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Hydrothermal alteration in research drill hole Y-2,
Lower Geyser Basin, Yellowstone National Park, Wyoming

Kntrn E. BancnR AND MELVTN H. BEESoN

U.S. Geological Survey
345 Middlefield Road

Menlo Park, California 94025

Abstract

Y-2, a U.S. Geological Survey research diamond-drill hole in Lower Geyser Basin, Yel-
lowstone National Park, was drilled to a depth of 157.4 meters. The hole penetrated inter-
bedded siliceous sinter and travertiae to 10.2 m, glacial sediments of the Pinedale Glaciation
interlayered with pumiceous tufffrom 10.2 to 31.7 m, and rhyolitic lavas of the Elephant
Back flow of the Central Plateau Member and the Mallard Lake Member of the Pleistocene
Plateau Rhyolite from 31.7 to 157.4 m. Hydrothermal alteration is pervasive in most of the
nearly continuous drill core. Rhyolitic glass has been extensively altered to clay and zeolite
minerals (intermediate heulandite, clinoptilolite, mordenite, montmorillonite, mixed-layer il-
lite-montmorillonite, and illite) in addition to quartz and adularia. Numerous veins, vugs,
and fractures in the core contain these and other minerals: silica minerals (opal, B-cristobal-
ite, a-cristobalite, and chalcedony), zeolites (analcime, wairakite, dachiardite, laumontite,
and yugawaralite), carbonates (calcite and siderite), clay (kaolinite and chlorite), oxides
(hematite, goethite, manganite, cryptomelane, pyrolusite, and groutite), and sulfldes (pyrrho-
tite and pyrite) along with minor aegirine, fluorite, truscottite, and portlandite(?).

Interbedded travertine and siliceous sinter in the upper part of the drill core indicate that
two distinct types of thermal water are responsible for precipitation of the surficial deposits,
and further that the water regime has alternated between the two thermal waters more than
once since the end of the Pinedale Glaciation (-10,000 years B.P.). Alternation of zones of
calcium-rich and sodium- and potassium-rich hydrothermal minerals also suggests that the
water chemistry in this drill hole varies with depth.

Introduction

Research hole Y-2 is one of 13 research diamond-
drill holes put down by the U.S. Geological Survey
at selected sites in hot-spring and geyser areas of Yel-
lowstone National Park. The holes were drilled in
1967 and 1968 for the purpose of gathering detailed
data on the shallow portion of a high-temperature
geothermal system (White et al., 1975). Similar hy-
drothermal-alteration studies of cores from other
holes in Yellowstone have been reported by Honda
and Muffier (1970), Bargar et al. (1973), Mufler and
Bargar (1974), Honda and Sasaki (1977\, Keith and
Mufler (1978), Keith et al. (1978a,b).

The Y-2 drill hole is in Lower Geyser Basin (at an
elevation of 2247 m) about 134 m east of Hot Lake
(Fig. l) near the southern margin of an'area dotted
by hot springs and geysers. Drilling of Y-2, using wa-
ter as the circulating fluid, began on May 3, 1967,

and ended on June 6, 1967, at a depth of 157.4 m.
Core recovery was by wireline method and averaged
78 percent.

The drill core was logged at the drill site by L. J. P.
Muffier, A. H. Truesdell, and D. E. White. Approxi-
mately 330 pieces of core that are representative of
coring intervals (usually 1.5 or 3.0 m) or contain un-
usual features such as veins, vugs, and fractures were
selected for detailed laboratory study. This skeleton
core was systematically studied by petrographic (31
thin sections), X-ray diffraction (more than 600 X-
ray diffractograms), electron microprobe (20 polished
thin sections), and scanning electron microscope
(SEM) methods. Whole-rock chemical analyses, sem-
iquantitative spectrographic analyses, and bulk- and
powder-density measurements were obtained for 16
selected core samples.

Y-2 was plugged with cement and abandoned be-
fore reliable chemical analyses of the water could be
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obtained. Chemical analyses of waters from nearby
hot springs and geysers are reported in Allen and
Day (1935), Rowe et al. (1913), Thompson el a/.
(1975), and Thompson and Yadav (1979). The chem-
ical composition of these slightly alkaline dilute ther-
mal waters is very similar to that of Steady Geyser
(Table l). Chemical geothermometers suggest that
such water should come from an aquifer having a
temperature of about 170"C (Fournier and Trues-
dell, 1970; White et al., 1975; Fournier et al., 1976).
The maximum temperature recorded by White et al.
during drilling of Y-2, however, was 203.loC at the
bottom (157 .4 m) (Fig. 2). Water of this temperature
would, according to Fournier and Rowe (1966), con-
tain significantly more SiO, and would probably be
similar in composition to that of Surprise Pool (see
Table l) (R.O. Fournier, U.S. Geological Survey,
personal communication, 1979). The Y-2 drill hole
thus apparently penetrates a shallow aquifer contain-
ing 170"C, low-silica, low-chloride water as well as a
deeper, higher temperature aquifer having appre-
ciably greater sodium, silica, and chloride values
(Fournier et al., 1976).

Stratigraphy

The Y-2 drill core penetrated sinter with inter-
bedded travertine and detrital sediments (0-10.2 m),
glacial sediments and tuff (10.2-31.7 m), and the Ele-
phant Back flow of the Central Plateau Member
(31.7-122.8 m) and the Mal lard Lake Member
(122.8-157.4 m) of the Plateau Rhyolite (Fig. 2).

Sinter, travertine, and detrital sediments

The upper 10.2 m of the Y-2 core consists primar-
ily of sinter that is interbedded with travertine from
8. I to 8.8 m and at 9 .4 m and hydrothermally altered
detrital sediments from 9.3 to 10.2 m. Some of the
sinter occurs as primary amorphous opaline silica
precipitated from discharging hot-spring waters.
However, most of the sinter consists of fragments of
weathered primary sinter cemented by later silica de-
posits and contains molds and silica casts of plant
fragments.

Travertine was not unexpected irr the upper part of
Y-2 since two small calcareous aprons are currently
being deposited near Steady (- 8l m N44oW of Y-2)
and Young Hopeful (- ll7 m N74oE of Y-2) Gey-
sers (Allen and Day, 1935; White, 1955; R.O. Four-
nier, U.S. Geological Survey, unpub. geologic map-
ping, 1969). Allen and Day also describe two nearby
old travertine terraces.

In addition to travertine, the sinter contains thin

layers of interbedded brown-black manganese oxide.
Manganese oxide is currently being deposited by a
few hot springs in the Hot Lake area (Allen and Day,
1935; White, 1955).

Interbedded with sinter in the lower part of the in-
terval are layers of detrital sediment (less than 4 cm
thick) composed of subangular to subrounded, sand-
to gravel-sized rhyolite and hydrothermally altered
obsidian grains, probably glacial outwash material
deposited during the Pinedale Glaciation about
50,000 to 10,000 years B.P. (Pierce et al.,1976).

Glacial sediments and tuff

From 10.2 to 31.7 m, the core consists pre-
dominantly of fairly well indurated conglomerate
and coarse-grained sandstone containing a few beds
of finer grained sandstone and siltstone. These sedi-
ments are probably part of the kame deposits that
partly encircle the drill-hole site, outwash from ice-
marginal and melt-water streams during the Pinedale
Glaciation (Waldrop and Pierce, 1975).

Subrounded to rounded, granule- to pebble-sized
clasts of rhyolite, composed of quartz, sanidine, and
a-cristobalite, are common in the glacial sediments,
as are smaller detrital qtzrtz and sanidine grains;
plagioclase, pyroxene, and magnetite are rare. Most
of the sediments are cemented by hydrothermal min-
erals; however, one of the freshest obsidian intervals
(16.5 to l7.l m) appears to be cemented by finely
ground glass (amorphous to X-rays).

Friable tuff beds intemrpt the interval at 19.8 to
25.0 m and 26.5 Io 2'l.l m. The tuf beds probably
represent waning pyroclastic activity related to em-
placement of the underlying Elephant Back flow of
the Central Plateau Member of the Plateau Rhyolite.
Originally composed of blocky to arcuate glass
shards, these tuffs have been hydrothermally altered.
Fine- to coarse-sand-size grains of rhyolite, hydro-
thermally altered obsidian, and phenocrysts of quartz
and sanidine occur in the tuff beds.

