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HYDROTHERMAL ALTERATION IN RESEARCH DRILL HOLE Y-6,
UPPER FIREHOLE RIVER, YELLOWSTONE NATIONAL PARK,
WYOMING

By KriTH E. BARGAR and MFLVIN H. BFESON

ABSTRACT

Y-6, a U.S. Geological Survey research diamond-drill hole
in the upper Firehole River area of Yellowstone National Park,
Wyoming, penetrated a surface covering of Pinedale glacial
sediments and about 130 m of the Scaup Lake flow of the Upper
Basin Member of the Pleistocene Plateau Rhyolite. The
groundmass of the rhyolite flow has been extensively devit-
rified to =x-cristobalite and sanidine, and vapor-phase zones
contain granophyric quartz, alkali feldspar, and some magne-
tite and tridymite. Abundant fractures, possibly related to Mal-
lard Lake resurgent doming, are mostly filled (self-sealed) by
hydrothermal minerals, dominantly chalcedony. Other hydro-
thermal minerals deposited along fractures and in cavities in
the drill core include quartz, zeolite minerals (clinoptilolite,
dachiardite, intermediate heulandite, and mordenite), iron and
manganese carbonate minerals (Mn-calcite, Ca- and Fe-
rhodochrosite, rhodochrosite, and siderite), apatite, iron sul-
fides (pyrite and marcasite), iron oxides and hydroxides (goe-
thite and hematite), clay minerals (iron-rich chlorite, kaolinite,
mixed-layer illite-smectite and smectite) and a 10-A mica.
There is some indication that the waters flowing through the
Y-6 drill core previously were warmer and cooled to the present
temperatures due to self-sealing coupled with the downward
percolation of cold meteoric water. Adularia and bladed calcite
in open-space deposits may have formed at an earlier time from
boiling of the thermal water that led to a loss of CO, and an
increase in pH. Fluorite, which was deposited later than calcite,
probably formed due to decreasing solubility as the tempera-
ture decreased. Fluid inclusion studies of four samples show a
wide range of homogenization temperatures that are signifi-
cantly warmer than the measured temperature curve.

INTRODUCTION

Research diamond-drill hole Y-6 is one of the
13 holes drilled by the U.S. Geological Survey at
selected sites in hot-spring and geyser areas of
Yellowstone National Park, Wyoming (fig. 1). The
holes were drilled during 1967 and 1968 in order to
obtain detailed chemical and physical data on the
shallow part of a high-temperature geothermal
system. Y-6 is located about 0.5 km west of Lone
Star Geyser and is 38 m northeast of and 2.1 m
above the level of the upper Firehole River (at an
elevation of 2,329 m) (White and others, 1975).

The drilling of Y-6, using water as the cir-
culating fluid, began August 17, 1967, and ended
September 1, 1967, at a depth of 152.3 m. Core re-
covery (by wireline method) was only about 1 per-
cent in the poorly consolidated sands and gravels
of the upper 21.2 m but averaged about 97.8 per-
cent throughout the remainder of the drill hole.

The drill core was logged at the drill site by J.
M. Mattinson, L. J. P. Muffler, and D. E. White.
Approximately 270 pieces of the core that are rep-
resentative of coring intervals (usually 1.5 or 3.0 m
thick) or that contain secondary mineralization in
veins, vugs, or fractures were selected for detailed
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FIGURE 1.—Index map of Yellowstone National Park showing
location of Y-6 and other research drill holes. Drill holes C-I
and C-II drilled by the Carnegie Institution of Washington in
1929 (Fenner, 1936). Drill holes Y-1 through Y-13 drilled by

U.S. Geological Survey.
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laboratory study. This selected core was sytemati-
cally studied by petrographic, X-ray diffraction,
electon microprobe, and scanning electron micro-
scope (SEM) methods. Whole-rock chemical
analyses by rapid rock method, semiquantitative
spectrographic analyses, and bulk and powder
density measurements were obtained for seven
selected core samples.

