear to be replacementsof alkali f eldsparby hydrothermal quartz.
Drscussrox
Detailed discussionof the factors that control hydrothermal mineral
assemblages
is premature at this time and will be deferred until completion of the work in progresson core from the other 12 drill holes in Yellowstone. However, the distribution of hirdrothermal minerals in Y-1
points to the importance of threefactors: 1) nature of the starting material, 2) elevatedtemperature,and 3) fluid composition.
The composition and physical state of the starting malerial is obviously important in determining whether or not a hydrothermal mineral
assemblagecan be formed. Obsidian is readily altered, whereaslithoidal
rhyolite of essentiallyidentical compositionshowsfew effectsother than
recrystallization of a-cristobalite to quartz. Likewise, feldspar phenocrysts are resistant to alteration in all but a few samples,and even the
pyroxene crystals persist with only partial destruction.Accordingly, the
hydrothermal mineral distribution in Y-1 reflectsprimarily the alteration
of obsidian, augmented by deposition of h1'drothermal minerals in open
spaces.This distribution is not due to variation in original composition
of the obsidian with depth, particularly consideringthe mechanicalmixing and homogenizationthat took place in the erosionaland depositional
processes.
Elevated temperature was a major factor in the production of alteration mineralsin Y-1. Similar sedimentand rock in areasof Yellowstone
Park affectedonly by cold water display none of the alteration featuresof
Y-1. Furthermore, throughout the Park both in outcrop and in drill core
the amount of alteration correlatesrudel\. with relative nearnessto hot-
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spring areas.Accordingly, the alteration featuresof Y-1 could not have
been produced by cold ground water prior to establishmentof the hotspring system.
In Y-1, elevated temperatures clearly were of major importance in
hastening the crystalliza"tion of hydrothermal minerals frorn obsidian
glass,as shown by the nearly complete replacementof obsidian at temperaturesabove 85oC (Fig. 2). Temperature dependenceis alsoshown by
the restriction of opal to temperaturesbelow 104oC,and possiblyby the
restriction of erionite to temperaturesbelow about 110"C. Other aspects
of mineral distribution in Y-1, however,do not correlatewith measured
ground temperature.Neither the associationof clinoptilolite,mordenite,
and a-cristobalite nor the association of analcime and qtartz is characteristic of a specific temperature interval, and there is no consistent successionof mineral assemblageswith increasing depth and temperature.
The chemical composition of the interstitial fluid may well be the most
significant variable controlling the mineral assemblages.In many samples
the same mineral assemblageoccurs replacing obsidian and filling voids.
Were this identity due to local uniform temperature, the variations in
mineral associationsshould correlate with temperature, which they do
not. Furthermore, the sharp alteration boundaries between the clinoptilolite-bearingrock and the analcime-bearingrock (p.1722,1727, and
p. 1728)cannot be explainedby temperaturevariation but could be due
to abrupt variation in fluid composition. Such variation can be causedby
rock-water interaction, variation in rate of fluid flow, varying rates of
precipitationfrom solution,and other kinetic factors.The supersaturated
state of the discharginghot-spring waters with respectto a-cristobalite
and quartz suggeststhat the potential for variation of SiOz content in
responseto the above factors is particularly great.
Comparison of opal distribution in Y-1 with data from solubility experiments (Fournier and Rowe, 1966) indicates that silica solubility is
indeed an importantfactor in the interpretation of Y-1. At a silica content of 313 ppm ({rom Table 1), water should be super-saturatedwith
respectto amorphous silica at temperaturesbelow 93oC (Fournier and
Rowe, 1966, Fig. 3). In Y-1, hydrothermal opal is found to a depth of
52.5 feet, correspondingto a temperature of approximately 104"C. This
discrepancymay be due to shifting of the saturation curve to higher