Elephant Backflow of the Central Plateau Member

From 31.7 to 122.8 m, the drill hole penetrated the
Elephant Back flow and related volcaniclastic rocks
of the Central Plateau Member of the Plateau Rhyo-
lite (Christiansen and Blank, 1974; White et al.,
1975). The Elephant Back flow has a K-Ar date of
-150,000 years B.P. (J. D. Obradovich and R. L.
Christiansen, U.S. Geological Survey, unpub. data,
r9't3).

Most core samples of the Elephant Back flow
(from 37.6 to I10.9 m) consist of rhyolite flow breccia
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Fig. 2. Distribution of unaltered obsidian and hydrothermal alteration minerals in drill core from Y-2. Left column shows a
generalized stratigraphic section of rock units penetrated by driU hole; lithologic boundaries marked with horizontal lines. Horizontal
lines at right indicate distribution of samples studied. Width of mineral columns provides an €stimat€ of relative abundance based on X-
ray diffraction data and microscopic observation. Vertical conthuity in mineral presence between samples studied assumed except where
a mineral abundance becomes zero, in which case the zero point is arbitrarily placed 0.3 m from last occurrence of the mineral. Dashed
curve coDtrects bottom-hole temperature measurements obtained as drilling progressed. Queried dashed curve at top denotes unc€rtainty
in temperature data, second queried dashed curve below 116 m shows temperature trend iftemperature reversals are discounted. Solid
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that is highly fractured and displays minor vesicular-
ity and flow banding. Quartz and sanidine are the
predominant magmatic minerals; plagioclase, mag-
netite, and pyroxene are minor constituents. Vapor-
phase minerals (a-cristobalite, alkali feldspar, and
tridymite) occur in numerous irregular cavities and
patches in the upper 8 m of the interval. Perlitic and
pumiceous textures evident throughout the interval
indicate that much of the original rock was glassy.
Fairly fresh glass remains at about 80 m. Some glass
has been devitrified to intergrown a-cristobalite and
alkali feldspar zones marked by spherulitic texture,
but most of the remaining glass has been hydro-
thermally altered.

Two volcaniclastic sequences (from 31.7 to 37.6 m
and from 110.9 to 122.8 rn), included with the Ele-
phant Back flow by Christiansen and Blank (19i4),
consist of pumice, vitric to crystal tuff (containing
some rhyolite lithic fragments and altered glass
grains that display remanent perlitic texture), and
tuffaceous sediments. Magmatic minerals include
quartz, sanidine and plagioclase in nearly equal
amounts, and sparse magnetite. The tuffaceous sedi-
ments are composed of altered obsidian and pumice
clasts, rhyolite fragments (to small cobble size), and
detrital qnartz, sanidine, and plagioclase grains. Bed-
ded air-fall tuf separates the Elephant Back flow
from the underlying Mallard Lake Member (R. L.
Christiansen, U.S. Geological Survey, personal com-
munication, 1980).

Mallard Lake Member
Between 122.8 m and the bottom of the drill hole

at 157.4 m, the core penetrated the Mallard Lake
Member of the Plateau Rhyolite (White et al., 1975)
which has a K-Ar date of -150,000 years B.p. (J. D.
Obradovich and R. L. Christiansen, U.S. Geological
Survey, unpub. dlta 1973).

InY-2, the Mallard Lake Member consists primar-
ily of vitrophyric, brecciated, or pumiceous rhyolitic
lava and contains a few pumiceous tuffbeds. euartz,
sanidine, and plagioclase are the predominant mag-
matic minerals; magnetite and pyroxene are minor
constituents. Devitrification and vapor-phase miner-
als are rare, but hydrothermal alteration is extensive.

Hydrothermal-alteration mineralogy
The distribution of obsidian and hydrothermal al-

teration minerals with depth in the Y-2 drill core is
given in Figure 2. Magmatic, devitrification, vapor-
phase, and a few hydrothermal minerals that have
only minor distribution are not shown.

Table l. Chemical composition (in ppm) of thermal water in
vicinity of Y-2 drill hole.T

Surpr ise- g

Pool l  I
Steady- ++*
Geyse r '  |  |

Satnple No.
Date Col lected
Tenperature (oC)
ptr

sio2
Fe
Itln
Ca

Mg
Na
K
Li

Rb
C s
B@g
@3

soa
c1
F
B

Total

I

: .  Analyses fron Thonpson and Yadav (1979).

ll,rcatea .^1.4 km s 53h of y-2.
| | rlpcated .^81 n N 449{ of Y-2.

n .d .=not  de tern ined.

75r14
L0/e/7s
9 5
8 .  9 5

280
n .  d .
n .  d .
o . 4 7

0 .  1 4
3 3 3
l 5

3 . 5

0 . 1
0 . 6 8

1 9 4
8 t

25
3 1 3
24

3 . 1

L 2 7 3 . 0 9

F7?T2
e/30/77
95
8 .  0 5

1 9 1
< 0 . 0 1

0 . 1
9 . 5

0 . 0 4 3
1 0 5

l 4
0 . 3

n .  d .
n . d .

171
0

25
6 1
r0

0 . 5

5 8 7  . 4 5 3

Obsidian

The glacial sediments were originally mainly black
obsidian grains. Most of the obsidian has been hy-
drothennally altered to clinoptilolite, intermediate heu-
liandite, and montmorillonite; some unaltered glass
occurs at I1.0, 12.2, l5.l to 19.8, 26.2, and 28.2 m.

Obsidian from 26.2 m is only slightly altered.
Scanning electron microscope (SEM) and thin-sec-
tion studies show that the obsidian grains are dotted
by numerous shallow vesicles about l0 trr in diameter;
several ofthese occur along hydration cracks (Fig. 3).
Many of the vesicles are filled with rosettes of bladed
clinoptilolite crystals and crudely spherical boxwork
aggregates of montmorillonite crystals.

Silica minerals

Opal. The upper 10.2 m in Y-2 originally consisted
primarily of amorphous opaline silica deposited in
the form of minute coalescing spheres. Irregular
blocky masses of very fragile white opal and clear

curve shows reference boiling temperature for pure water assuming a surface altitude of about 2,286 m and a surface-water table.
Tenperature data from White e, al. (1975).
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Fig. 3. Scanning electron micrograph of broken surface of
obsidian grain from 26.2 m. Surface and interior of grain contain
numerous shallow vesicles partly filled by clinoptilolite and
montmorillonite. White bar at bottom left is 30 microns.

hyalite beads (refractive index, 1.45 to 1.46) fill open
spaces in the porous sinter at 0.8 m. Secondary opal
occurs as clear to white vein material from 7.3 to 8.8
m, as brownish mineralized fossil-plant fragments at
9.3 and 9.4 m, and as white horizontal layers in the
bottom of a few cavities at9.4 and 9.8 m. In addition.
a solitary tiny (-16 Jrm-diameter) opal sphere was
observed in SEM photos at 3l.l m.

B-cristobalite'. Honda and Muffier (1920) indicate
that B-cristobalite probably originates through re-
crystallization of opal. According to X-ray diffrac-
tion studies, the opaline sinter in the upper 10.2 m of
Y-2 is partly to completely replaced by B-cristobalite.
B-cristobalite apparently replaces opal in vein or
fracture fillings in a few widely scattered pieces of
core from as deep as 80.0 m and occurs as yellowish-
or brownish-cryptocrystalline cement in some of the
glacial sediments (notably at 18.4 and.26.2 m).