White and others (1975) discussed the physical
results of the 13 research drill holes. They re-
ported a near-bottom fluid pressure of 1,570 kPa
for drill hole Y-6. Temperature data shown in fig-
ure 2 were measured during drilling. Low surface
temperatures are attributed to the flow of cold
meteoric water through the unconsolidated sand
and gravel surficial deposits. The temperature
profile deeper in the drill hole is nearly parallel to
the reference boiling point curve but is consis-
tently lower. White and others (1975) and White
(1978) indicated that Y-6 is probably on the border
of a convection system and that the recorded tem-
peratures lower than but parallel to the reference
boiling curve may be due to lateral movement and
conductive cooling of thermal water away from the
main vertical channels of flow. The maximum
temperature recorded was 180.8°C at a depth of 152
m; however, Fournier and Truesdell (1970) indi-
cated that the aquifer temperature, based on the
silica content (245 mg/L) of a nearby hot spring,
may be as high as 193°C. The chemical composition
of a near-neutral water subsequently analyzed
(consisting predominantly of Na*, Cl-, HCO;, and
Si0,) from the Y-6 drill hole (table 1) also suggests
a higher aquifer temperature.

Chemical compositions of the Y-6 drill-hole
water and of nearby hot-spring waters (Thompson
and others, 1975; Thompson and Yadav, 1979) are
similar to Upper Geyser Basin hot-spring water
(White and others, 1975). White and others (1975)
postulated that the Lone Star-upper Firehole
River area lies within the Upper Geyser Basin
hydrothermal convective system; the drilling data
are consistent with this hypothesis but do not pro-
vide confirmation.
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TABLE 1.—Chemical composition (in milligrams per li-
ter), pH, and calculated geothermometers (in de-
grees Celsius) of thermal water from Y—-6 drill hole

[Analyst: J. M. Thompson, U.S. Geological Survey, Geothermometers
calculated from formulas presented in table 4.1 of Fournier (1981)]

SiOZ 24y

Ca 4.56

Mg 0.075

Na 315

Keemm 22.3

Li 1.77

HC03 202

SO,4 24

cl 355

F 13.1

B 3.9
Total 1185.705

pH (field) 6.42

Quartz (conductive) 194

Quartz (adiabatic) 180

Chalcedony--- -— 175

Na/K (Fournier) 189

Na/K (Truesdell)--- 153

Na-K-Ca 186

permitting the use of his water-chemistry data
and for informative discussion of the water
chemistry of the drill hole.

STRATIGRAPHY
GLACIAL SEDIMENTS

The upper 21.2 m of the Y-6 drill core is com-
posed of poorly consolidated fluvial outwash mate-
rial (fig. 2; Christiansen and Blank, 1974; Waldrop,
1975) that probably was deposited during the lat-
ter part of the Pinedale Glaciation (=45,000 to
14,000 years ago) (Pierce and others, 1976). No core
was recovered from this interval. Three samples of
core-bit cuttings consist of (1) subrounded to
rounded, fine sand to granule-sized particles of
black obsidian, quartz, and rhyolite, (2) medium to
very coarse pebbles of rhyolite, and (3) weakly
cemented fine-grained sandstone and siltstone.

VOLCANIC ROCKS

From 21.2 m to the bottom of the drill hole at
152.3 m, the core penetrated the Scaup Lake flow
of the Upper Basin Member of the Pleistocene
Plateau Rhyolite (Christiansen and Blank, 1974;
White and others, 1975). The Scaup Lake flow has
a K-Ar date of approximately 265,000 years B.P. (J.
D. Obradovich and R. L. Christiansen, unpub.
data, 1973).