temperaturesowing to the presenceof B-cristobalitein the natural opal
phase.l
The a-cristobalite of Figure 2 is not a hydrothermal product but is
I This explanation is supported by unpublished solubility data of R. O. l'ournier on a
natural mixture of opal and p-cristobalite.
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relic from high-temperature crystallization in the flow from which the
rhyolite detritus was derived. Inasmuch as qrartz is the stable phaseat
the temperatures and pressuresof hydrothermal systems, one might
expect a-cristobaliteto convert to quartz and the rate of conversionto
increasewith temperature. Figure 2 shov'sthat a-cristobalitedoes convert to qvartz, but does not suggesta simple temperature dependence.
Temperaturesof 117oC(or lower) appear to be sufficientto allow recrystallization of a-cristobalite to quartz, but the conversion does not occur
uniformly at higher temperatures.At 117"C the saturation point ior ac r i s t o b a l i t ei s o n l y 1 6 5 p p m S i O z ( F o u r n i e r a n d R o w e , 1 9 6 6 , F i g . 3 ) ,
about half the SiOzcontent of surfacehot-spring water (Table 1). However, hot-spring water expelled at the surface is water that moved
rapidly through the hydrothermal system. Perhaps interstitial water in
various parts of the system either moves through much more slowly or
is involved in local complex circulation or convection patterns. Loss of
silica to the rocks by depositionof quartz would decreasethe silica content of the fluid to below the a-cristobalitesaturation curve. Under this
interpretation, such parts of the h1-drothermal system would correspond
to the quartz-richzones.
One cannot, however, considerthe depositionof SiOzsolely in terms
of the silica species.Perhaps the most striking f eature of Figure 2 is the
parallel distribution patterns of the silica minerals and the zeolites.In
general,a-cristobalite,mordenite, and clinoptilolite occur together but
do not occur with the quartz-analcimeassemblage.From these patterns
we inf er that silicaconcentrationsare important in controlling the zeolite
assemblages
as well as the silica minerals. Clinoptilolite and mordenite
seem to occur at higher siiica activities, whereasanalcime is the zeolite
present at silica activities below the a-cristobalite solubility curve. It
should be noted that analcime does not occur as a direct alteration of
glass,perhaps owing to the role of glass in maintaining a high initial
SiOz activity and promoting the crystallization of clinoptilolite and
mordenite.
It should be emphasizedthat there is no assurancethat the hydrothermal mineral associationsof Y-1 are equilibrium assemblages.
The
natural hot-spring environment may well be similar to the situation encounteredin the experimentalsynthesisof zeolites.Coombset al. (1959,
p. 85-86) state that " . . . if attainment of equilibrium is desired the
worst possiblestarting materials are the most reactive, i.e., gels,mixes,
and glasses.These are so unstable that a large number of metastable
intermediatesmay form and persist.However, with lessunstablestarting
materials reaction rates are commonlv too slow for recrystallizationto
be achieved." The persistenceof unstable phasessuch as feldspar and
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pyroxene in the hydrothermally altered rocks of Y-1 servesto substantiate application of this statement to the natural hydrothermal environment.
The Y-1 alteration pattern displaysmany similaritiesto the mineralogical associationsformed during the diagenesisof sedimentarl'rocks rich
in silicic volcanic detritus (cf. Hay,1966). Perhapsthe most striking resemblanceis betweenthe clinoptilolite-bearingrocks of Y-1 and the clinoptilolite f aciesof the John Day Formation in Oregon(Hay, 1963, p' 2I7218). As in the Y-1 rocks,nearly ali the glassin the lower 1000-1500feet
of the John Day Formation is replacedby clinoptilolite, montmorillonite,
and celadonite.Opal, erionite, and mordenite are also present in both
rock suites,but mordenite is present only sporadicallf in the John Day
Formation.
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AppoNorx