At 9.8 m, several large cavities are lined by a clear
to white druse of minute tabular heulandite crystals
and later white, hollow, fragile, bladed to blocky B-
cristobalite pseudomorphs (0.5 to I mm in size) that
resemble the fragile blocky opal open-space fillings
at 0.8 m. SEM micrographs show that the B-cristo-
balite typically consists of spherical aggregates of
bladed crystals. Rounded clusters of spherical aggre-
gates of bladed B-cristobalite crystals were found fill-

t A complete gradation exists between X-ray amorphous opal,
poorly ordered B-cristobalite, and well-ordered a-cristobalite (Mu-
rata and Larson, 1975). a-cristobalite is distinguished from B-cris-
tobalite by a sharp major X-ray peak between 4.M and 4.07 A
along with several other minor peaks; B-cristobalite has a broad
major peak between 4.0'l and 4.1lA and a single minor peak near
2.s04.
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ing cavities at26.8 m and on a bedding-plane parting
in volcanic sandstone at 31.1 m.

a-cristobalite. Most of the a-cristobalite in Y-2 is a
product of devitrification; however, mineralogic or
textural association of several samples suggest a hy-
drothermal origin for some of the a-cristobalite. At
19.8 m, the glacial sediments are cemented by yel-
lowish-cryptocrystalline a-cristobalite. Cryptocrystal-
line a-cristobalite also occurs as hard, thin, white, red
or green fillings in veins, fractures, and cavities and
as snowy white horizontally layered cavity fillings at
several widely scattered locations in the upper three-
fifths of the drill core. The c-cristobalite is commonly
associated with chalcedony (observed in X-ray pat-
terns) or with later pyrite and mordenite.

Hydrothermal a-cristobalite also occurs as hard
gray colliform masses of blocky crystals lining cav-
ities or fractures from as deep as 95.3 m in the core.
When viewed with a SEM, the a-cristobalite appears
as spherical aggregates of blocky crystals. Similar
blocky crystals of a-cristobalite occur as a soft buff
powdery cavity filling that partially coats mordenite
fibers in a few pieces ofcore.

Chalcedony. Cryptocrystalline chalcedony fills cav-
ities and veins, or lines fractures throughout the drill
core. Clear, pink, white, and buff chalcedony vein or
fracture (?) fiUings in travertine at 8.4 to 8.8 m appear
to have formed by replacement of calcite, as the flll-
ing consists in part of bladed pseudomorphs of
chalcedony after calcite. Chalcedony forms a white
crust lining cylindrical molds of plant fragments and
other cavities in siliceous sinter from 9.3 and 9.4 m.
One large cavity at 9.4 m is partly filled with a clear
to white siliceous crust that is in part colliform and
by X-ray diffraction was identified as chalcedony
with some B-cristobalite. Colliform chalcedony per-
sists in scattered cavity and fracture filling as deep as
89.6 m. Chalcedony also commonly occurs as white
horizontally layered cavity fillings that appear to be
an early hydrothermal deposit, usually associated
with later tiny euhedral quartz prisms, mordenite fi-
bers, or pyrite cubes. Presumably, open-space chalce-
dony was originally deposited as opal and later con-
verted to a more stable silica phase.

Quartz. Tiny euhedral dipyramidal quartz crystals
occur along with adularia as an alteration product of
glassy rhyotte. Discrete hydrothermal quartz crystals
or coalesced knobby crystal clusters fill cavities and
line fractures and occasionally were deposited later
than associated hydrothermal minerals. Crystal size
ranges from a few microns to a few millimeters, and
crystal habit varies from subhedral to euhedral pyra-



midal or diapyramidal prisms. Quartz may have been
deposited in more than one generation, as the min-
eral appears to have formed both earlier and later
than mordenite in the game sample.

Zeolite minerals

H eulandite- group. Clnoptrlolite and intermediate
heulandite type2 (Alietti, 1972; Boles, 1972) are scat-
tered throughout much of the upper 110 m of drill
core. Intermediate heulandite is prevalent down to
24.5 m and between 33.4 and 55.8 m, whereas clinop-
tilolite is generally restricted to depths between 24.5
and 33.4 m and below 55.8 m (see Fig. 2). The two
minerals are distinguished from one another by X-
ray diffraction after heating at 450oC for 15 hours
(Mumpton, 1960). Clinoptilolite displays little or no
weakening in the intensity of the d(020) X-ray peak
at -9.0A following the heat treatment, whereas inter-
mediate heulandite is characterizedby the formation
of three peaks at about 8.9, 8.7, and 8.34 (Alietti,
1972; Boles, 1972).

lntermediate heulandite and clinoptilolite com-
monly occur as cementing material for much of the
glacial sediments and as a major alteration product
of glass in the core along with montmorillonite or
mixed-layer illite-montmorillonite. Clay is initially
deposited along concentric shell-like hydration
cracks in the glass, thus preserving the perlitic tex-
ture. The glass is then altered to clear euhedral zeo-
lite crystals and later clay (Figs. 4 and 5). Inter-
mediate heulandite and clinoptilolite crystals
produced by alteration ofglass typically display tab-
ular or "tombstone" habits as shown in Figures 4 and
5 but occasionally may have a more blocky habit.
Fairly fresh obsidian from 26.2 m contains rosettes of
bladed clinoptilolite crystals and associated platey
boxwork of montmorillonite crystals deposited along
perlitic cracks and in shallow vesicles (Fig. 3).

Clear euhedral blocky or tabular clinoptilolite and
intermediate heulandite crystals deposited by circu-
lating thermal waters fill open-space cavities and
fractures commsnly in association with later morde-
nite. A few shallow-dipping fractures at 12.8, 15.1,
15.5, and 18.0 m are partially coated by intermediate
heulandite crystals that appear to be pseudo-
morphous after bladed calcite.

Thirty-eight individual heulandite-group crystals
from 12 samples (6 intermediate heulandites and 6
clinoptilolites) were analyzed with an enL rux elec-
tron microprobe using natural mineral standards
(Table 2). Nearly all of the analyses have cation bal-
ance errors that exceed l0 percent. In analyzing zeo-
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Fig. 4. Photomicrograph of altered glass from 14.2 m (plane
l ight).  Perl i t ic texture is preserved by deposit ion of
montmorillonite along concentric shell-like hydration cracks.
Subsequent alteration consists of deposition of clear, tabular,
intermediate heulandite crystals oriented perpendicular to clay-
filled hydration cracks. White bar at bottom left is 0.1 mm.

lite minerals. several factors such as volatilization of
water and small crystal size frequently result in less
than satisfactory chemical analyses (see discussion in
Wise and Tschernich, 1976). Nonetheless, the analy-
ses do provide a basis for division of the heulandite-
group zeolites of Y-2 into two separate mineral spe-
cies that are generally consistent with their thermal
stabilities. A single exception is sample 24.2, which
gives a definitive heating test for intermediate heu-

Fig. 5. Scanning electron micrograph of altered glass from 14.2
m. A montmorillonite-filled former hydration crack shown in left
half of photo. Right half shows area between clay-filled hydration
cracks in which tabular- or "tombstone"- shaped htermediate
heulandite crystals arc oriented perpendicular to remanent
hydration cracks. Fibrous mordenite and clusters of
montmorillonite platelets are later than the heulandite. White bar
at bottom left is l0 microns. (After Bargar et al., 1981.)
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Table 2. Microprobe analyses of heulandite-group zeolites from Y-2 drill core.t

sapre  n9 ,  j l  7 .3  lo .5
ulneral frT r r
Nuber of 2 |

i lalysea

1 . 2 . 8
I

1 4 . 2
I

2 4 . 2

7

3 2 . 5
c

5 r .3
I

4

1 8 . 0  2 0 . 1 t 0 8 . 4  1 0 8 . 8

WeIght Percent

SiO2
Al2O3
Fe203
CaO
Na20
K20
ItrO
Total

t2 .71
n .  d ,
{ . 4 0
0 . 3 1

0.  30
8 6 . 0 8

6 { . l l
L2.36

n .  d .
4 .  3 4
0 .  1 8
t . 2 4
0 .  3 4

8 2 . 5 7

65.21

0.  ?3
5 . 0 2
0 .  { 4
1 . 5 8
0 . 0 0

8 8 . 3 2

6 6 . 6 6 . 6 7
1 i l .  9 l

0 . 6 5
i l .  59
o .  1 7
1 . 4 6
o . 0 2

8 8 . 7 7

l { . 9 9
0 . 6 0
5 . 0 8
0.  {5
L , 2 6
0 . 0 E

8 5 . 9 9

65.37
1 3 . 6 1
n .  d .

