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STUDIES IN LATE CENOZOIC VOLCANISM IN WEST-CENTRAL UTAH

. PETROLOGY OF LATE TERTIARY AND QUATERNARY VOLCANISM
IN WESTERN JUAB AND MILLARD COUNTIES, UTAH

by C. H. Turleyl and W. P. Nash‘2

ABSTRACT

The Honeycomb Hills (4.7 million years old), the
Thomas Range (6.0 m.y.}, and Smelter Knolls (3.4 m.y.)
are three centers of relatively young rhyolitic volcanism
in western Utah. Basaltic lava flows and normal faulting
(which has dissected the Smelter Knolls rhyolite) are
widespread in this area.

Rhyolites are both crystalline and glassy in charac-
ter, with phenocrysts of quartz, alkali feldspar, oligo-
clase, biotite, Fe-Ti oxides, sphene, zircon, and allanite.
Topaz and fluorite are found in the groundmasses of
several samples. Biotites from Smelter Knolls and the
Honeycomb Hills approach fluorannite in composition.
Basaltic andesite and tholeiitic basalt are found at
Smelter Knolls. The basaltic andesite contains plagio-
clase, clinopyroxene, and orthopyroxene, whereas the
tholeiitic basalt has olivine in place of orthopyroxene.

Rhyolites are rich in silica, alkalies, F, Li, Be, Rb,
Y, Th, U and Cl and are depleted in Al, Ca, Mg, Ti, and
P. One unusual Honeycomb Hills sample contains
fluorite in the groundmass. and is particularly rich in Ca
and F. Chemically, the Honeycomb Hills rhyolite is the
most magmatically evolved, followed by those from
Smelter Knolls and the Thomas Range, respectively.
Tholeiitic basalt contains 48% SiO-, whereas the basaltic
andesite is somewhat more silicic (57%).

Calculated temperatures for the rhyolites average
720°C (Thomas Range), 665°C (Smelter Knolls) and
605° (Honeycomb Hills). Basaltic lavas crystallized at
approximately 1000°C. Pressure solutions for rhyolites
ranged from 20 to 1870 bars with most solutions near
the low end of this range, indicating initial crystalliza-
tion at shallow levels in the crust or upon extrusion.

The ages of volcanism of the rhyolite centers (6.1,
47 and 34 m. y.) suggest that none are probably

lSt. Joe American Corp., Spokane, Washington

2Department of Geology and Geophysics, University of Utah,
Salt Lake City, Utah 84112.

associated with a major geothermal resource. However, if
the high degree of chemical evolution was caused by
protracted magma residence times in the upper crust,
then there may have been sizable magma bodies associ-
ated with each, and anomalously high temperatures may
still be present. The large volume (>50 km3) of the
Topaz Mountain rhyolite complex in the Thomas Range
indicates the past presence of a large magma body. The
3.4 m.y. Smelter Knolls rhyolite system is associated
with 0.3 m. y. basaltic volcanism and lies along a struc-
tural trend coincident with the Quaternary volcanism of
the Crater Springs Known Geothermal Resource Area
(Peterson and Nash, 1980).

INTRODUCTION

Western Juab and Millard Counties, Utah, contain
numerous centers of late Tertiary volcanism which have
been described by Erickson (1963), Hogg (1972), Staatz
and Carr (1964) and Staub (1975). Paleozoic sediments
and mid-Tertiary ignimbrites underiie most of the area.
Basin and Range-type normal faulting has created several
mountain ranges, some of which contain Pb-Zn,Cu-Au-
Ag mineralization. Rhyolites, accompanied by ash falls,
erupted 3 to 10 m.y. ago and were accompanied by
basaltic flows ranging in age from 6 m.y. to less than 1
m.y. Subsequently, Pleistocene Lake Bonneville inun-
dated the region, and lake deposits, along with alluvial
fan material, have obscured low-lying outcrops.

As part of a regional geothermal resource evalua-
tion effort, this study concentrates on the geology and
petrology of the Honeycomb Hills, the Thomas Range,
and Simelter Knolls, three centers of rhyolitic volcanism
(figure 1).

GEOLOGY
Honeycomb Hills

The Honeycomb Hills are two domelike bodies of
rhyolite with a total volume of 0.5 km3, contained
within an area approximately 1.5 km in diameter.
Basaltic lava flows surround the area (Hogg, 1972), and
tuffs adjacent to the rhyolite contain high concentra-
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Volcanism in western Juab and Millard Counties, Utah, C. H. Turley and W. P. Nash

tions of Cs, Rb, Li, Be, and F (McAnulty and Levinson,
1964). The rhyolite has contorted flow layering, some of
which is nearly vertical and resembles the feeder dikes
described in rhyolite flows by Christiansen and Lipman
(1966). Sanidine from rhyolite produced a K-Ar age of
4.65 £ 0.2 m.y. which agrees with an age of 4.7 m.y.
reported by Lindsey (1977). Paleomagnetic data indicat-
ing a reversed polarity (table 1) coincides with the
Gilbert reversed polarity epoch (McDougall, 1977).

Thomas Range

Staatz and Carr (1964) mapped five rhyolite flows
in the Thomas Range and subdivided each of them into a
basal obsidian, a thin layer of red spherulitic rhyolite,
and gray rhyolite. All analyzed samples are from the
obsidian and gray rhyolite units of the fifth (youngest)
flow except for TRS58 (figure 1, table 2), which is
from an isolated outcrop of unknown age between the
Thomas Range and Keg Mountains. The fifth flow has
been dated at 6.0 m.y. (Armstrong, 1970), and its
reversed paleomagnetic polarity suggests eruption during
Epoch 6 of McDougall (1977). A notable feature of
the Thomas Range rhyolite pile is its lack of structural
deformation as compared to the adjacent Dugway Range
and Spor Mountain, which are composed of Paleozoic
sediments. The total volume of the rhyolite flows
amounts to 50 km3, although erosion has probably re-
moved an additional unknown amount of material.

Smelter Knolls

The Smelter Knolls are a single rhyolite flow-dome
complex 5 km in diameter and 2.2 km” in volume
(figure 2). The northern side of the main knoll has a
wave-cut bench at 4800 feet elevation, the Provo level of
Lake Bonneville (Hintze, 1973). Rhyolite grades irregu-
larly from white to gray to reddish in color and it can
not be differentiated into units except for scattered
outcrops of basal obsidian. Dips of rhyolite flow layering
tend to lessen toward the perimeter of the body, in-
dicating a central magmatic source. However, inter-
pretation of the flow layering is complicated by the
possibility of block-flowage of the rhyolite as opposed
to a totally liquid magma.

The western half of the area includes a number of
isolated rhyolite bodies that have been dissected by
north-south trending faults. The main, eastern knoll is
60 m higher than the western area and the two areas are
divided by a normal fault 8 km in length. This fault
passes near a tholeiitic basalt vent to the south and, to
the north, is aligned with a fault block of a crystal tuff

probably overlain by tholeiitic basalt. Additional fault
blocks of tholeiitic basalt occur from 1 to 2 km north of
the knolls, and fault flocks of basaltic andesite are found
2 to 4 km to the north. Faulting in this area aligns with
faults in the basaltic andesite of Fumarole Butte (Crater
Springs KGRA), 12 km to the north, (Hogg, 1972;
Peterson and Nash, 1980).

K-Ar dating on sanidine from rhyolite yields an
age of 3.40 £ 0.1 m.y., which agrees precisely witha 3.4
m.y. date by Armstrong (1970). Rhyolite eruption near
the end of the Gilbert magnetic epoch is inferred from
reversed polarities at several sites.

Whole rock K-Ar dating on tholeiitic basalt from
the vent south of the Knolls produced an age of 0.31
0.08 m.y., and the northern basaltic andesite was dated
at 6.1 £ 0.3 my. In contrast, tholeiitic basalt and
basaltic andesite at Fumarole Butte have been dated at
6.03 £ 0.3 m.y. and 0.88 + 01 m.y., respectively (Peter-
son and Nash, 1980), indicating at least two eruptive
episodes for each mafic magma type in this area. The
vent tholeiite and basaltic andesite have reversed and
normal polarities, respectively, while their K-Ar ages fall
in normal and reversed intervals. However, the low
statistical K values for these sites may invalidate the
paleomagnetic results. The normal polarity of the
northern tholeiite does show that this eruption was
distinct from that of the southern vent.

The crystal tuff has evidently been structurally
disturbed as shown by its indefinite magnetic polarity.
Caskey (1975) reports a pre-Needles Range (Oligocene)
ignimbrite of normal polarity 10 km to the southwest.
The Smelter Knolls tuff could well be a remnant of some
cooling unit of this ignimbrite.

PETROGRAPHY

Sample numbers and lithologies are given in table

2; locations are given on figure 1. It should be emphasiz-

ed that although rhyolite and obsidian denote crystalline

and glassy varieties of the same rock composition,

“rhyolite” is also used as a generic term to describe
both.