Mrnrn,q,r,ocrcer- Dere

Cl'inoptiloli,te. Clinoptilolite was separated using heavy liquids and magnetic techniques
from core from 48 feet, and was analyzed by wet chemical techniques (Table 3). The
Taer,r 3. Cnrutcar,
(1)
SiOz
TiOz
AlzOr
Fezo:
MnO
Mgo
CaO
NurO
KtO
HtOHzO+
Total

63.384h
n.d
12 79
.+o
tr
28
131
3.50
3.55
8 . 7 9)1

s .s 6 J

99 84

Axer,ysrs oF Ct,rNoprrr-orlrE

(2)

63.8rak
0

(3)

360
337

63-74ak
0
13 15
0
0
0
1.37
3. 6 8
3.t7

11.66

11.87

100.00

99.98

lJ

I /

0
0
04
I.JJ

(1) Wet chemical analyses of clinoptilolite containing several percent celadonite. Analysis
by Toshio Negishi
(2) Chemical analyses recalculated to eliminate celadonite, assuming all Fe to be in
celadonite of composition KMgFeSLOTo(OH)r. Calculated celadonite contenL:2.57o.
(3) Chemical analysis recalculated to eliminate celadonite, assuming all Fe to be in
celadonite of composition KMgFes 5A10bSLOr0(OH)2. Calculated celadonite content:4.7 5To.
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Taer,n 4. X-Rav D,tra lon ANer-crltr
Si per 96 O

Sample no.

v1.-lt2
vt 117
Y 1 - 1 6. 4
1
v1-1744
Y 1 - 1 70
8
Y 1 - 2 0.15
vt-204 7

2.t0"
2.r0"
2.12"
2.11"
2.10"
2 12"
2.06"

R I limits

1.4824,1.4846
1. 4830-1.4852
1.4832-r.4848
t.4821 1 4844
| 4829 1.4849
t.4822,1 +843
1.482t-t.4841

3 . 5. 6
3 5. 6
35.8
356
35.8
25.2

analyzed sample contained several percent celadonite, the chemical composition of which
is not known precisely. In Table 2 the analysis is recalculated assuming al1 the iron of the
analyzed sample to be in the celadonite and making two extreme assumptions for the composition of the celadonite (from Wise and Eugster, 1964). The B index of refraction of this
clinoptilolite is 1 475 +.002.
Several samples from Y-1 contain zoned clinoptilolite (e g , Fig. 7). In core from 100
feet clinoptilolite replacing sanidine occurs as radial sheave;, the central parts of which
have positive elongation with birefringence less than 0.005 The sheaves grade outward
with optical continuity through an isotropic zone to clinoptilolite of negative elongation
and anomalous brown birefringence. Zoned clinoptilolite has also been found in the Barstow
Formation of Southern California (Sheppard and Gude, 1969).
Anohci,me Analcime compositions were determined on seven samples using the method of
Saha (1959) and the determinative curve of Coombs and Whetten (1967,L-ig. 1). At least
4 difiractometer scans at |" per minute were made for each sample. The compositions thus
determined (Table 4) are almost identical and are as siliceous as any analcime analyses
yet reported (cf. Gude and Sheppard, 1967).
X-ray difiraction patterns of several of these analcimes display a weak (2CC) peak at
-6.3 A. This reflection is one of those considered by Coombs (1955) to be diagnostic of
ana,lcimethat is not strictly cubic. We could not detect a3.21 A' peak, and could detect no
splitting of the (332), (422), (431), or (521) reflections.
Montmorillonite. Montmorillonite was concentrated from six samples by hand picking or
by elutriation in a beaker. Basal spacing, before and after treatment with ethylene glycol,
was measured on oriented smears on glass slides (Table 5). There rvas no 10 A mica deTesr,a 5. X-Rav Daea non MourltonrlloNrrE
(001).tr'yteoe gty"ot

Sample no.

yt-26
Yl-42
Y1-81
Y1-109
Y1-111
Y1-113;

1 2 .A
s
11.9
11.0-12.0
13.6
t2.6,14.5
12.8
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16.8
16.9
1 7. 0
16.9

(060)

r.49i\
1.49
t.49
1.49
1.49
1.49
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tectable upon glycoilation. (060) position, measured on samples in aluminum cell packs,
indicates that the montmorillonite is dioctahedral.
Aeg'irine. Aegirine |romYl-204.7 was identfied by both X-ray and optical parameters;
23 peaks from 6.37 A to t.53 A were matched with data given by Nolan and Edgar (1963)
for synthetic acmite. The cr-r'stalsare green, strongly pleochroic, and,qsZ.If
one assumqs
no components in the pyroxene other tha.n acmite and diopside, the a index of 1.76 plotted
on the curve of Yagi (1966) suggests a composition of AcsoDizo.Use of ligure 3. of Nolan
and Edgar (1963) under the same assumption also suggests a composition greater than
8O/s acmite.
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