l .  4 r

o . 2 4
8 5 . 8 1

5 3 . 3 3
t 5 .  3 6

0 . 3 r
2 . 8 4
2 . 3 0
2 . 2 2
0 . 0 0

86 .39

54.72
I t  0 1
0.  15
1 . 9 5
r . 9 5
1 . 8 1
0 . 0 6

7 5 . 5 9

I I .  I O

n .  d .
2 . 5 0
1 . 4 0
1. ,12
0 . 0 5

8 5 . 1 4

1 f . 8 3  l r . 8 a  t 2 . 9 6
0 . 5 a  0 . 0 0  0 . r 7
4 . 8 7  1 . 6 7  1 . 6 3
0 . 1 5  { . 5 5  t . 0 5
l . r 2  o . a l  0 . 6 0
0 .  l l  0 .  r a  0 , 0 0

8 t . 8 2  8 9 . 9 9  8 6 . 9 0

Nubers of ions d tbe ba6is of ?2 oxygens

s i
AI
Pe
Ca
Na
K
Mn
st,/At

29.636 24 .745 29 .595 28 . {36  2A,426 29 .270 29 .347
5 , 6 { 3  ? . 5 9 I  6 . 7 2 4  7 . 8 6 6  7 , 8 9 1  7 . I 8 {  8 . 1 0 2
n . d .  0 . 2 1 0  n . d .  0 . 2 4 0  O . 2 O 2  n . d .  0 . 1 1 3
2 . 0 9 1  2 . t 2 7  2 , 1 1 6  2 . 3 4 4  2 . 4 t 9  t . 2 4 8  1 . 1 6 2
0 , 2 6 5  0 . 3 9 2  0 . 1 5 3  0 . 3 7 3  0 . 3 9 7  t . 2 2 6  1 . 9 ? 6
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4 . , t 6  3 . 7 9  , 1 . { 0  3 . 6 2  3 . 6 0  { . 0 7  3 . 5 0

29.361 30.122
7 , 0 5 0  5 . 9 7 6
0 . 0 6 1  n . d .
r , 0 4 8  l .  r 9 5
r . 8 9 3  r , 2 0 9
l . 1 6 1  0 . 8 1 0
0 . 0 2 {  0 . r 9 0
t . u  5 . 0 7

28.s i l8  30 . r82  29 .505
? . 8 9 3  5 . 9 0 3  6 . 7 0 1
0 . 1 8 2  0 . 0 0 1  0 . 0 5 5
2 . 3 5 6  0 . 7 5 7  0 . ? 6 7
0 . 1 { 2  3 . 7 2 9  3 . { ' 1 5
0 . 6 a 6  0 . 2 2 L  0 . 3 3 {
0 . 0 t r  0 , 0 5 0  0 . 0 0 0
3 . 6 2  5 .  l l  1 . 1 2

l -  malVst:  l l .  E. Beeaon, U. S. c@loglcal  Survey.

l r  Smple numbers 6rre6pond to depth ln hetera.
|  |  r C = c l i n o p t i l o l  l t e ,  f = i n t e r n e d i a t e  h e u l a n d i t e .

n . d . = n o t  d e t e r h i n e d .

landite, although both groundmass and vesicle-filling
crystals have the chemical composition of clinoptilo-
lite. Presumably, the thermal behavior of this sample
is influenced by the low Si/Al ratio (see Table 2)
(Boles, 1972).

Separation of the Y-2 heulandite-group zeolites
into two distinct chemical groups can be seen in a
ternary diagram of Si/Al ratio, sum of divalent cat-
ions, and sum of monovalent cations (Fig. 64,). This
plot offers virtually the same three-fold division of
heulandite-group minerals as sirnilar discrimination
diagrams of Alietti (1967, 1972), except that the tra-
ditional heulandite field (more calcium-rich) is va-
cant because this mineral was not found in Y-2 core.
A ternary plot of Ca, K, Na (Fig. 6B) displays the
same separation of intermediate heulandite and cli-
noptilolite groups but also suggests a need for further
subdivision because the deeper samples contain more
sodium than potassium. Hawkins (197a) divided the
heulandite-group minerals into five compositional
subgroups (A-E), using multivariant statistical meth-
ods, according to discriminant functions based upon
CaO content. Using Hawkins' classification, the so-
dium-rich clinoptilolites of Y-2 belong to an extreme
member subgroup E (or traditional clinoptilolite);
most of the clinoptilolites fall into intermediate sub-
group D. All but one of the intermediate heulandite
analyses (a subgroup B) fit into subgroup C. No sub-
group A or traditional heulandite occurs in Y-2. Cli-
noptilolites from other Yellowstone drill holes (Fen-

ner, 1936; Honda and Mufler, 1970; Keith et al.,
1978b) fall into subgroup E, since they contain much
less CaO than the Y-2 zeolites. Whereas calcium in
clinoptilolites from other Yellowstone drill holes
ranges from 0.1 to 0.7 mole percent, calcium in the
Y-2 samples varies from 0.8 to 1.4 mole percent for
clinoptilolite and from 2.0 to 2.6 mole percent for in-
termediate heulandite.

Mordenite. Mordenite is fairly abundant through-
out most of Y-2 from 26.8 to 110.5 m but is present
only sporadically in the lower -45 m of drill core
(see Fig. 2). Feathery mordenite fibers replace glass
in altered rhyolite with preservation of the remanent
perlitic texture. Mordenite also occurs as tiny (less
than 4 p diameter) clear delicate discrete needles,
white spongy or cottony mats of interwoven long,
thin fibrous crystals, or sprays of radiating white fi-
bers that line cavities, fractures, or veins. Open-space
mordenite is usually a late hydrothermal mineral that
formed after most other zeolite, clay, and silica min-
erals but earlier than some quartz and a-cristobalite.

Seki (1973) equates an increasing difference be-
tween the d(060) and d(202) X-ray-diffraction peaks
of mordenite with an increasing Ca/(Ca+rhtla+K)
ratio. He also defines calcium-rich mordenite as hav-
ng a Ca/(Ca+%(Na+K)) ratio of 0.6 or greater. The
L2flo"uro, values for nins mordenite samples taken
from 16.0 to 63.7 m in drill hole Y-l showed a gen-
eral increase with depth, which Seki interpreted as
indicating that the Cal(Ca+/z(Na+K)) ratio should
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become greater with increasing depth in this drill
core. Average Ca/(Ca+Vz(Na+K)) ratios for 20 mi-
croprobe analyses of eleven mordenite samples from
Y-2 ranged between 0.54 and 0.80 from 29.7 to 52.9
m and 0.43 and 0.52 from 64.6 to 109.7 m. The zone
of calcium-rich mordenite is nearly coincident with
the intermediate heulandite (calcium-rich) zone at

cime between 108.9 and 110.9 m, at 137.3 m, and
from 150.0 to 153.9 m. In the upper zone, analcime is
found in cavities in association with mordenite and
mixed-layer illite-montmorillonite or illite, in the
lower zones, in cavities along with earlier chalcedony
and quartz crystals and later bladed calcite.

An X-ray diffraction pattern of one of the samples
(Y2-152.1) displays a peak at -6.8A. A second scan
between -3.6 and -3.3A at t/ro /minute, made to de-
termine if wairakite or noncubic analcime were pres-
ent, indicates that the d(400) peak at 4.44 is not a
doublet and that the mineral should be analcime
(Coombs, 1955). Yet, several microprobe analyses
(Table 3) show that the mineral contains no K2O, a
little more than 3 percent NarO, and about 9 percent
CaO and thus would appear to be a sodium-rich
wairakite.

D ac hi ar dit e. In Y -2, dachiardite was found primar-
ily in an altered purriceous tuff zone from 20.7 to
25.1m along with kaolinite, intermediate heulandite,

IN DRILL HOLE. YELLOWSTONE

)'

and sodium-rich montmorillonite. Dachiardite was
also identified as clear blocky euhedral crystals lining
a 45o frdcturc at 152.0 m in association with clear
tabular yugawaralite crystals, fibrous mordenite, and
earter qtaftz crystals and bladed calcite.