Rhyolite

Rhyolites from Smelter Knolls and the Thomas
Range are flow-banded, gray to white in color, and
contain 10-20% phenocrysts (table 3). Quartz, alkali
feldspar, plagioclase, biotite and Fe-Ti oxides are present
in all samples. Alkali feldspar dominates over quartz in
the mode, and plagioclase occurs as both twinned and
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Table 2. Lithology Key
Sample Locality Lithology
HH40 South-central side of larger (east) Honeycomb Hill Rhyolite
HH42 Base of Bell Hill (west Honeycomb Hill) Rhyolite
TR21 0.7 km south of hill 6938, N. Thomas Range Obsidian
TRSS Southwest Topaz Mountain, near paved road Obsidian
TR58 5.5 km southeast of Bittner Knoll Obsidian
TR79 Topaz Valley Rhyolite
SK34 See Figure 2 Obsidian
SK45 See Figure 2 Rhyolite
SK71 See Figure 2 Obsidian
SK75 See Figure 2 Obsidian
SK57 See Figure 2 Tholeiitic basalt
SKé66 See Figure 2 Tholeiitic basalt
SK72 See Figure 2 Basaltic andesite
SK51 See Figure 2 Crystal tuff

HH= Honeycomb Hills
TR= Thomas Range
SK= Smelter Knolls

Table 3.

liodal Analyses (volume percent)

Modal Analyses (Volume Percent)

HH SK SK SK SK TR; TR TR TR SK SK SK
Sample No 40 34 45 71 75 21 55 58 79 57 €6 72
Phenocrysts
Quartz 5.8 6.4 86 3.7 6.3 2.8 3.4 3.8 3.8 - - tr
Alkali feldspar 25.0 12.9 8.5 8.1 8.0 4.4 4.4 7.6 6.0 - - -
Plagiociase 0.3 0.4 08 0.7 06 0.1 0.4 0.7 0.4 24.6 45.1 7.3
Olivine - - - - - - - - - 9.5 7. -
Orthopyroxene - - - - - - - - - - - 1.8
Biotite .5 0.5 0.3 0.6 0.3 0.2 0.5 0.2 0.2 - - -
Fe-Ti Oxides tr. 0.2 0.1 0.2 0.1 0.1 0.4 0.2 0.2 2.7 3.2 1.4
Sphene - - - - - 0.1 tr. 0.3 - - - -
Zircon - - - tr. - - - - tr. - - -
Topaz 0.7 - - - - - - - - - - -
Allanite - - - - - - tr. - - - - -
Groundmass
Undifferentiated 56.7 - 81.7 - - - - - 89.4 63.2 44.6 89.5
Glass - 79.6 - 86.7 84.7 92.3 90.9 87.2 - - - -
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untwinned varieties. Minor constituents include sphene,
zircon, fluorite, and allanite. Topaz and hematite occur

as vapor-phase products in lithophysal cavities and topaz-

is also present as a groundmass mineral at Smelter
Knolls. Groundmasses consist of quartz and alkali
feldspar along with spherulites of mixed mineralogy
which have devitrified from glass.

Honeycomb Hills rhyolires contain up to 40%
phenocrysts of alkali feldspar, biotite, plagioclase, and
smoky-colored quartz, but Fe-Ti oxides are rare. Fluor-
ite and acicular aggregates of topaz are abundant in the
groundmass of sample HH40 (figure 1). These rocks
differ from rhyolites of the other localities by having
considerably larger phenocrysts and crystalline ground-
masses that show no evidence of devitrification.

Obsidian

Obsidians are dark gray to black and friable
because theéy are composed of interlocking blebs of
glass; an exception is TR58, a massive obsidian. Perlitic
cracks and flow-aligned crystallites are common, and
phenocrysts are present in approximately the same types
and proportions as in crystalline rhyolites, although
fluorite and topaz were not found in obsidians. -

Tholeiitic Basalt

Tholeiitic basalts are frequently vesicular with
vesicle fillings of carbonate material. Groundmasses are a
subophitic intergrowth of plagioclase, clinopyroxene,
olivine, and Fe-Ti oxides, with interstitial residual glass.
Plagioclase laths crystallized in various sizes; olivine is
the only phenocryst phase.

Basaltic Andesite

Basaltic andesites have a felted groundmass of
plagioclase, clinopyroxene, orthopyroxene, Fe-Ti oxides,
and residual glass. Plagioclase and orthopyroxene are
present as phenocrysts along with quartz. Reaction rims
of orthopyroxene on the quartz indicate that the quartz
was out of equilibrium with the magma under the low
pressure conditions of crystallization.

Crystal Tuff and Volcanic Breccia

These lithologies are found in small outcrops at
Smelter Knolls. The crystal tuff has plagioclase, biotite,
amphibole, and Fe-Ti oxides in a matrix of reddish
welded ash. The volcanic breccia has angular fragments
of obsidian-in a reddish ashy matrix similar to that of

the crystal tuff. It is associated with rhyolite and obsi-
dian in the western knolls area, and it may represent an
autobrecciated portion of the basal obsidian. However, it

‘has been mapped as a separate unit.

MINERALOGY

Minerals in polished rock sections and from heavy
liquid separates were analyzed with an ARL-EMX
electron microprobe. Bence-Albee empirical corrections
were made on biotites and Fe-Ti oxides, whereas other
mineral analyses were corrected only for background
radiation because standards similar in composition to
unknowns were employed.

Feldspar

Alkali feldspar phenocrysts in rhyolites range in
average  composition from Ab330rge to AbygOrgy
(figure 3 and table 4) which is in the sanidine com-
positional range although some crystals have a cross-
hatch twinning typical of anorthoclase. Most are not
strongly zoned but are mantled near their margins.
Mantling generally occurs as Abgq g edges on Abss 4
cores with some rims as sodic as Ab.g. Groundmass
sanidines evolved toward sodic (Ab60) compositions in
Honeycomb Hills rocks, whereas TR79 groundmass
feldspars are very similar to the phenocrysts. Analysis of
SK45 groundmass feldspar was complicated by abundant
devitrified groundmass material.

As shown in table 5, plagioclase in rhyolites
averages AbgcAn;y except for Honeycomb Hills
samples which average AbgcAng, an unusually sodic
plagioctase for volcanic rocks. None of the phenocrysts
are 'zoned, and groundmass plagioclase is not present in
any -of the rhyolites. Plagioclase was the initial feldspar
to crystallize in several of the rhyolites, as they contain
plagioclase crystals surrounded by alkali feldspar.

Tholeiitic basalt phenocrysts average AbzjAngc,
and many are zoned from Ab,g to Abye with some
edges of Abgp s composition. Basaltic andesite
groundmass feldspar averages AbjsAngs with zoning
from Abjzq to Abyg. Phenocrysts in this rock type are
reversely zoned from Angg cores through a sieve-tex-
tured Ang, portion to a thin rim of Angg. This reversal
in zoning implies that the phencrysts were out of equi-
librium with the liquid at the time of eruption. These
feldspars, along with the quartz phenocrysts, could
either be remnants of cognate high pressure precipitation
or pieces of crustal rock acquired during the ascent of
the magma (Hausel and Nash, 1976).
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Crystal tuff plagioclase averages Abg3 Anyz and is
unzoned. Sanidines are low in BaO, from O to 0.04%,
while coexisting plagioclases have a maximum of 0.01%.
BaO contents of feldspars from basaltic rocks range from
0.02 to 0.04%.

Iron contents of sanidines vary from 0.03 0 0.21%
as Fe503, and coexisting plagioclases contian 0.04 to
0.41%. Thomas Range feldspars have the highest iron
contents, whereas Smelter Knolls crystals contain less
Fe, and Honeycomb Hills samples are the most depleted
in iron. This relation, which holds for both alkali feld-
spar and plagioclase, coincides with a trend of decreas-
ing crystallization temperatures as shown by the two-
feldspar geothermometer of Stormer (1975, table 12).
Assuming that all iron in feldspar is present as ferric iron
substituting in tetrahedral sites for aluminum, one
explanation for this trend is that the 0.64A Fe™3 ion
has increasing difficulty substituting for the 0.51 A
A1%3 jon as temperature falls. However, partitioning of
iron into feldspar could also be related to oxygen
fugacity (Heming, 1977), and the paucity of such data
for these rocks (table 13) prevents any real resolution of
this problem. Apparently Fe content in feldspars is not
simply a function of whole-rock iron content. For
example, Smelter Knolls feldspars contain less Fe than
those from the Thomas Range, but Smelter Knolis
whole-rock iron contents are up to 0.3% greater. Tholei-
itic basalt plagioclases have 0.7-0.8% iron calculated as
Fe,03. Basaltic andesite groundmass feldspars are rich
in iron (1%), but phenocrysts contain only 0.3%.

Biotite

All crystalline rhyolites and obsidians have un-
zoned reddish-brown biotite phenocrysts. Thomas Range
biotites, except for TR79, range from 11-17% in MgO
content along with 13-21% FeQ and 4.0-5.4% F (table
6). TiO, varies from 2.1 to 3.6% with a small amount
occupying tetrahedral sites. TR79, with its low total
(93%) is likely a cation-deficient biotite with consider-
able ferric iron in octahedral sites. Foster (1964) notes a
positive correlation between Li and F in micas. Consider-
ing that the biotites from these rhyolites are fluorine-
rich, they could also contain octahedral lithium, which,
unfortunately, cannot be analyzed with the microprobe.