The upper part of the Scaup Lake flow (21.9 to
30.9 m) in core Y-6 consists of green to greenish-
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gray pumiceous and vitrophyric rhyolite flow
breccia. A greenish to grayish rhyolite flow be-
tween 31.6 m and 45.6 m contains abundant
lithophysal cavities. Below 45.6 m scattered
lithophysal cavities are present in the rhyolite
flow, but large irregular cavities and elongate ves-
icles that are oriented parallel to flow banding are
more common. Much of the groundmass in the
Scaup Lake flow is microspherulitic, and
x-cristobalite, formed by devitrification, was iden-
tified by X-ray diffraction from 21.3 to 35.0 m, 40.2
'to 41.4 m, 43.9 to 56.9 m, and in scattered samples
down to 123.8 m. The microspherulitic texture per-
sists in thin sections to near the bottom of the hole
(151 m), but whole-rock X-ray diffraction analyses
show only quartz and K-feldspar, suggesting re-
crystallization of the «-cristobalite. Phenocryst
mineralogy throughout the Scaup Lake flow is
nearly uniform and consists mostly of quartz and
sanidine, minor plagioclase, and partly to com-
pletely altered mafic crystals (magnetite and
pyroxene).

Lithophysal cavities and vesicles from 40.2 to
40.8 m, 43.9 to 47.8 m, and &0.2 to 97.4 m contain
large (up to approximately 1 em in length and 3
mm in width) euhedral quartz crystals. A few of
the pyramidal or dipyramidal quartz crystals are
coated by later vapor-phase alkali feldspar. Simi-
lar large prismatic quartz crystals found in Y-5
drill core were interpreted as being granophyric
deposits in miarolitic cavities by Keith and Muffler
(1978).

Most cavities and a few large vugs above 54.0
m in the rhyolite flow are lined by vapor-phase
sanidine crystals that are usually coated by mi-
nute quartz crystals. Below 54.0 m, vapor-phase
alkali feldspar crystals appear to be hydrother-
mally replaced by quartz similar to that deseribed
by Keith and Muffler (1978) in drill core Y-5. Tiny,
quartz-coated, opaque grains (that are attracted
to a magnet) were deposited later than vapor-
phase alkali feldspar, and they may be of vapor-
phase origin, as were the octahedral magnetite
grains found in association with vapor-phase
sanidine and tridymite in drill core Y-5. Widely
separated X-ray diffractograms of whole-rock
samples show the presence of vapor-phase tridy-
mite between 45.2 and 98.3 m.

The Y-6 drill core is highly fractured, and a
few pieces of core contain hydrothermal chal-
cedony fracture fillings and brecciation similar to
that described for drill core Y-56 which Keith and
Muffler (1978) attributed to tension associated
with magmatic resurgence of the Mallard Lake

dome. The southern margin of the Mallard Lake
resurgent dome is located only about 2 km from
the site of the Y-6 drill hole (Eaton and others,
1975; Christiansen, 1979) and could be responsible
for much of the fracturing observed in this drill
core.

HYDROTHERMAL ALTERATION

Figure 2 shows the distribution of hydrother-
mal minerals with depth in the Y-6 drill core. Most
of the glass in the Scaup Lake flow, as indicated by
the widespread microspherulitic texture, was de-
vitrified. Later hydrothermal alteration minerals
are mostly associated with fractures, lithophysal
cavities, and other vugs that are usually lined or
completely filled by at least one of the more than
20 hydrothermal minerals listed in figure 2. The
earliest deposited hydrothermal minerals charac-
teristically are silica and iron-rich minerals (red
chalcedony, hematite, goethite, pyrite, marcasite,
and quartz), and these are followed by clay miner-
als (smectite, illite-smectite, and kaolinite), apa-
tite, carbonate minerals, fluorite, mordenite, chlo-
rite, and later generations of smectite, quartz, and
pyrite. Hydrothermal 10-A mica usually was
found in combination with chlorite. Paragenesis of
the remaining hydrothermal zeolite minerals
(clinoptilolite, intermediate heulandite, and
dachiardite), adularia, and silica minerals (8-
cristobalite, and «-cristobalite) was not deter-
mined.