An electron microprobe analysis (Table 3) for
dachiardite from 20.7 m differs greatly from other

Table 3. Microprobe analyses for zeolites other than heulandite-
group minerals from Y-2 drill core.t
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Fig. 6. (A) Ternary diagram of Si/Al-sum of divalent cations-sum of monovalent cations for heulandite-group zeolites from Y-2 drill

core. Data from Table 2. Sum of divalent cations shown as Ca because no Mg, Ba, or Sr was found in any of the samples analyzed. (B)

Ca-K-Na plot for heulandite-group zeolites from Y-2 drill core. Data from Table 2. Symbols same as in Figure 6(,{).

33.4to 55.8 m;similarly, the sodium-potassium mor- published dachiardite chemical analyses (Berman,
denite zone corresponds to the lower clinoptilolite 1925; Gottardi, 1960; Alberti, 1975; Wise and
(sodium- and potassium-rich) zone at 55.8 to 110.0 Tschernich, 1978) and seems to reinforce Wise and
m.

Analcime-Wairakite. Core from Y-2 contains anal-

smple  no . f f  I52 . r  20 .7
t ' t inera l  wa i rak i te  Dach iard i te
Nunber of 5 2

analyses

1 5 0 .  0
Yugawaral ite

W e i g h t  P e r c e n t

sio2
AI2O3
Fe203
CaO
N a 2 0
K2o
Total

0 .  l r
8 .  9 5
3 .  3 4
0 . 0 0

89.42

1 . 5 3

0 . 0 0
t l . 0 r
0 , 4 3
0 ,  r 0

86 .  l r

5 4 .

Nunbers of ions on the basis of 2 oxygens

si

Fe

Na
K
silAl

2 4 . 1 6 3
11.  934

0 . 0 3 6
4 . 2 8 0
2 . 8 7 8
0 . 0 0 0
2 . 0 2

28.589
1 .920
0 .079

1 .  37 r
I  < r e

24.206
I t . 9 5 4

0 .  0 0 0
5 . 4 3 5
0 .  3 8 7
0 . 0 6 0

f .  A n a l y s t :  H .  F .  B e e s o n ,  U .  S .  c @ l o g i c a l  S u r e e y .
7T suple nunbers orreslpnal to depth in neters.
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Tschernich's conclusion that the Si/Al ratio and ex-
changeable cation content of dachiardite bre indeed
quite variable.

Erionite. Radiating bundles of white fibrous erion-
ite crystals were identified from cavities in a single
sample from ll.3 m in Y-2, where the temperature
was probably about 90oC.

Laumontite. ln Y-2, individual white-prismatic
crystals of calcium-rich laumontite are found in asso-
ciation with earlier qvarlz crystals and calcite blades
between 150.0 and 155.2 m, where the temperature
measured during dfilling Vas about 200.C.

Yugawaralite. InY-2, yugawaralite is found as cav-
ity or fracture fillings in association with earlier
quartz and calcite crystals as well as other zeolite
minerals (analcime, dachiardite, laumontite. and
mordenite) in a zone from 149.0 to 152.2 m, where
the temperature measured during dri[ing was about
200.c.

Chemical analyses by electron microprobe, Table
3, shows the yugawaralite to be quite low in SiO, and
high in AlrO, and CaO relative to other yugawaralite
analyses (Eberlein et al., l97l; Pongiluppi, 1977;
Wise, 1978). Cation balance errors (4-7 percent) and
comparison between replicate analyses are quite
good.

Carbonate minerals

Calcite is sparsely distributed in the y-2 drill core
from about 8.4 to 14.2 m, 39.1 to 50.6 m, and below
93.3 m (see Fig. 2). In the upper zone, calcite occurs
mainly as hot-spring travertine deposits, although
sorre calcite was found in the groundmass of the gla-
cial sediments and bladed crystals fill fractures and
intergranular cavities. A few fractures and cavities in
the second zone are lined by bladed calcite crystals.
This zone overlaps with the sole occurrence of tiny
(less than 0.5 mm) yellowish rhombohedral siderite
crystals, sparsely distributed in a few cavities be-
tween 37.9 and 44.2 m. The temperature at which
siderite was found ranged from about l30o to 140.C
(Fig. 2) slightly higher than that at Broadlands, New
Zealand (37" Io 130"C; Browne and Ellis, 1970) and
about the same as that at the Salton Sea geothermal
area (l35oC; Mufler and White, 1969).

The top of the lowest calcite zone is nearlv coinci-
dent with the point at which the measured temper-
atures exceed the reference fsiling-point curve (Fig.
2); however, wellhead water pressures indicate that
boiling could not occur above I 16 m (Wh(te et al..
1975). In fact, owing to the uncertainty of the mea-
sured temperatures between I 16 and 146 m (dis-

cussed in White et al.) the origin of the bladed calcite
cavity, vein and fracture fillings above 146 m cannot
be definitely attributed to loss of CO, upon boiling.
Between 146 m and the bottom of the drill hole, cal-
cite is more abundant and probably originates
through boiling of the geothermal fluid.

Clay minerals

Montmorillonite. Montmorillonite is the principal
clay mineral from 7.3 to 60.7 m (see Fig. 2). Brown-
ish tb greenish montmorillonite fills hydration cracks
in rhyolitic glass, preserving the perlitic structure (see
Figs. 4 and 5). The glass subsequently alters to eu-
hedral zeolite crystals and clusters of mont-
morillonite platelets. Gray, brown, or green mont-
morillonite, in association with later tiny pyrite cubes
and various zeolite minerals. lines a few cavities and
fractures. The open-space deposits were undoubtedly
precipitated from circulating thermal waters.

Detailed X-ray-di-ffraction studies of montmoril-
lonite in drill core Y-2 teveal several fluctuations in
exchangeable cations with depth. Basal (001) spacing
of -15.0A from 7.3 to 18.4 m and 33.4 to 55.8 m that
expands to -17.44 upon glycolation (Table 4) in-
dicates that Ca2* is the exchangeable cation (Grim,
1968). At intervening depths of 18.7 to 33.4 m and
57.3 to 60.7 m, a Na* exchangeable cation is evident
in an (001) X-ray peak at -12.44 that expands to
-17.24 after glycolation. Sodium is also the ex-
changeable ion in a few deeper montmorillonite sam-
ples (Fig. 2).

Vermiculite (?,). A brown to green clay mineral, not
shown in Figure 2, occurs as fracture fillings and
whole-rock aiteration in seven samples from I16.0 to
118.3 m, 128.6 m, and 138.4 to 139.0 m. the mineral
is characterized by fairly sharp -14.3A basal (001)
X-ray peaks (Table 4) and contracts to -10.4A after
being heated to 400oC for I hour, similar to a cal-
cium-rich montmorillonite. Because the clay consis-
tently expands to less than l7A (15.64) upon glyco-
lation, it is tentatively classified here as vermiculite
(Warshaw and Roy, 196l) although such criteria for
distinguishing between vermiculite and mont-
morillonite may not be completely definitive
(Walker, 1957).

Mix ed- layer illite -montmoril lonit e. Mixed-layer il-
lite-montmorillonite occurs in a narrow zone from
28.5 to 33.4 m and is the predominant clay mineral
between 6017 and 120.7 m. The greenish to brownish
mixed-layer clay is similar in origin to mont-
morillonite in that it typically forms as an alteration
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Table 4. Range and av€rage values of basal (001) spaciags for clay minerals from drill hole Y-2.'t tt
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Minera l Treat-+++
ment r  |  |

Average
(A)

Range
(A )sanPles

50
t

5

62
n

l7

7
n

1

24
i

t

I

2T
n

!