In contrast, Smelter Knolls and Honeycomb Hills
biotite phenocrysts contain only 0.3-5.1% MgO with
27.5-36.2% iron as FeO and 2.3-5.7% F. These composi-
tions, approaching fluorannites, are highly unusual in
light of experimental results obtained by Munoz and
Ludington (1974), who argue that the affinity between

Mg and F in biotites is much stronger than that between
Fe and F. Smelter Knolls biotites have 2.3-3.7% TiO,
and relatively high Cl (0.4%). SK45 (rhyolite) biotite has
significantly more Mg and F than crystals from obsidians
of that area. Honeycomb Hills biotites are very low in
TiO, and are high in Al,03 (17-18%), with INGE
serving as a significant octahedral site constituent. HH40
phenocrysts are also high in MnO and CaO. SK51
(crystal tuff) biotite as 15% MgO, 15% FeO, and 1.0% F.

Topaz

Topaz is a ubiquitous lithophysal crystal and is
also found in the groundmasses of Honeycomb Hills and
Smelter Knolls rhyolites. Groundmass topaz crystals
from HH40, HH42, and SK45 were analyzed for fluorine
and respectively contain 19.6, 199, and 20.1% F.
Penfield and Minor (1894) reported 20.3% F in Thomas
Range topaz, compared to a maximum of 20.65% F for
stiochiometric fluortopaz.

Sphene

Sphene is common in Thomas Range rocks, but it
was not found in the other areas. Sphenes from TR58,
TRSS, and TR21 were analyzed for fluorine and contain
0.7, 0.8 and 0.6% respectively.

Allanite

Allanite, an epidote group mineral rich in rare-earth
elements, was identified in TRSS, but was not analyzed.
Evans (1978) has analyzed allanite in Quaternary rhyo-
lites from the Mineral Range, Utah.

Fluorite

Fluorite is abundant in HH40 and is found in small
amounts in TR79, SK45, and HH42. HH40 fluorite has
0.10% Sr, while strontium is below the limit of detection
(0.03%) in the other fluorites. The reason for this
difference is strontium content is not clear, although
Yakubovich and Portnov (1967) report that the Sr
content of post-magmatic fluorite related to alkalic
rocks is approximately two orders of magnitude greater
than the amount of strontium in fluorite related to
granitic rocks.

Fe-Ti Oxides
Homogenous coexisting iron-titanium oxides were

found in only three samples (table 7). Titanomagnetite is
present in all rock types, but ilmenite is extremely rare
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in rhyolites. This rarity is probably due to low TiO,
content, although Haggerty (1976) discusses ‘“‘spheniti-
zation”, an alteration process in which ilmenite is
selectively replaced by sphene. Several rocks have
sphene crystals surrounding Fe-Ti oxides, so this process
may be controlling the abundance of ilmenite.

Thomas Range titanomagnetite has more Mn and
Mg along with less Ti and Cr than the Smelter Knolls
counterpart. Analyses of three samples from each area
averaged 0.01% Cr,0O5 in the Thomas Range crystals and
0.04% at Smelter Knolis. This is the only instance in
which rhyolites from Smelter Knolls appear less evolved
than those of the Thomas Range.

Olivine

Olivine occurs as phenocrysts and groundmass
crystals in tholeiites (table 8). SK57 phenocrysts are
most strongly zoned near the edges with rims of com-
position Fa-y4 5o on Fayq o4 cores (figure 4). Some
olivines from SK66 are progressively zoned from Fazg
to Faye. Relative to phenocrysts, groundmass olivines in
both samples are enriched in Fe and Mn and depleted in
Ni.

Orthopyroxene

Basaltic andesite contains groundmass crystals and
unzoned phenocrysts of orthopyroxene (table 9).
Groundmass crystals are enriched in Ti, Fe, Mn, and Ca
and depleted in Al and Mg relative to phenocrysts. In
figure 4 several SK 72 analyses fall within the solvus field
between clinopyroxene and orthopyroxene. These may
be metastable compositions, or they could be caused by
simultaneous analysis of different pyroxene grains by
the microproble beam.

Clinopyroxene

Groundmass grains of augitic clinopyroxene are
found in both tholeiitic and basaltic andesite. SK72
augites are encriched in Na and Ti as compared to
coexisting orthopyroxenes. The higher silica content of
augite from basaltic andesite reflects its higher whole-
rock silica content relative to tholeiitic basalt, a relation-
ship noted by Wender and Nash (1979).

CHEMISTRY
Major Elements

Whole rock analyses were preformed by wet

—Hd

N

Di

SK 72

AV AV AV \VA Fe

AVA

AV4

AV

AV4

hY

AVARN T W 0 N0 W N

AV ATV

AV4

Mg

percent diopside (Di) hedenbergite (Hd) and Mg and Fe-rich end members tepresenting forsterite and
pyroxenes. Triangles indicate olivines, circles are pyroxenes. Solid symbols are phenocrysts; open symbols are

Figure 4. Microprobe analyses of olivines and pyroxenes in terms of mole

fayalite for olivines and enstatite and ferrosilite for

groundmass compositions.
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chemical procedures described by Carmichael et al.
(1968); in addition, fluorine was determined colori-
metrically by the lanthanum alizarine blue method.
Analyses are given in table 10. Rhyolites and obsidians
are rich in silica (74.8-77.2%, on an anhydrous basis),
total alkalies (8-9%) and fluorine (0.2-8 0%). Al, Ca, Mg,
Ti, and P contents are low, while Ca:Mg and Fe:Mg
ratios are high. Whole rock compositions in terms of
normative albite-orthoclase-quartz are shown in figure 5.
All samples fall near the minimum melting composition
for this system (Tuttle and Bowen, 1958).

Rhyolites usually contain normative corundum.
This is due in part to normative fluorite which consumes
calcium in the calculation so that no normative anorthite
is formed, thus leaving an excess of Al,03. On the
other hand, the presence of topaz may indicate a truly
peraluminous melt. Carmichael et al. (1974) doubt the
existence of peraluminous acid magmas because of the
rarity of andalusite and garnet rhyolites. Perhaps topaz-
bearing rhyolites, which are found in several areas in the
western United States, fill this petrologic category.
Muscovite does not occur in volcanic rocks, and the
solid-solid reaction:

Muscovite Quartz Topaz
KAl Si308
Sanidine

suggests that topaz, rather than muscovite, crystallizes
in fluorine-rich, peraluminous rocks under low-pressure
conditions. Calculation of molar volumes for these
phases yields a molar volume change of +0.59 cm’
for the reaction as written, indicating that topaz crystal-
lization is favored by lower pressures.

Wyllie and Tuttle (1961) note that high HF and
Li»O contents in granitic melts lower the solidus tem-
perature for the system and also promote the growth of
large albite crystals. Lithium contents of these rhyolites
are not excessively large (200 ppm), but their HF con-
centrations were high, as shown by high whole-rock
fluorine contents, particularly at the Honeycomb Hills.
Thus, the relatively large feldspar phenocrysts in Honey-
comb Hills rhyolites could be a result of high HF con-
tent of the melt.

HF can also affect the order of crystallization of
minerals in granitic melts (von Platen and Winkler, 1961;
von Platen, 1965). At a vapor pressure of 2000 b, hy-

drous granitic melts crystallize from 710 to 676°C in the
order magnetite-biotite-K-feldspar-quartz-plagioclase.
When HF is added to the melt, the crystallization inter-
val drops to 663-640°C, and the order becomes quartz-
plagioclase-biotite-K-feldspar. Therefore, fluorine may
alter the two-feldspar phase relationships and cause
mantling of plagioclase by alkali feldspar. Glyuk and
Anfilogov (1973) argue that the reaction of plagioclase
with HF in a melt can produce such minerals as topaz
and fluorite, a process which may account for the un-
usual mineral assemblage in HH40.

Smelter Knolls rhyolites have a higher Na:K ratio
than those from the Thomas Range, along with more Al
and Fe and less Ti and Mg. SK45 is diopside-normative
because of its high CaO content which reflects the pres-
ence of fluorite and secondary calcite. Its fluorine con-
tent is considerably lower than cogenetic obsidians,
evidence that fluorine is lost during devitrification.
SK71 and SK75, although areally separated by 2 km,
are remarkably similar in whole rock and mineral chem-
istry, which supports the conclusion that the Smelter
Knolls are derived from a single magma body.

The single Honeycomb Hills rhyolite which was
analyzed is very unusual. HH40 contains 11.08% CaO,
7.97% F, and only 63.51% SiO,. This strange composi-
tion is due to the large amount of groundmass fluorite,
calculated as 15.3% in the norm. When this rock is
plotted in the granite system ternary (figure 5), it falls
only slightly below the other samples, demonstrating
that its average composition (minus fluorite) is close to
a rthyolite. Its low analytical total (98.89%) may be
caused by fluorine interference with silica analysis,
although silica determinations were made with three
methods: the classical sodium carbonate fusion method,
the high-fluorine (ZnO) method of Shell and Craig
(1954), and the metaborate fusion procedure of Shapiro
(1975) which yielded the highest value (63.51%). Low
silica would account for its location in the granite
system being slightly farther displaced from the quartz
apex as compared to the other samples. HH40 also
has very low TiO, and MgO contents along with more
P50 and slightly less A1,03 than the other rhyolites.