SILICA MINERALS
«- and B-CRISTOBALITE

B-cristobalite' was identified by X-ray diffrac-
tion in open-space deposits of a few scattered
pieces of core between 21.9 and 44.0 m. At 21.9 m,
hard, milky white B-cristobalite partly fills a cav-
ity. The B-cristobalite has a horizontal (perpen-
dicular to drill core that is assumed to be vertical)
upper surface that is coated by later white, pow-
dery x-cristobalite. B-cristobalite in vein or frac-
ture fillings at 29.7 m is associated with white fi-
brous mordenite. Open-space deposits at 25.1 and
44.0 m consist of clear to white beaded to colloform
chalcedony and minor gB-cristobalite that was de-
posited earlier than clear quartz crystals at 25.1m
and later than white bladed calcite at 44.0 m.

! B-cristobalite has a broad major X-ray peak between 4.07 and 4.11 A and a single
minor peak near 2.5 A ; x-cristobalite has a sharp peak between 4.04 and 4.07 A along
with several minor peaks.
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TABLE 4.—X-ray diffraction data for Y-6 carbonate minerals, compared with J.C.P.D.S.* data for calcite,
manganese-calcite, and rhodochrosite
[Intensites are not listed for Y-6 samples but are about the same as equivalent J.C.P.D.S. minerals]

Ca-
Calcite Calcite Mn-calcite Mn—calcite Mn-calcite rhodochrosite Rhodochrosite Rhodochrosite
(5-586)1 Y6-125.62 Y6-44.,52 Y6-40.42 (2-714)1 Y6-65.12  ¥6-65.52  (7-268)1
hkl da(a) I a(A) d(Aa) a(a) d(A) I da(a) d(A) da(a) I

012(102) 3.86 12 3.84 3.83 3.77 - - 3.69 3.65 3.66 35
104 3.035 100 3.02 3.01 2.963 2.95 100 2.88 2.84 2.84 100

006 2.845 3 2.83 2.83 2.76 - - 2.66 2.61 - -

110 2.495 14 2.49 2.48 2.45 2.40 30 2.40 2.39 2.39 20

113 2.285 18 2.28 2.28 2.23 2.24 50 2.19 2.17 2.172 25

202 2.095 18 2.09 2.09 2.05 2.04 40 2.02 2.00 2.000 25
024(204) 1.927 5 - -_ —_ - - 1.85 1.83 1.829 12
018(108) 1.913 17 1.91 1.90 1.89 1.85 80 1.80 - 1.770 30
116 1.875 17 1.87 1.86 1.86 1.81 70 1.79 1.76 1.763 35

009 - - - - 1.83 - - - - - -

211 1.626 4 1.62 1.62 1.60 -_— -_ 1.57 1.56 1.556 2

122 - - - - - - - - - 1.533 14

212 1.604 8 1.60 1.60 1.57 1.56 40 1.55 1.53 -~ -
1010 1.587 2 1.58 - 1.54 - - 1.49 - - --
714 1.525 5 - - 1.50 1.48 40 1.47 - 1.452 2

- - - 1.52 - - - - - - - -
208 1.518 & - -— 1.48 - - -— — 1.423 1
119 1.510 3 1.51 1.51 - - - - - - -

1 Joint Committee on Powder Diffraction Standards (J.C.P.D.S.) card numbers.

Sample numbers in meters.
Accuracy is probably about + 0.01° 2a.

Analyses were made at 1°/minute and the data corrected to a quartz internal standard.