2

Untreated
Glycolated
Heated

Untreated
cLycolated
Heated

untreated
Glycolated
Beated

Untreated
Glycolated

Heated

Untreated
clycolated

Heated

Untreated
Glycolated
Heated

1 5 . 0 1 4 . 0 - 1 5 . 9
r 7 . 0 - 1 8 . 2
9 . 8 - 1 0 . 3

10  .  7 -13 .  9
16 .  5 - r8 .0

9  .  8 - r0 .  3

1 3 . 9 - 1 4 .  7
1 4 . 5 - 1 6 . 4

10.  0-1r  .  5
11 .  5 -13  .  2
9  .  3 -10 .  7

10 .  2 -13 .  0
1 6 . 8 - 1 7 . 7
9 .  4-r0 .2
9 . 9 - 1 0 . 0

10 .  0 -  11 .  I
9 . 9 - 1 0 . 4

Montrnor illoni te

vern icu l i te  (? )

Mixed-1ayer
r  11 i te-
nontnoril lonite

I I l i t e  ( ? )

Calciun-r i  ch

Sodiun-rich

L 7 . 4
r 0 . 1

L2.4
L 7 . 2
1 0 . 0

1 4 . 3
1 5 . 6
1 0 .  4

1 0 . 6
1 2 . 5

9 . 7
1 0 . 1

1 1  . 3
L 7 . 2

9 . 9
1 0 .  0

1 0 .  5
r 0 .  0

I 7
i

0

t  V. lu"" determined by X-ray dif fract ion studies of rrhole rock or nult iconponent samples.
ft  a f . ,  sanples displ iy goo- crystal l ini ty in which x-ray peaks are sharp and weII defined;

most samp1e" ar" pooify crystal l ine and are characterized by lor, broad asymetrical peaks

that are dif f icult  to evaluate and undoubtedly result in some lneasurenent errors.
t t tglussig6 sanples on glass sl ldes were x-rayed once frcrn 30 to 37o (20) and a second

time frc.n 30 to I4o (20) after being placed in an atmosphere of ethelyene glyool at

60oC for I  hour. Data include results of heating sanples to 450oC for 15 hours during

diecrinination tests for cl inopti lol i te and intermediate heulandite.

product ofglass or as a precipitate in vugs and frac-
tures in the core.

X-ray diffraction data for randomly interstratified
illite-montmorillonite are given in Table 4. In the up-
per zone, the basal (001) spacing occurs at -11.3A

and splits into two peaks at -17.2L and -9.9A fol-
lowing treatment with ethylene glycol. Fully ex-
pandable illite-montmorillonite also occurs at 66.9 m
and from 88.8 to 89.8 m. Randomly interstratified il-
lite-montmorillonite of the lower zone typically dis-
plays a basal (001) spacing of -10.6A that splits into
two peaks at -12.5A and -9.7A after glycolation.
According to Figure 2 of Weaver (1956), this mixed-
layer clay may contain about 20 to 30 percent ex-
pandable layers.

Illite. Green or red-brown illite was found in the
Y-2 drill core in thinly laminated glacial and volcan-

iclastic sediments from 28.7 to 32.6 m, filling frac-
tures at 59 .4 m and from 93 .4 to 96.7 m, and as frac-
ture fillings and alteration of glass from 110.0 to
118.6 m and 120.7 to 152.1 m (see Fig. 2). The illite
basal (001) spacing, although poorly defined, appears
to occur at -10.5A and exhibits slight contraction to
-l0A after being glycolated (Table 4). As such, the
mineral may actually be a mixed-layer illite-mont-
morillonite with less than 20 percent expandable lay-
ers (Weaver, 1956; Hower and Mowatt, 1966); it is
called illite here because of the uncertainty of accu-
rately measuring the low, broad, asymmetrical X-ray
peaks.

Kaolinite. White or yellowish- to greenish-gray-
stained kaolinite fills a few cavities at ll.0 and24.5
m, where it may be an alteration product of detrital
obsidian, since remanent perlitic structures are pre-
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Table 5. Microprobe analyses of feldspars from Y-2 drill core.t

saple gg,tt
Hlnerrlm

1 1 6 . 0
Ab

1 3 8 . 0
Ab Ab

157.2
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t57  .2
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66.  r
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1 5 . 6
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157.  I  t57 .2
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Fe203
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x20
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1 0 . 6 8
0 . 0 3
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5 7 . 6 1
20.87
0 . 0 0
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0 . 3 6 9
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0 . 0 2 {
3 . 0 9 6
0 . 0 0 7
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0 .000 0 .000 0 .000 0 .057 0 .012
0.039 0 .232 0 .132 1 .869 1 .508
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served in some of the clay. A thin, almost trans-
parent, coating of white to light greenish-brown and
red-stained kaolinite lines 45o to 60o fractures at 32.9
and 38.1 m. Kaolinite is one of the earliest of several
hydrothermal minerals that line the fractures, in ap-
proximate order of paragenesis, pyrrhotite, kaolinite,
intermediate heulandite, c-cristobatte, pyrite, and
mordenite.

Chlorite. Chlorite is restricted to two zones, 37.9 to
55.6 m and 103.2 m to the bottom of the drill hole.
157.4 m (Fig. 2). In both zones, chlorite is most com-

monly found filling tiny cavities in association with
magnetite, hematite, and pyrite and is probably an
alteration product of pyroxene. A few pieces of
greenish tuff and rhyolite in the lower zone contain
chlorite that appears to have formed during altera-
tion ofthe glass. In both zones, several fractures and
cavities (seen in SEM) are partly [ned with lighl- 1e
dark-green massive clay or spherical clusters of
platey crystals of chlorite deposited directly from so-
lution.

Feldspar minerals

Plagioclase was identified in several whole-rock X-
ray diffractograms, particular$ from samples of the
Mallard Lake Member. Thin-section studies indicate
that most of the plagioclase consists of magmatic
phenocrysts; the chemical analysis of one phenocryst
listed in Table 5 and plotted in Figure 7 has an oligo-
clase composition. Plagioclase also oocurs in thin-sec-
tion as clear euhedral crystals filling vesicles in sev-
eral pieces of core at 103.3, 116.0, 138.8, and 150.0 m
and as an overgrowth on a sanidine grain at 157.1 m.
Chemical analyses of these plagioclase crystals show
that they are nearly pure albite (Abro-Abr8) in com-
position and are probably hydrothermal in origin, al-
though the structural state has not been investigated.

Hydrothermal plagioclase in cores from thermal
areas of New Zealand is reported by Browne and
Ellis (1970) and Steiner (1977) to form by replace-
ment of primary plagioclase phenocrysts. The few

a Hydro lhermo A lOi .

t  Praqoc lose  Phe.o . rys i

O  H y d r o t h e r m o l  a d u o . c

t r  Son id  ne  Preno. rye i

o  Dev l r  i r cor  on  A ko  fe ldspor

A b

Fig. 7. An-Ab-Or ternary diagram for feldspar
encountered in Y-2 drill core. Data from Table 5.

Or

minerals
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occurrences of hydrothermal plagioclase in the Y-2
drill core mostly fill open spaces and thus appear to
have been precipitated from solution.

Other feldspars in Y-2 are magmatic sanidine
phenocrysts, devitrification aftali feldspar, vapor-
phase alkali feldspar, and adularia. (Chemical analy-
ses of three of these feldspar groups are given in
Table 5 and are shown in Fig. 7). Sanidine and de-
vitrification alkali feldspar compositions range be-
tween about Oron and Or' and are quite distinct from
the nearly pure adularia (Orno-Or"r) which is consid-
ered to be hydrothermal on the basis of its chemistry
and mode of occurrence; its structural state was not
determined.

A few fractures and cavities contain clear tabular
crystals of adularia associated with later mordenite.
Hydrothermal K-feldspar was observed in thin sec-
tion as an overgrowth on sanidine (see also Keith et
al.,1978b, Fig. l0). In drill corcY-2, adularia occurs
primarily as an alteration product of glass.

The two zones of hydrothermal K-feldspar, shown
in Figure 2 at 57.8 to 96.9 m and 127.6 to 152.4 m,
are based mostly on whole-rock X-ray diffraction
studies. Diffraction patterns for adularia are quite
distinct from diffractograms of the other three forms
of alkali feldspar in Y-2, which display reflections
characteristic of sanidine. The two adularia zones are
nearly coincident with two potassium-rich zones re-
vealed in whole-rock chemical analyses.

Aegirine

The bottom 13 cm of drill core contain prismatic to
bladed, euhedral bright-green pleochroic hydro-
thermal aegirine crystals, along with later bladed
chlorite crystal clusters deposited in cavities created
by partial leaching of primary sanidine phenocrysts.
Replicate microprobe analyses of aegirine from two
samples (Table 6) range in composition between
aegirine and aegirine-augite (Fig. 8).