Shawe (1966) reports a Honeycomb Hills rhyolite
with 74% SiO,, 1.5% CaO and 0.79%F. Four additional
samples were analyzed for fluorine, and these yielded
0.65, 0.78, 0.79, and 1.08% F; HH40 is anomalous.
However, there is no field evidence that it is from a dike
or any other such late-stage feature; its outcrop is similar
in appearance to the rest of the rhyolite body. It ap-
parently represents a local accumulation of fluorine
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Table 9. Average Microprobe Analyses of Pyroxenes
p = phenocrysts; g = groundmass

Clinopyroxenes

Orthopyroxenes

Sample  SK SK SK SK SK
Ho. 579 669 729 72q 12p
Si0,  48.1 50.1 53.4 53.8 52.8
710, 1.58 1.16 0.43 0.10 -
Al,0,  3.14 2.39 2.26 1.53 2.17
FeO*  14.3 13.1 12.0 15.6 13.9
Mn0 0.30 0.32 6.37 0.42 0.29
Mg0 13.6 14.5 15.0 25.1 27.8
a0 13.5 18.7 17.9 2.7 1.89
Na,0 0.30 8.35 0.28 0.07 0.07
TOTAL  99.8 100.6 101.6 99.3 93.9
Recalc. Mole %
En 39.0 411 43.4 70.1 75.2 .
Fs 23.0 20.9 19.4 24.4 211
Wo 38.0 38.0 37.2 5.5 3.7
Number of ijons on the basis of 6 oxygens
Sample  SK SK SK SK sK
No. 57g 669 729 729 12p
Cpx cpx cpx opx 0px
Si 1.84] 1.89] 1.96] 1.97] 1.92]
Al 0.14}-2.00 0.1} 2.00 0.04} 2.00 0.03} 2.00 0.08}2.00
Ti 0.02] - - -] -
Al -7 - -7 0.04] 0.01]
Ti 0.03 0.04 0.0 tr. -
Fe'2  0.46 0.41 - 0.37} 0.48 0.42
Hn 0.01}-2.06 0.0} 2.04 0.0} 1.93 0.01}- 2.02 0.01F 2.5
Mg 0.78 0.81 0.82 1.3 1.51
Ca 0.76 0.75 0.70 0.1 0.07
[ 0.02 0.02 0.02 0.01 0.01

*All iron computed as Fe0
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in the crystallizing mass.

In terms of its chemical composition, HH40 with
only 63% silica cannot be considered a true rhyolite.
Orgonites, described by Kovalenko et al. (1971), are
topaz-bearing quartz keratophyre dike rocks with 70-
1% S§i05, 8-9% total alkalies, and 1.3-2.6% F. These
rocks are some of the most similar to HH40 that have
been reported in the literature; nevertheless they do
not approach its high concentrations of calcium and
fluorine. High calcium in such a highly evolved rock
is unusual because Ca is commonly removed early in
magmatic processes. Apparently fluorine in melts tends
to coordinate with calcium (Kogarko and Krigman,
1966), which may account for the frequent association
of fluorite with granitic rocks.

Residual glasses were analyzed with the micro-
probe, and low analytical totals reflect their high water
content. They are depleted in Ti, Mg, and F relative to
whole rock analyses as these elements partition into
phenocrysts such as Fe-Ti oxides and biotite.

Tholeiitic basalts contain 48% Si02, 15% A1203,
and less than 3% total alkalies. They are olivine and
hypersthene-normative, which qualifies them as olivine
tholeiites, characterized by Best and Brimhall (1974)
as a transitional variety between alkali-olivine and tho-
leiitic basalts in the western United States. The whole-
rock alkali content cannot be accounted for by feld-
spars, which indicates that the interstitial glass must be
alkali-rich. The small size of individual particles of the
glass prevented microprobe analysis.

Basaltic andesite is quartz-normative (57% SiO,)
and is similar to the quartz-bearing basaltic andesites of
northern Arizona and southern Utah (Best and Brimhall,
1974). Ti, Fe, Mg, and Ca are lower than in the tho-
leiites, and alkalies are higher.

Trace element concentrations were determined
for twenty-nine elements (table 11), with Li, Be, U,
and C1 determined only in silicic samples. Li and Be
were analyzed by atomic absorption spectroscopy, and
all other elements were determined by X-ray fluores-
cence or neutron activation.

Ba and Sr are high in the tholeiites (SK56, 66)
and in the basaltic andesite (SK72). Nb similarly in-
creases fivefold, and Zr more than doubles. Pb and Th
are very low in the basaltic rocks. Zn is fairly constant
(40-60 ppm) in all rock types except for the Honeycomb
Hills rhyolites, which have only 20 ppm.
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Rubidium has an extremely high liquid/crystal
partition coefficient for most igneous processes. It is
taken as an index of degree of evolution for these rocks.
When plotted against Rb (figure 6), seven minor and
trace elements in rhyolites show definite trends. Values
from rhyolites of Utah’s Mineral Range (Evans, 1978),
have been added for comparison. Normally, Y, F, and
Li increase with Rb content whereas Ba, Sr, Zr, and Ti
decrease. Thomas Range rhyolites exhibit some anom-
alous behavior with higher Ti and Zr and lower F and Li
as compared to the general trends. Smelter Knolls rocks
have moderately high Zr and unusually high Y (125-185
ppm). The strontium trend is not adhered to by HH40,
which has 200 ppm. Most of this Sr is incorporated into
fluorite because the 0.10% (1,000 ppm) strontium con-
tent multiplied by 15.37% normative fluorite accounts
for 154 ppm whole-rock Sr. Li ranges up to 201 ppm in
HH40, and some Smelter Knolls samples have nearly
150 ppm.

Elemental concentrations were normalized to
sample MR 74-3 of Evans (1978), an extensively ana-
lyzed rhyolite from the Mineral Range which is one of
the least evolved Quaternary rhyolites from that area
(figure 7). On this basis, the Juab-Millard rhyolites are
comparatively enriched in Li, Be, F, Rb, Y, Nb, Th, and
U, and are depleted in Sr (except for HH40) and Ba.
Major element ratios show little significant variation.

Beryllium, with the exception of TR58 (7 ppm) is
fairly constant in all samples at 10-14 ppm and shows no
preference for obsidians over rhyolites. Beryllium left
over from magmatic processes may be responsible for
the Be mineralization adjacent to the Thomas Range
and Honeycomb Hills (Shawe, 1966). Nb, Pb, and Th
contents are roughly equal in all rhyolites. Uranium is a
consistent 10-15 ppm at the Thomas Range and Smelter
Knolls, but HH42 (a “‘normal” Honeycomb Hills rhyo-
lite with 0.79% F) has 20 ppm and HH40 contains an
extreme 150 ppm. Chlorine values range from 0-265
ppm in rhyolites to 520-970 ppm in obsidians, indicating
that Cl, along with F is lost during devitrification.
This effect has been noted in several other studies
{Noble et al., 1967; Lipman et al., 1969; Rosholt et al.,
1971; Zielinski et al., 1977). Smelter Knolls rocks are
the most chlorine-rich of the three areas.

Resuits of neutron activation analyses are pre-
sented in table 12. Values for U and Th confirm the
XRF data. HH40 has anomalously high U content. A
more representative rhyolite from Honeycomb Hills,
HH42, has 16.7 ppm U. Rb values are similar by NAA
and XRF methods except for HH40 and SK75. We have
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Table 11. X-ray Fluorescence Trace Element Analyses (parts per million)

HH 4 SK Sk SK Sk TR TR TR TR SK SK SK
40 42 3¢ 45 71 75 21 55 58 79 57 66 72

Li 201 134 102 144 142 102 23 42 14 69 n;d. n.d. n.d.
Be 11 13 12 11 14 12 11 10 7 11 n.d. n.d. n.d.
In 20 25 55 35 65 55 45 40 45 30 45 50 50
Rb 810 1050 455 405 505 460 385 350 335 405 5 5 60
Sr 200 15 5 20 5 5 10 45 30 5 260 310 585
Y 120 105 165 125 185 175 50 60 30 55 25 35 35
Zr 50 90 110 120 110 110 130 125 150 100 90 125 260
Nb 50 80 55 50 55 45 60 60 50 85 5 5 . 25
Ba - - - 15 - 5 5 110 50 - 670 520 1530
Pb 40 30 45 45 50 30 30 30 30 35 - - 5
Th 25 50 55 50 55 50 55 55 35 50 - - -

U 150 o0 10 10 15 10 10 10 15 10 n.d. n.d. n.d.
¢t 75 80 960 265 970 940 795 520 580 - n.d. n.d. n.d.

- : not detected

n.d.: not determined
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Sc
Th

Cs
Hf
Fe
Rb
cr
Sb
Mo
Mn
La
Ce
Nd
Sm
Eu
Tb
Dy
Yb
Lu

(%)

Table 12.