3 X-ray data also show an additional carbonate phase with a d(104) X-ray peak at 2.88 A.

d(104)) for pure synthetic calcite occurs at 3.035 A
(table 4, column 1). In nine X-ray diffraction pat-
terns of Y-6 calcite, the d(104) peak was measured
at 3.02 A (table 4, column 2) to 3.03 A, which indi-
cates that the calcite is not a pure end member and
that it undoubtedly contains minor manganese or
iron. No microprobe analyses were obtained for
this material; however, analyses of a sample from
44.5 m with a d(104) X-ray peak of 3.01 A (table 4,
column 3) contains about 8 to 10 mole percent
MnCO; (fig. 12).

MANGANESE-CALCITE

Late deposits of white, hydrothermal
manganese-calcite occur in a few fractures and
vugs from 40.3 to 63.8 m that are lined by one or
more of the following earlier minerals: chalcedony,
hematite, apatite, or mordenite. In this report, the
term manganese-calcite is defined as a Ca-Mn car-
bonate containing less than about 50 mole percent
MnCO;, similar to the “manganocalcite” studied
by Krieger (1930). The most intense X-ray diffrac-
tion peak, (d(104)) for this part of the calcite-
rhodochrosite solid-solution series, decreases from
3.005 A to 2.948 A with increasing manganese con-
tent according to Krieger’s data. Core Y-6
manganese-calcite has a d(104) peak that varies
from about 3.01 A t02.96 A (table 4, columns 3 and
4), and the corresponding microprobe analyses (ta-
ble 5 and fig. 12) show a range of approximately 7
to 35 mole percent MnCO;.

Manganese-calcite (manganocalcite) has been
described in two reports (Levison, 1916; Omori and
Yamaoka, 1954) as having a “columnar” or “tow-
ery” structure. No illustrations were given by
Levison for his “columnar manganocalcite”

EXPLANATION
Drill
hole

Y-6
Y-6
Y-6
Y-6
Y-6
Y-6
Y-6
Y-6
Y-6
Y-6
Y-6
Y-6
Y-4

Depth
3B0m
36.2m
365m
404 m
406 m
439 m
440 m
45m
465 m
644 m
65.1 m
65.5 m

Ca €O,

R® +A00P x 4« 0 )

.

Fe f)tl3 Mn CUa

FIGURE 12.—CaCO;-MnCO,-FeCO; ternary diagram for carbon-
ate minerals from Y-6 drill core. Y-6 data from table 5; Y4
carbonate microprobe data from T. E. C. Keith and M. H.
Beeson, unpub. data, 1979.
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RESEARCH DRILL HOLE Y-6, UPPER FIREHOLE RIVER
(Eaton and others, 1975). Late Bull Lake kame de-

posits that formed approximately 140,000 years
ago in the vicinity of the Y-6 drill hole are hy-
drothermally cemented and are overlain by un-
cemented deposits of Pinedale age ( =45,000 to

14,000 years B.P.) (Waldrop, 1975; Pierce and oth-

‘ers, 1976).
Calculated porosity of seven representative
rock samples from the Y-6 drill core is generally

low (about 3 to 15 volume percent) except for one"

sample of pumiceous rhyolite flow breccia which
has a porosity of 29 volume percent. Chemical
analyses of the upper pumiceous, vitrophyrie, and
lithophysal part of the Scaup Lake flow show con-
siderable variation in major-oxides content; below
approximately 456 m the whole-rock chemistry does
not appear to vary significantly from an analysis
of unaltered Scaup Lake rhyolite given in Keith
and others (1978b). Permeability in the lower two-
thirds of the drill core was high due to the abun-
dance of fractures, although many of the fractures
are nearly or completely closed (self-sealed) by
deposition of hydrothermal minerals (dominated
by chalecedony).

Several pieces of drill core contain fracture
zones, in which the outlines of chalcedony-
enveloped rock fragments.can be matched readily
with adjacent wallrock. Fracturing and sub-
sequent fracture filling by hydrothermal minerals
in Y-6 appear much the same as that deseribed for
drill core Y-5 by Keith and Muffler (1978). Their
interpretation suggests that the Y-5 fractures are
related to the Mallard Lake resurgent doming and
were filled immediately after formation by de-
posits of amorphous or poorly ordered silica. These
silica fracture fillings were recrystallized later to
chalcedony. A similar process involving Mallard
Lake doming and subsequent surge of silica-
saturated water may be responsible for chal-
cedony fracture fillings in the Y-6 drill core.