Iron and manganese oxide minerals

Brown to black, massive to dendritic manganese
oxides were precipitated in core between 0.8 and 8.5
m, in part contemporaneous with siliceous sinter;
core from 7.3 m contains interbedded primary sinter
and manganese oxide. Circulating thermal waters
also deposited manganese minerals in cavities and
along fractures in the porous sinter. X-ray-di-ffraction
analysis of a manganese precipitate from 7.3 m in-
dicates that the deposit is poor$ crystalline but ap-
pears to be composed of cryptomelane and manga-
nite. Thin-section and microprobe studies of the

Table 6. Microprobe *tr:.J::#:r"thermal aegirine from Y-2

S d p l e . .  1 5 7 . I
D O .

I 5 7 .  L

welght Percent

S i o 2  5 I .  9 6
A t 2 O 3  0 .  ? 1
Fe2O3 31. 23
M n o  0 , 8 8
c a o  5 , 1 4
N a 2 o  9 . 9 4
R 2 o  1 . 0 6
T o t a l  1 0 0 . 9 2

L . 0 2
3 1 . 8 7

o . 1 4
9 . 2 2
9 . 2 r
0 . 0  3

t  0 2 . 6 1

0 . 4 1

o . 7 4

12.7 4
0 . 0 4

99.  99

5 1 . 8 6  5 2 . 0 1
0 .  8 3  0 . 6 3

3 3 . 3 5  3 2 . 9 2
n  2 <

r . 9 ?  1 . 4 3
r2 .7L  13 .03
0 . 0 3  0 , 0 9

1 0 r . 0 7  1 0 0 . 4 6

- 
tlunuss of ions on the basis of 5 oxygens

s i
A I
Fe

Mn

Ca

N 

R

r . 9 8 6
0 . 0 3 2
0.  898
0 . 0 2 8
0 . 2 1 0
0 . 7 3 6
0.  05r

L ,942
0 . 0 {  5
0 .9o i I
0 . 0 2 4
0 . 3 3 2
0 . 6 7 3
0 . 0 0 r

1 . 9 9 9
0 . 0 r 8
0 , 9 2 5
0 . 0 2 4
0 . 0 8 7
0 , 9 5 0
0 . 0 0 2

I .  9 7 5  r . 9 9 0
0 . 0 3 ?  0 . 0 2 8
0 . 9 5 6  0 . 9 4 8
0 . 0 1 0  0 . 0 1 r
0 .080 0 .059
0.939 0 .967
0 . 0 0 1  0 . 0 0 4

t  Analyst:  ! ,1.  E. Beeson, u. s.  Geological  survey.
i is""o- l"  nunb€rs @!leslbnd to depth in f ieters.

sample show the presence of two intergrown varieties
of manganese oxide that have a considerable range in
chemistry from grain to grain, the MnO, varying
from 81.6 to 88.3 percent in one variety and from
7l.l to 92.3 percent in the other. Another manganese
deposit at 7.8 m was identified in X-ray as well-crys-
tallized pyrolusite.

At 32.5 m, two parallel subhorizontal fractures(?)
are coated by -l mm of brown-black manganese
oxide minerals: cryptomelane, manganite, and grout-
ite. Core adjacent to the fractures is peppered with
manganese oxide, which decreases in abundance
away from the fractures.

The sample from 32.5 m contains a few greenish-
brown clayey patches that constitute the only occur-
rence of goethite in the Y-2 drill core. The only other
iron oxide identified (by X-ray) in the drill core is
hematite, sparsely distributed throughout the upper
three-fifths of the core, more abundant in the lower
part, particularly in flow rocks of the Mallard Lake
Member (see Fig. 2). Hematite commonly occurs as
an alteration product of magnetite and fills tiny cav-
ities in association with chlorite and pyrite suggesting
that pyroxene may have been one of the original con-
stituents. Several pieces of core scattered throughout
the drill hole have varying degrees of red staining
that presumably is hematite; a few pieces in the sedi-
mentary or volcaniclastic sections, particularly at
113.9 m, appear to be cemented by hematite and
clay. In fractured and brecciated zones hematite lines
fractures later filled by mordenite, and coats vapor-
phase minerals and chalcedony in a few cavities.
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Fig. 8. NaAlSirO6-NaFeSi2O5-Ca(Fe,Mn)Si2O6 ternary
diagram showing variation in aegirine composition for two
samples from drill core Y-2 (data from Table 6) and one sample
from Y-13. Composition of aegirine from drill core y-13 from T.
E. C. Keith and M. H. Beeson (unpub. data, 1979).

Sulfide minerals

Tiny (generally less than 0.5 mm) euhedral cubic
pyrite crystals are disseminated throughout much of
the groundmass of the Y-2 drill core, becoming most
abundant in the lavas of the Mallard Lake Member
(see Fig. 2). Pyrite crystals commonly occur in associ-
ation with chlorite, hematite, and partly altered(?)
magnetite, which suggests that the pyrite is probably
related to alteration of pyroxene and magnetite. Indi-
vidual pyrite crystals or clusters of crystals that line
cavities, veins, and fractures were deposited from cir-
culating thermal waters. Pyrite appears to be an early
hydrothermal minslnl and may even be contempo-
raneous with chalcedony at 47.4 m.

Between 37.9 and 55.6 m, the core contains bronze
tabular hexagonal pyrrhotite crystals that range in
size from about 0.5 mm to -5 mm, the only occur-
rence of pyrrhotite in all of the Yellowstone research
drill cores. Pynhotite samples from 37.9 and 39.3 m
display sharp, nearly symmetrical (102) peaks near
2.074 and no observable (202) peaks whin X-rayed
at %" /minute, indicating that the pyrrhotite probably
does not have a monoclinic component (Arnold,
1966). Pyrite is present in the core at this depth but is
fairly sparse in the main pyrrhotite zone at 43.6 to
53.2 n (see Fig. 2). Pynhotite crystals are deposited
in cavities on top of vapor-phase alkali feldspar and
tridymite crystals or hydrothermal chalcedony and
along fractures, usually later than chalcedony. pyr-

rhotite platelets lining a fracture at 51.7 m appear to
be both earlier and later than the thin chalcedony
coating.

Browne and Ellis (1970) and Steiner (1977) found
pyrrhotite in drill core from New Zealand thermal
areas where temperatures ranged from about l52o Io
268oC.InY-2, the temperature range in which pyr-
rhotite occurs is about 130' to 152"C.

Summary and discussion

The Y-2 drill hole penetrated interbedded siliceous
sinter and travertine, obsidian-rich glacial sediments
of the Pinedale Glaciation, and glassy rhyolitic lava
and related volcaniclastic rocks of the Elephant Back
flow of the Central Plateau and Mallard Lake Mem-
bers of the Pleistocene Plateau Rhyolite. Hydro-
thermal alteration is pervasive throughout most of
the recovered core and consists essentially of(l) con-
version of rhyolitic glass to several zeolite and clay
minerals as well as to quartz and adularia, and (2)
deposition of these minerals in vugs, veins and frac-
tures along with several carbonate, oxide, sulfide and
feldspar minerals.

Chemical analyses of the Yellowstone plateau rhy-
olites (Boyd, 196l; Hamilton, 1963; R. L. Christian-
sen, unpub. data,1974) all contain abundant sodium
and potassium but little calcium or magnesium. Hy-
drothermal minerals containing sodiun or potassium
as the dominant cations are, as would be expected,
plentiful in the drill core, and magnesian minerals
are entirely absent. However, several calcium-rich
hydrothermal minerals do occur :.or'Y-2. Calcium en-
richment appears to be produced by extraction of
this element from the circulating thermal waters.

Reliable chemical analyses of water from y-2 were
not obtained prior to sealing of the drill hole. Chem-
ical analyses of hot-spring water from the immediate
vicinity of Y-2 show that the present travertine-de-
positing water (similar to Steady Geyser in Table l)
is much lower in silica and contains considerably
more calcium than the higher silica, sodium, and
chloride water (like that of Surprise Pool in Table l)
responsible for deposition of the more extensive si-
liceous sinter found rnY-2 (Fig. 2) and the surround-
ing area (see map of Waldrop and Pierce, 1975).
Travertine interbedded with siliceous sinter in the
upper part of the drill core suggests that the water re-
gime precipitating the two kinds of surficial deposits
has in the past alternated between the two types of
water given in Table l.