HH40
3.69:.04
26.83+.27
15145
24.37+.24
5.52+.09
.46x.03
602130
<3.2
0.33£.08
<24
341+3
39.4+1.2
103+5
43.4+4.4
13.2+.4
.047+.009
2.69+.13
22.8+.23
26.12+.26

HH42
3.87+.04
30.43+.30

16.66+.17

19.58+.27
6.13+.09
0.62+.02
1051435
2.6+.8
1.37+£.11
3.4x1.7
343;7
49.7+.9
118.7+1.3
53.0+1.9
13.79+.14
.041+.009
3.00+.15
23.89+.42
27.75+.23
3.88x.11

SK34
2.28+0.02
58.3+.6
14.34+.14
20.62+.27
7.57+.10
0.85+.02
467116
<3.0
3.42+.20
3.6+1.1
298i6
43.5+.8
103.5+1.1
51.6+1.8
13.63+.14
.111+.009
3.16+.16
24.06+.36
19.38+.19
2.60+.07

SK45
2.19+.02
53.1%.5
9.23+.09
9.95+.15
7.12+.10
0.89+.02
432+15
2.64.7
1.36+.10
2.8+1.1
260+5
41.8+.8
97.8+1.1

47.941.7

11.75+.12
.146+.009
2.65+.14
20.46+.36
16.10+.16
2.20+.06

Neutron activation analyses of rhyolites
(values in ppm except for Fe).

SK71
2.45+.02
57.6+.6
15.27+.15
23.51+.31
7.78+.10
0.84+.02
528+18
3.4+.8
3.93+.23
2.0+1.7
338+7
36.8+.8
96.1:1.1
48.3:+1.8
14.09+.14
.080+.009
3,415.17
26.49+ .46
21.99+.22
2.97+.07
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SK75
2.36%.02
56.2+.6
15.52+.16
19.84+.21
7.38+£.10
.86+.02
328+15
<3.3
3.67+.23
5.9+1.7

- 307+7

40.3+.08
95.9+1.3
49.4:2.1
14.07+.14
-082+.009
3.14+.14

 25.4+.25

20.76+.21
2.84+.08
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no explanation for the discrepancy; at the present
we favor the XRF values because of the precision we
have been able to obtain for Rb in a wide variety of
samples. HH42 is distinctive, containing over 1000 ppm
Rb. Normalized rare earth element concentrations are
iltustrated in figure 8. Rhyolites from both Honeycomb
Hills and Smelter Knolls exhibit a relative enrichment in
heavy rare earth elements when compared to less evolved
Quaternary rhyolites from the Mineral Mountains (Nash,
unpublished data).

In summary, the chemical data show that the
Honeycomb Hills rhyolites are the most evolved, fol-
lowed by Smelter Knolls and the Thomas Range, re-
spectively. This is a purely chemical comparison; age
relations and areal separation preclude these areas from
being related to a single magma source.

GEOTHERMOMETRY

Various geothermometers have been devised in an
effort to determine groundmass temperatures and
temperatures of equilibration between phenocrysts in
magma chambers. The two-feldspar geothermometer of
Stormer (1975) can be applied to rhyolites (table 13).
Calculations were done at a nominal pressure of 100
bars, using directly coexisting feldspars (alkali feldspar
and plagioclase in contact with each other) indicated by
tie lines in figure 3, and average phenocryst composi-
tions in samples without adjacent plagioclase and alkali
feldspars. Temperatures of equilibration for phenocrysts
in Thomas Range samples range from 690 to 790°C,
whereas Smelter Knolls rhyolites yielded temperatures in
the 630 to 685°C range, and Honeycomb Hills rocks
crystallized at an unusually low 605°C. Fe-Ti oxide
temperatures (Buddington and Lindsley, 1964) are in
reasonable agreement with the two-feldspar tempera-
tures: 725°C (Fe-Ti oxide) vs. 695°C (two-feldspar) for
TRSS, and 665°C vs. 660°C for SK34. The average
two-feldspar temperatures for the three areas (Thomas
Range: 720°C; Smelter Knolls: 665°C; Honeycomb
Hills: 605°C) decrease as their degree of magmatic
evolution increases.

The olivine-clinopyroxene geothermometer of
Powell and Powell (1974) was applied to groundmass
crystals in tholeiitic basalts. The groundmass of sample
SK57 crystallized at 1015°C, and SK66 at 1025°C,
compared to a 1000°C Fe-Ti oxide temperature for
SK66. The plagioclase geothermometer of Kudo and
Weill (1970) gives reasonable temperatures (between 900
and 1200°C) at water pressures between 1 and 5 Kb.
The revised plagioclase geothermometer of Mathez

Utah Geological and Mineral Survey Special Study 52

(1973) produces reasonable temperatures at a water
pressure of 0.5 Kb, but these are approximately 100°C
higher than the Kudo-Weill values.

A groundmass temperature of 1070°C was calcu-
lated from coexisting orthopyroxene and clinopyroxene
(Wood and Banno, 1973) in basaltic andesite, which
seemingly is a high temperature for a rock more siliceous
than tholeiitic basalt. The Kudo-Weill method gives
temperatures of 800 to 1100°C at 1-5Kb H,0, whereas
the Mathez geothermometer again provides its most
reasonable temperatures (1000-1140°C) at lower water
pressures.

GEOBAROMETRY

Pressure solutions for rhyolitic magmas are ap-
proached by calculating water fugacities which are
converted to water pressures by interpolating the data
of Burnham et al. (1969). This hydrostatic pressure
is assumed to equal lithostatic pressure in a closed sys-
tem in which water constitutes most of the fluid phase.
Assuming an average crustal specific gravity of 2.7, a
conversion factor of 1 Kbar pressure = 3.83 km litho-
spheric depth allows the estimation of minimum depths
to magma chambers (table 14). Details of the thermo-
dynamic calculations are provided in the appendix.

Sample SK34 yielded a water fugacity of 37 bars,
which corresponds to a water pressure of 40 bars and an
equivalent lithostatic depth of 0.2 km. TRS5S provided
values of fH20 = 19 bars, PH20 = 20 bars, and a depth
of 0.1 km. According to these data, phenocrysts in
Thomas Range and Smelter Knolls rhyolites formed
under near-surface conditions. The masses of the ex-
trusive bodies alone (maximum thicknesses of 0.12 km
for SK34 and 0.6 km for TRSS) are nearly enough to
produce the calculated lithostatic pressures.

This geobarometer was not applicable to the
Honeycomb Hills rhyolite, where coexisting Fe-Ti
oxides were not found. However, the coexisting mineral
assemblage plagioclase-fluorite-topaz-quartz-biotite can
be used to estimate water fugacities (see appendix).
TR79 solutions ranged from 246 bars (siderophyilite)
to 501 bars (phlogopite-annite), which correspond to
minimum depths of 1.0 and 2.1 km. The calculated
water fugacity for SK45 was 729 bars (3.8 km depth),
considerably higher than the 37 bars calculated for SK34
by the Wones and Eugster procedure. Comparison of
water fugacities for cogenetic crystalline rhyolites and
obsidians may not be valid, however; crystalline rhyo-
lites could undergo considerable postmagmatic fluoride-
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Iigure 8. Chondrite-normalized rare earth concentrations for rhyolites trom the Honeycomb Hills (solid lines, 40
and 42}, Smelter Knolls (dashed lines) and the Mineral Mountains (solid lines RHS-3 and -19).



26 Utah Geological and Mineral Survey Special Study 52

Table 13. Geothermometry

HH HH TR TR TR TR SK SK SK SK SK SK SK
40 42 21 55 58 79 34 45 71 75 57 66 72

Fe-Ti 725 665 1000
oxides

2-Feldspar | 605 605 710 695 690 790 660 685 680 630

(100 bars)

Cpx-01 1015 1025
Cpx-Opx 1070
Kudo - (1Kb) 1185 1160 1110
Neill (5Kb) 935 905 820
Rev. {0.5Kb) 1110 1080 1005
K.-H. (1Kb) 1225 1200 1140

Table 14. Geobarometry

HH HH TR TR TR TR* SK SK Sk SK SK
40 42 21 55 58 79 34 45 71 75 66
-log fO ) 16.6 19.9 10.9
2
fH20 {Wones & Fugster) 19 ) 37
{bars) (Topaz-Biotite)| 166 1001 501 729
246
pH,0 (bars) 185 1870 - 20 555 40 980
255
Depth {km) 0.7 7.2 0.1 2.1 0.2 3.8
1.0
FHE
-log f 1.99 2.42 2.72 2.43 3.04 1.71 2.79 2.11 2.59 2.72
H,0
1.55
fHF (bars) 1.7 3.8 0.1 9.8 0.1 5.7
6.9

*TR79 values refer to phlogopite-annite (top) and siderophyllite {bottom) - based calculations,
respectively.
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hydroxyl exchange as compared to rapidly quenched
obsidians.