The chemical composition of Y-6 heulandite-
group minerals is higher in ealcium than clinop-
tilolites from drill holes C-1I, Y-1, Y-7, and Y-8 and
contains slightly less calecium than Y-2 inter-

mediate heulandites (see fig. 9). The only other.

zeolite minerals found in drill core Y-6 are minor
dachiardite and extensive mordenite.

Iron-rich hydrothermal minerals are very
plentiful in the Y-6 drill core and include pyrite,
marcasite, goethite, hematite, iron-rich chlorite,
smectite (approximately 6 weight percent FeO),
and siderite. Several carbonate minerals (calcite,
Mn-calcite, Ca- and Fe-rhodochrosite, rhodochro-

site, and siderite) contain varying amounts of .
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manganese and iron.

Hydrothermal quartz and chalcedony are very
abundant throughout most of the Y-6 drill core.
Silica content of the analyzed Y-6 thermal water
is about 244 mg/L, which indicates a maximum cal-
culated temperature of about 194°C (table 1)
rather than the 180.8°C measured during drilling.
This difference in temperature may be significant
in that quartz precipitates more readily at tem-
peratures above 180°C and the potential for self-
sealing is greater (White and others, 1971). Most of
the fractures in the Y-6 drill core are partly to
completely filled by hydrothermal silica and other
minerals, and self-sealing appears to be a signifi-
cant factor in interpreting the hydrothermal min-
eral sequence in this drill core.

White and others (1975) indicated that the low
temperatures measured in the upper part of the
Y-6 drill hole were probably due to cold meteoric
water which percolated down through the cover-
ing of porous glacial sediments. The temperature
of nearby hot springs ranges from 63° to 84°C, and
hot springs near Lone Star Geyser, about 0.5 km
east of Y-6, are mostly at or very near the surface
boiling temperature for this elevation (Thompson
and Yadav, 1979). The formation of hydrothermal
potassium feldspar near the top of the Scaup Lake
flow appears to be best explained by the loss of CO,
and an increase in pH and the K/H ratio due to
boiling of water (Keith and others, 1978b), proba-
bly during an earlier period of higher near-surface
temperature.

White and others (1975) attributed the deeper
Y-6 temperature profile, which is cooler than, but
nearly parallel to, the reference boiling-point
curve (fig. 2), to lateral movement of thermal
water away from the main vertical channels and
conductive heat loss. A decrease in temperature
due to at least partial self-sealing is probably con-
sistent with this hypothesis. Warmer tempera-
tures in the past appear to be necessary to explain
the abundance of open-space bladed calcite in the
lower approximately 60 m of the drill core. Such
deposits have been attributed to loss of CO, upon
boiling of the geothermal water in other Yel-
lowstone drill holes (Keith and others, 1978b;
Keith and Muffler, 1978; Bargar and Beeson,
1981). Later crystalline to massive open-space
fluorite deposits might also be partly due to de-
creasing solubility as a result of decreasing tem-
perature of the geothermal water because of self-
sealing of the main vertical channels and partly
due to mixing of thermal water with cold meteoric
water.
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Homogenization temperatures were deter-
mined for 57 fluid inclusions in 4 samples from the
lower one-half of the Y-6 drill core. The fluid inclu-
sions appear to have formed over a wide tempera-
ture range (fig. 23). However, the minimum fluid
inclusion temperatures plot very close to the mea-
sured temperature curve which suggests that this
drill hole was significantly warmer in the past.
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FIGURE 23.—Plot showing homogenization temperatures for
fluid inclusions in fluorite (upper sample) and quartz (lower 3
samples) from Y-6 drill core.
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