The distribution of several calcium-rich and so-
dium- and potassium-rich hydrothermal minerals
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with depth in the Y-2 drill core is shown in Figure 9.
From about 7 to 19 m, calcite, calcium-rich,
montmorillonite. and intermediate heulandite
(calcium-rich) are the predominant minerals. So-
dium-and potassium-rich minerals (clinoptilolite,
sodium-rich montmorillonite, mixed-layer illite-
montmorillonite, and illite) are abundant between
approximately 19 and 33 m; intermediate heulandite
ovedaps near the top and calciun-rich mordenite
overlaps at the bottom of the zone. A second cal-
cium-rich zone occurs between about 33 and 56 m,
where there is a sharp break between calcium-rich
and sodium- and potassium-rich minerals. Clinop-
tilolite was found down to a depth of about 109 m.
Sodium-rich mordenite is abundant throughout the
same depth range; below 109 m, it occurs sporadi-
cally to a depth of about 152m. The sodium- and po-
tassium-rich clay minerals are found throughout the
interval from 56 to 152 m. Hydrothermal adularia
occurs in two zones, from 58 to 97 m and from 127 to
152 m. Analcime was found in two general zones at
about 109 to ll l m and 150 to 154 m.

Calcite occurs sporadically below 93 m, becoming
fairly abundant below 152 m. Laumontite, a calcium
zeolite mineral, was found between 150 and 155 m,
yugawaralite between 149 and 152 m. Several other
calcium-rich minerals were found near the same
depth. The only oocurrence of clear euhedral fluorite
crystals in the drill core was at 155:2 m. One sample
at 152 m contains wairakite. A hydrous calcium sili-
cate mineral, truscottite, partially lines a few cavities
in core from 149.2 m. A mineral occurring as a ves-
icle filling at 152.1m that has replicate microprobe
analyses indicating about 75 percent CaO was tenta-
tively identified as portlandite(?). A gradual decline
of hydrothermal sodium minerals near the bottom of
the drill core and the presence of multifarious cal-
cium minerals suggest that a third calcium-rich zone
may occur near the base of Y-2.

The alternating zones of calcium-rich and sodium-
and potassium-rich minerals in the drill core are not
coincident with changes in lithology and thus do not
appear to have resulted from differences in the com-
position of the starting materials. Factors that influ-
ence the distribution and kind of mineral assem-
blages present in hydrothermal systems in addition to
rock and water composition, are permeability and
porosity of the rocks, water temperature, confining
pressure, and duration of hydrothermal alteration
(Browne and Ellis, 1970).

Other than a reasonable speculation that hydro-
thermal alteration has occurred in this area since at
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Fig.9. Distribution of calcium-rich and sodium- and potassium-
rich bydrothermal minerals in drill core Y-2

least 150,000 years B.P. (Eaton et al.,1975; Fournier
et al., 1976), no information on the duration of hy-
drothermal activity is known.

According to drilling information of White et al.
(1975), the wellhead fluid pressure is low in the upper
40 m and increases irregularly to the bottom of the
hole. White et al. repofi a near-bottom fluid pressure
of 16.4 kg/cn' at 148.7 m; however, they indicate
that the actual bottom-hole pressure (at 157.4 m)
may have been at least as much as 17.9 kg/cm'. Such
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pressures (less than 200 atmospheres) are, according
to Browne and Ellis (1970), not likely to greatly in-
fluence the formation of hydrothermal mineral as-
semblages, although the distribution of bladed calcite
is undoubtedly influsnsed by the depth at which
f6iling occurs (Browne and Ellis, 1970; Honda and
Mufler, 1970; Keith et al.,1978b).

Calculated porosity, based on the difference be-
tween bulk- and powder-density measurements var-
ies from about 24 to 48 percent in the sinter, glacial
and volcaniclastic sediments, and pumiceous tuffs, it
generally ranges between 5 and 19 percent in the Ele-
phant Back flow and 6 to 16 percent in the Mallard
Lake flow. One exception occurs at 66.1 m where a
sample of Elephant Back flow has a porosity of 40
percent, probably due to the abundance of pumi-
ceous fragments in the flow breccia. The porosity and
resultant permeability of the sediment and tuf beds
are uniformly higher than in the rhyolitic rocks, al-
though the degree of hydrothermal alteration, while
quite variable, apfears to be only slightly greater.
The permeability and consequent extent of hydro-
thermal alteration of the rhyolitic rocks is undoubt-
edly increased by the abundance of fractures in the
rock.

Unaltered obsidian grains occur sporadically
throughout the glacial sediments to a depth of about
28.2 m, where the temperature measured during
drilling was about ll5ac (see Fig. 2). Dark-gray,
fairly fresh banded perlite occurs at79.9 m ar a rem-
perature only slightly below the reference [siting-
point curve. Rhyolitic glass is metastable and is read-
ily altered to more stable minerals. The persistence of
glass at temperatures to about 162"C suggests that
temperature is not the most important factor con-
trolling glass alteration, a conclusion consistent with
work of Keith el al. (1978b) for y-7 and y-g.

Several minerals appear to be independent of tem-
perature because they occur over a lange of temper-
ature. Minerals that occur in more than one zone or
are distributed throughout a wide temperature range
include clinoptilolite, B-cristobalite, a-cristobalite,
qraraz, chalcedony, intermediate heulandite, morde-
nite, calcite, chlorite, adularia, hematite and pyrite
(Fig. 2). Other minerals are sparsely distributed over
a narrow temperature lange in the core and may or
may not be temperature dependent; these include
erionite, analcime, wairakite, dachiardite. laumon-
tite, yugawaralite, truscottite, fluorite, siderite, aegi-
rine, manganite, cryptomelane, pyrolusite, groutite,
goethite, pyrrhotite, and portlandite(?).

Erionite was found only at a depth of ll.3 m,
where the temperature was probably around 90oC.
This mineral also occurs in Y-1, Y-5, and Y-8 at tem-
peratures below 100'C (Honda and Mufler, 1970;
Keith and Mufler, 1978; Keith et al.,1978b).

The clay minerals appear to be partially independ-
ent of temperature as shown in Figure 9 by the distri-
bution of various calcium, sodium, and potassium
phases. Some temperature dependence appears
likely, as a sharp break between montmorillonite and
mixed-layer illite-montmorillonite occurs at about
60.7 m, corresponding to a temperature of about
155'C. The break between illite-montmorillonite and
illite is not as abrupt and occurs at about I 10-120 m
at a temperature of about 180-l90oC. In the Salton
Sea and Ohaki-Broadlands geothermal areas, these
two breaks occur at temperatures of about 100.C
and 2l0oC, respectively (Mufler and White, 1969;
Browne and Ellis, 1970).

Most of the opal n Y-2 was deposited as hot-
spring sinter that has been altered to B-cristobalite
and zeolite minerals with preservation of original
textures. Sone opal occurs as fragile white blocky or
clear beaded cavity fillings and white horizontally
bedded deposits in the bottoms of a few cavities. Sev-
eral similar open-spaoe fillings a little deeper in the
core composed of B-cristobalite, c-cristobalite, or
chalcedony lead us to believe that these silica miner-
als may have been precipitated as opal and later con-
verted to more stable silica phases depending on tem-
perature and silica solubilities. Some chalcedony
appears to have formed with replacement of calcite
in the shallow travertine deposits. Probably the more
extensively distributed open-space prismatic quartz
crystals were deposted directly from solution. These
interpretations of silica mineral distribution are con-
sistent with conclusions based on studies of other
Yellowstone drill cores. The criteria for the forma-
tion of the various silica phases are discussed in more
detail by Honda and Mufler (1970), Keith and Muf-
fler (1978), and Keith et al. (1978b).

Factors such as rock composition, pressure, tem-
perature, permeability, and time all undoubtedly in-
fluence, in varying degrees, the formation of hydro-
thermal minerals in the Y-2 drill core. The single
most important influence appears to be water chem-
istry. Change in water composition with depth and
time is indicated by the alternation of calcium-rich
and sodium- and potassium-rich hydrothermal min-
erals and deposition of interbedded travertine and si-
liceous sinter.
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