There are several factors complicating water fugac-
ity determinations for rhyolites. The original Wones
(1972) free energy function for reaction (1) (appendix)
gives values that are roughly three times as high as the
values reported here. Water fugacities of 103 bars
(SK34) and 64 bars (TRS55) derived from the Wones
expression can therefore be viewed as upper limits.
Munoz and Ludington (1974) acknowledge the proba-
bility of significant amounts of oxygen substituting for
fluoride or hydroxyl, which will affect the calculated
F:OH ratio. Rieder (1971) states that the relationship
between F:OH ratio and temperature for biotites may
break down at low temperatures and pressures in the
presence of significant F, H,0, and Li. These problems
have to be taken into consideration when water fugacity
data derived from biotite is to be interpreted.

The Munoz and Ludington (1974) expressions
defining OH-F exchange equilibria in biotites can be
used to calculate HF:H,O fugacity ratios. Log fup/
Fy,o ranges from -1.55 to -3.04, with an average of
212 Evtiukhina et al. (1967) report a value of -2.56
for a granite melt in equilibrium with HF at a water
pressure of 1 Kbar.

HF fugacities were calculated for samples posses-
sing water fugacity data. The fugacity of HF in crystal-
line rhyolites varied from 1.7 to 9.8 bars. Obsidians
gave much lower values (0.1 bar), but this may be a
result of the different methods used for calculating
water fugacities.

The tholeiitic basalt mineral assemblage lends
itself to the estimation of temperatures and pressures
of equilibration with mantle materials through the ap-
plication of the methods of Nicholls and Carmichael
(1972), with refinements by Carmichael et al. (1977)
and Nicholls (1977). In this procedure, it is assumed
that the magma remains at a constant composition from
source to the surface. Activities of various components
under surface conditions are determined using ground-
mass mineral compositions. These components are in-
serted into reactions with postulated mantle minerals,
which can then be solved for a set of activity curves in
pressure-temperature space. In principle. these curves
should intersect at a point representative of the condi-
tions under which the magma equilibrated at its source

For sample SK66. the Fe-Ti oxide temperature
and oxygen fugacity were used along with groundmass

plagioclase, clinopyroxene, and olivine to determine
activities of the following components under surface
conditions: fayalite (reaction 2, table 15), diopside
(reaction 3), albite (reaction 6), silica (reaction 8),
and alumina (reaction 7). Utilizing mantle composi-
tions for olivine, orthopyroxene, clinopyroxene, and
spinel as given by Carmichael et al. (1977), reactions 1-5
could then be solved to produce a set of activity curves.

This procedure yielded the set of curves shown
in figure 9. Curve 3 intersects reasonably with curves
I and 5 at approximately 20 Kb and 1350-1400°C.
Unfortunately, curve 2 (fayalite) is displaced well to
the high-temperature side of this intersection. Curve
2 was generated with an average groundmass olivine
composition of Faz¢; utilization of the most magnesian
groundmass olivine (Fa28) shifts the curve only 100°C
to the left. On this evidence, it can be concluded that
the lava in its present composition was not in equil-
ibrium with normal mantle material, and that the as-
sumptions of equilibrium and unchanged composition
from the source area to the surface do not apply to this
magma.

GEOTHERMAL RESOURCE POTENTIAL

Smith and Shaw (1975) consider shallow silicic
magma chambers to be the primary heat sources for
geothermal systems. They have devised a method for
evaluating the geothermal potential of an igneous com-
plex based on the age of the youngest eruption and the
size of the magma chamber beneath the surface (esti-
mated by multiplying the erupted volume of rthyolite
by a factor of 10). On this basis, all three rhyolitic sys-
tems considered here have little apparent geothermal
potential, mostly because of their relatively old ages
of eruption.

One warm (49°C) spring occurs near the northern
end of the Thomas Range (Staatz and Carr, 1964). This
water could merely be heated by the normal geothermal
gradient as it circulates along deep faults. No active
hot springs or recent hot spring deposits are known
in the Honeycomb Hills and Smelter Knolls areas.
However, two features of the Smelter Knolls area
are of geothermal interest. One feature is its apparent
structural continuity with Fumarole Butte, which has
active hot springs to its east. The other is young (0.31
m.y.) basaltic volcanism nearby which could have
provided an influx of heat into a previously dormant
rhyolitic system. Heat flow measurements at Smelter
Knolls would be of value in a continued exploration
program.
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Figure 9. Equilibration curves between lava SK66 and the
postulated mantle composition of Carmichael et
al. (1977). Numbered curves refer to reactions

given in table 15.

Table 15. Reactions used to define the activities of components in
silicate melts
No. Reaction Component
1 MgZSiO4 + 5102 = M9251206 Si02
0livine Melt Orthopyroxene
2 FeZSjO4 = FeZSiOA . FeZSiO4
Melt 0livine
3 CaMgS1206 = CaMgS1206 CaMgS1206
Melt Clinopyroxene
4 MgZSw4 + A1203 = 1/2M9251206 + MgA]ZO4 A1203
0livine Melt Orthopyroxene Spinel
. Ces o . . P
5 NaA]Sw308 + MgZSm4 ”9251206 + NaA]S1206 NaA151308
Melt 0livine Ortho- Clino-
pyroxene pyroxene
6 NaA’lSl308 = NaA]S‘i308 NaA]S‘1308
Melt Feldspar
7 ) CaMg$1206 + A1203 + 1/25102 = CaA12$1208 + ]/2M9251O4 A1203,5102
Clinopyroxene Melt Melt Feldspar Olivine
8 2/3Fe304 + 5102 = Fe25104 + 1/302 5102

Magnetite Melt

0livine Gas
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.PETROGENESIS

The genetic model for these rhyolites is similar
to that proposed by Evans (1978) for the rhyolites of
the Mineral Range, 90 km to the south. High regional
heat flow (Sass, 1976) and periodic injections of basaltic
magma into the crust have resulted in melting of granitic
crustal material and subsequent eruption of rhyolite.
Heat flow and the ascent of basalt from the upper
mantle is facilitated by the thin crust (25-30 km) in the
area. The high degree of chemical differentiation of
these rhyolites indicates considerable residence time
within magma chambers.

Lindsey (1977) speculates that the Honeycomb
Hills represent the top of a buried plutonic system.
The extremely evolved composition indicates that the
lavas are products of a residual (pegmatitic) magma with
a larger body of less evolved magma at depth. High
fluorine contents at this locality may be evidence of
a plutonic roof zone (Bailey, 1977).

The Smelter Knolls also exhibit the characteristics
of a body of pegmatitic magma derived from a shallow
source. Recent faulting and basaltic volcanism suggest
that this area may still be tectonically active. The
Thomas Range rhyolites have emptied a much larger
subsurface volume than the other areas, which could
have resulted in the formation of a postulated collapsed
caldera structure (Shawe, 1972).
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APPENDIX

A.  H,OFUGACITY CALCULATIONS.
The mineral-vapor phase reaction:

KFe3AlSiz01g + 1/2 0p = KAISi30g + Fe30q + Hp0 (1)

Annite Gas Sanidine Magnetite Gas

Wones and Eugster, 1965 allow for the calcula-

tion of water fugacities in the rhyolite magmas as fol-
lows:

109 fH 0 = 86;3 + 2.46 + 1/2 109 fo + ]og Xb1ofite
2 2 Fe? (2)
t2 ]Og XBQ{Ot‘te - ]oQ asan - 109 amt

Sanidine activities were taken from Carmichael et al.
figure 4-30), (1974, whereas magnetite activity is assum-
ed to be equivalent to mole fraction. Annite activity is
the cube of the mole fraction (Wones, 1972) and the OH
term takes into account an assumed ideal mixing of
fluorine in the hydroxyl site. Temperatures and oxygen
fugacities were provided by coexisting Fe-Ti oxides
(table 13). The free energy function is that advocated
by Hildreth (1977) and is based upon a reevaluation of
the original experimental data of Wones and Eugster
(1965). If reaction (1) acts as a control on biotite com-
position, low oxygen fugacities (SK34 log fO, = -19.9)
are probably responsible for the iron-rich biotites at
Smelter Knolls and Honeycomb Hills.

The assemblage plagioclase-fluorite-topaz-quartz-
biotite may be used to estimate water fugacities. The
reaction:

CaRlpSip0g + 4HF = CaFp + A12Si04Fp + Sidp + 2Hp0, (3)

Anorthite Gas fluorite Fluortopaz Quartz Gas

when combined with the biotite exchange reaction
K(Al,Mg,Fe)_3A1Si3010Fp + 2,0 =
F-biotite Gas
K(A1,Mg,Fe)p_3A1Si301g(0H)p + 2HF (4)
OH-biotite Gas
Yiel,ds:
CahlpSiz0g + K(A1,Mg,Fe)p_3A1Si301gF2 + 2HF =

Anorthite F-biotite Gas

K(AY,Mg,Fe)p_3A1513019(0H) + CaFp + AlpSi04Fp + Si0p. (5)

OH-biotite Fluorite Topaz Quartz

The equilibrium constant for the above reaction is given
by
(OH-biotite) (Fluorite) (Fluortopaz) (Quartz)

K =
) (Anorthite) (F-biotite) (HF)°

Where quantities in parentheses denote activities. Using
the relation AGC; =-RTInK, and assuming unit activities
for fluorite, fluortopaz, and quartz,



30
s =55y < an| (oabio)] - 1l |,
R F-bio
and
} (OH-bio) | - 1n(A 86" (g
In(HF) = 1/2 In ['(F_b_io ] %)— + W‘%‘L . {6)

For reaction (4),

_ (OH-bio) (#F)2

K
(4) (F-bio) (H,0)°

therefore,

G s
n Kegy = —_—R—§ﬂ= 1n[(8}jb?;° ]+ 2 1n (HF) - 2 In(H0),

and
n(H,0) = 1/2 1 %M%l+fﬁ-)—+ln(HF)
ALY 1 {F-bio ZRT

Substituting equation (6) for HF fugacity gives

. AG ,,\*+AG o
In(H,0) = 1n[§2*_*;?;<)>)] _ lngAnl + (4%RT (5L“ (7

The cation activity ratio in the biotite term will
equal unity since only OH-F exchange is being consider-
ed. This term can be simplified further by assuming that
OH and F mix ideally on two sites. Therefore,

. bio,2
i {pics ] - |05
bio s
(x27)

and i

bi
1n(#,0) = 2 1n | %on |- 10(An) T (@) (s) (8)

2 s 2 2RT

X

F
Since

86%(5) = a6°(4) * 86%(3)

the final expression can be written as:

bio (28G° , ,\+0G )

- X _ In(&n) (4) (3)

Tn(H,0) = 2 xn{_g%l s ST 9
Xe

Anorthite activity is considered to equal mole
fraction anorthite in plagioclase. The free energy change

for reaction (3) was evaluated using data for anorthite,
fluorite, and quartz from Robie and Waldbaum (1968).
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HF and H,0 free energies were taken from Stull and
Prophet (1@71). Free energy data for fluortopaz was
estimated using the method of Chen (1975) which is
described below. For reaction (3) the equilibrium
constant varies with temperature as follows:

57y L 29710 g5 406
! )

InK® (3) = ~ppn

The approximate mineral assemblage for the
application of this method is present in HH40, HH42,
and SK45. The relationship was also applied to TR79,
although topaz occurs only as a lithophysal mineral
in this sample. Munoz and Ludington (1974) offer
equations for evaluating the free energy change of reac-
tion (4) whether the biotite in question is a phlogopite,
annite, siderophyllite, or an intermediate phlogopite-
annite. Because Honeycomb Hills biotites contain con-
siderable octahedral Al and very little Mg, they were
treated as siderophyllites. SK45 biotite was calculated
as a mixed phlogopite-annite. TR79 biotite, with signifi-
cant amounts of both octahedral Al and Mg, was evalu-
ated both as a siderophyllite and as a mixed phlogopite-
annite.

B. ESTIMATION OF THE FREE ENERGY OF FOR-
MATION OF FLUORTOPAZ

The free energy of formation of fluortopaz was
estimated with the method of Chen (1975). The com-
ponents SiF4, AlIOF, A1203, Si02, SiOFz, A12F6,
and AlF; were combined in the following ways to form
the fluortopaz molecule (Al,SiO4F,):

1/4 SiF4 + AIOF + 12 A1203 + 3/4 SiO2

360 = -s76.875 Kol
£,298 mol

1/4 A12F6 + 1/2 AIOF + 1/2 A1203 + SiO2

2G° = -616.330 Keal
£,298 mol

1/4 SiF4 + 1/2 SiOF2 + 1/4 SiO2 + A1203

2G° = -636.835 Keal
£,298 mol

2/3 AlF; + Si0, + 2/3 Al,O,

° = _g46.805 Keal
£,298 mol

1/3 AIF5 + 1/4 SiFy + 3/4 SiOy + 5/6 Aly03

=G° = -657.580.Kcal
£,298 mol
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1/12 AlyFg + 3/8 SiFy + /8 Si0y + 11/12 AlyO4

=]

= - 666.260 Kcal
£,298 mol

Free energy summations for these combinations
were obtained from data given in Robie and Waldbaum
(1968) and Stull and Prophet (1971). These free energy
sums were arranged in descending order as ordinate
values, and each was assigned an integer abscissa value
ranging from O for the greatest (least negative) value to
5 for the lowest (most negative) value. These points
were then fit by a nonlinear least-squares process to an
equation of the form

Y=aebx+c

where c, the asymptotic limit of the equation, represents
an extrapolated free energy value which should approach
the true value for the substance being studied. This value
was determined at temperatures from 298 to 1500°K.
A linear least-squares fit to these data produced the
following fluortopaz free-energy function:

’

o]
86 - _355.77
Ty

RT

+ 57.83.
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STUDIES IN LATE CENOZOIC VOLCANISM IN WEST-CENTRAL UTAH

II. GEOLOGY AND PETROLOGY OF THE FUMAROLE
BUTTE VOLCANIC COMPLEX, UTAH

by James B. Peterson" and W. P. Nash?

ABSTRACT

The Fumarole Butte volcanic complex is located in
west-central Utah. Constituting part of 2 Known Geo-
thermal Resource Area, the complex covers about 105
km“ and consists of a shield volcano composed of
basaltic andesite, a body of tholeiitic basalt, and a
rhyolite flow with two small exposures of obsidian. The
basaltic andesite, tholeiite, and rhyolite have been dated
at 0.88, 6.0, and 6.1 m.y., respectively, using standard
K-Ar age-dating techniques.

The mineralogy of the basaltic andesite and
tholeiite indicates that they underwent fractional
crystallization at relatively shallow depth. This is sup-
ported by the low Al and Na contents of pyroxenes in
both rock types, and by thermodynamic calculations
applied to the tholeiite. The rhyolite may have been
erupted from a shallow depth; calculations for water
fugacity indicate minimum depths of about 1 km for the
formation of phenocryst minerals.

Crater Springs, located adjacent to the-volcano,
produce surface water temperatures of 87°C to 90°C,
and the waters yield a Na-K-Ca temperature of 155°C.
The heat source may be related to igneous activity, but
is more likely due to deep circulation along faults in this
area of high regional heat flow. High-angle, normal fauits
are present at Fumarole Butte and have affected the
locus of volcanism throughout this area over the past 6
m.y. The fault system appears to extend at least 10 km
south to the Smelter Knolls volcanic area, and may be
linked to extensive faulting and associated Cenozoic
volcanism that occurs throughout areas to the south.

INTRODUCTION
The Fumarole Butte volcanic complex is located in

west-central Utah about 40 km northwest of the town of
Delta (see figure 1). The volcanic complex consists of a

lFederal Resources Corp., Salt Lake City, Utah

2De:partment of Geology and Geophysics, University of Utah,
Salt Lake City, Utah 84112.

shield volcano and older, adjacent flows of tholeiitic
basalt and rhyolite. Crater Springs (also known as Baker
and Abraham hot springs), which lie adjacent to the
volcano, are a designated Known Geothermal Resource
Area. The thermal spring activity, relatively young
appearance of the volcano, presence of siliceous vol-
canism, and surface expression of a significant fault
system make the area a reasonable target for geothermal
exploration. A petrologic and petrographic study of the
Fumarole Butte volcanic complex was designed to
evaluate the geothermal potential of this area through
investigation of the age, extent, mineralogy, and chem-
istry of the associated volcanic rocks.

A number of geological and geophysical studies
have been conducted at Fumarole Butte and throughout
the surrounding areas. Gilbert (1890) discussed Fuma-
role Butte in his classic investigation of Lake Bonnevilie.
The Fumarole Butte basalts were mentioned briefly by
Erickson (1963) and Shaw (1972) in regional evaluations
which included this area. Hogg (1972) conducted a
study of the petrology and chemistry of mid-Tertiary
and Quaternary volcanics in west-central Utah in which
he included the Fumarole Butte volcanics. Smith (1974)
completed a gravity survey of Fumarole Butte and
adjacent areas, and Johnson (1975) conducted a resis-
tivity and induced polarization survey over Fumarole
Butte.

GEOLOGY
Regional Geology

The Fumarole Butte volcanic complex is located
within the Basin and Range physiographic province,
which is characterized by extensive normal faulting,
widespread Tertiary and Quaternary volcanism, abun-
dant thermal spring activity, and high heat flow. Seismic
studies indicate that this area has an abnormally thin
crust and anomalously low seismic velocities in the
underlying mantle (Pakiser, 1965). Such features appear
to be consistent with postulated unusually high tempera-
tures at the crust-mantle boundary (Roy et al., 1968).
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Local Geology

The Fumarole Butte volcanic complex consists of
a shield volcano composed of basaltic andesite, a body
of tholeiitic basalt, and a small rhyolite flow with two
very small outcrops of obsidian representing a carapace.
A geologic map is presented in figure 2.

The shield volcano covers about 100 square
kilometers. A volcanic neck, from which the name
“Fumarole Butte” was derived, is located in the cen-
tral-western portion of the volcano and rises about 30
meters above the gentle slope of the shield. The present
extent of the volcanic neck probably outlines only the
core of the original feature. The area around the neck is
marked with red scoria and agglutinate. Portions of the
volcano are covered with thin outliers of sediments.

A flow of tholeiitic basalt is located directly north
of Fumarole Butte. The tholeiite, referred to as “North
Butte” by Hogg (1972), rises topographically above and
may be easily distinguished from Fumarole Butte. The
tholeiite is about 5 to 8 meters thick and covers about 5
square kilometers. Fumarole Butte lavas have flowed
around the margin of North Butte.

A small rhyolite flow is located directly north of
and stratigraphically below the tholeiite. Two small
outcrops of obsidian occur above the crystalline rhyo-
lite flow and probably represent its outer carapace.

A conglomerate underlies the tholeiite and is
exposed along the northeastern margin of Fumarole
Butte between the two flows. The conglomerate is
reddish-brown in color and contains material that ranges
in size from sand grains to large boulders. The con-
glomerate is composed mainly of white to pink quartzite
with a smaller amount of gray limestone and minor
amounts of pumice, rhyolite, and basalt that are ce-
mented by calcium carbonate. Generally, the con-
glomerate strikes about N 20° W and dips about 12° to
the east. A second conglomerate is located stratigraph-
ically higher on North Butte.

Beach deposits left by Lake Bonneville are present
on North Butte, one of which has obscured the contact
between the rhyolite flow and the tholeiite at the 4800
(Provo) level. Minor lacustrine deposits are also present
on Fumarole Butte, but beach development is not ap-
parent there. Broad, relatively flat areas that generally
lie near the 4800’ level are present across Fumarole
Butte. Algal limestone which in places contains gastro-
pod shells is present on both Fumarole Butte and North
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Butte, indicating that Lake Bonneville once covered a
major portion of the Fumarole Butte volcanic complex.

Smith (1974) conducted a gravity survey over and
adjacent to the Fumarole Butte volcanic complex. His
work reveals a northeast-southwest trending gravity
gradient across the west half of Fumarole Butte and an
elongate gravity high over Crater Springs. The gravity
high over Crater Springs is interpreted by Smith (1974)
as an intrusive dike. Smith’s model proposes that a
basement flexure exists at depth beneath the volcanic
complex and that about 2,500 meters of vertical offset
occurs at the proposed flexure. The top of the flexure
shows good horizontal correlation with the location of
the volcanic neck and may indicate a fracture system at
depth through which basaltic material was extruded
from a deep crustal environment to the surface.

Johnson (1975) conducted an induced polariza-

tion and resistivity survey at Fumarole Butte. He at-

tempted to delineate the contact between the basalt and
the underlying sediments, determine the thickness of the
basalt, and outline the magma source. He determined
that the thickness of the basaltic andesite ranged from
75 to 90 meters in an area about 1,000 meters southwest
of the volcanic neck, and approximately 45 meters in an
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area about 4,000 meters northeast of the volcanic neck.
Johnson concluded that the basalt - sediment contact
is nearly horizontal and that the difference in thickness
is mainly due to variation in elevation between the two
areas. He found anomalously high and low resistivity
values in the area of the volcanic neck which he attri-
buted to a localized fracture zone through which the
basalt was extruded. Johnson concludes that Fumarole
Butte is an isolated basalt flow overlying several hun-
dred meters or more of lacustrine and fluvial sediments.

Both Fumarole Butte and North Butte are cut by
several high-angle, normal faults. The faults are sub-
parallel and most are oriented about N 25° E. Apparent
displacement ranges from about 15 to 30 meters with
most of the down dropped blocks lying to the west.
Similar major faulting is present in the volcanic rocks of
the Smelter Knolls area which lies 12 km to the south
(Turley and Nash, 1980). The alignment and orientation
of major faults in each area suggest that a fault system
extends from Fumarole Butte to Smelter Knolls; how-
ever, a thick cover of alluvium between these areas
conceals any evidence of faulting. A continuous fault
system from Fumarole Butte to Smelter Knolls could
reflect a significant structural discontinuity throughout
this area, possibly related to a major structure as sug-
gested by Smith (1974).

Crater Springs are located on the eastern margin of
Fumarole Butte. Several springs produce hot water from
a tufa mound that is about S meters high and several
hundred meters in diameter. Mundorf (1970) reported
that one spring had a temperature of 87°C in August,
1964, and again in July, 1967. Nash measured a tem-
perature of 90°C in July, 1975. Mundorf (1970) esti-
mated the discharge rate to be about 250 gpm in July,
1967.

GEOCHRONOLOGY

Ages were determined for the basaltic andesite,
tholeiite, and rhyolite using standard K-Ar age dating
techniques. Sanidine separates were used to determine
the age of the rhyolite, whereas whole rock samples were
used for the basaltic andesite and tholeiite. All samples
were analyzed for potassium by flame photometery. The
pertinent analytical data are listed in table 1.

Ages for representative samples of the Fumarole
Butte volcanics were determined to be: basaltic andesite,
0.88 + 0.1 m.y.; tholeiite, 6.03 0.1 m.y.; and rhyolite,
6.18 + 0.1 m. y. Basaltic andesite and tholeiite from the
Smelter Knolls area have been dated at 6.11 £ 0.3 m.y.
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and 031 + 0.08 m.y., respectively (Turley and Nash,
1980). The congrasting ages of volcanic types between
Fumarole Butte and Smelter Knolls indicate at least two
eruptive episodes of each magma type throughout this
area. The age of the rhyolite at Fumarole Butte is
similar to that determined for the Thomas Range rhyo-
lite 15 km to the north (6.0 m.y. by Armstrong, 1970).

Paleomagnetic data were gathered on the basaltic
andesite, tholeiite, rhyolite, and obsidian at Fumarole
Butte, and are presented in table 2. Paleomagnetic
results are consistent with the K-Ar age dates determined
in this study. The basaltic andesite has normal polarity
and should be assigned to the Jaramillo event (McDoug-
all, 1977). The tholeiite has reversed polarity, and
probably belongs in epoch 6 of the polarity time scale.
The rhyolite and obsidian have reversed polarity and
also are placed in epoch 6.

PETROGRAPHY

The volcanic rocks of the Fumarole Butte area
consist of obsidian, crystalline rhyolite, basaltic ande-
site, and tholeiitic basalt. Modes and sample locations of
the analyzed rocks are presented in table 3.

The obsidian (sample 76-8A) is friable, being
composed of interlocking pieces of glass. Flow banding
is apparent in hand specimen but more difficult to
detect in thin section. The sample has a vitrophyric
texture and is composed of more than 79 percent glass.
The groundmass is spherulitic. Anhedral phenocrysts of
unzoned sanidine are present as are anhedral phenocrysts
of quartz. Plagioclase phenocrysts are also present but
quite rare. Iron-titanium oxides are present as is biotite.
Minor amounts of sphene and zircon were identified,
and one small grain of allanite was found. The obsidian
appears fresh, and only biotite is slightly altered.

The crystalline rhyolite (sample 76-12) is devitri-
fied and has lithophysoidal cavities that are usually lined
with secondary silica. Devitrified glass makes up more
than 80 percent of the volume and is composed of a
dense intergrowth of quartz and alkali feldspar. The
groundmass is spherulitic. Flow banding is apparent in
both hand specimen and thin section. Generally, pheno-
crysts in the rhyolite consist of plagioclase, subhedral
sanidine, and anhedral quartz. Modal analysis indicates
the volumetric abundance of plagioclase, sanidine, and
quartz phenocrysts is about 1 percent, 5 percent, and 11
percent, respectively. Biotite and iron-titanium oxides
are also present as are minor amounts of sphene. A single
hornblende phenocryst was found in thin section, and
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Table 1. K-Ar Analytical Data and Ages

Area Rock Type Material % K moles/gm %40Ar Age
used 40 -11 atm 6

Arrad(x 10°°7) (x 107) years
Fumarole Basaltic Whole 1.91 0.294 93.2 0.88 + 0.1
Butte andesite rock
Fumarole Tholeiitic Whole 1.055 1.105 72.4 6.03 + 0.3
Butte basalt rock
Fumarole Rhyolite Sanidine 8.42 9.042 23.2 6.18 + 0.1
Butte
*Smelter Tholeiitic Whole 0.725 0.0384 97.3 0.31 + 0.08
Knoll basalt rock
Smelter Basaltic Whole 1.99 2.113 85.7 6.11 + 0.3
Knoll andesite rock
Smelter Rhyolite Sanidine 7.225 4.270 28.6 3.40 + 0.1
Knoll

*Analytical data and ages for samples from Smelter Knoll were supplied by Turley (1978).

Table 2. Paleomagnetic Data

Locality Station Rock Type Demag. D I N K aSS P
Fumarole Butte 274 basaltic andesite 100 27 63 4 531 3.9 N
Fumarole Butte 275 basaltic andesite 100 332 61 7 184 4.4 N
Fumarole Butte 276 tholeiitic basalt 200 131 -77 6 17 16.7 R
Fumarole Butte 277 obsidian 200 160 -56 6 30 12.3 R
Fumarole Butte . 278 rhyolite 800 28 -74 7 149 4.9 I
Fumarole Butte 279 basaltic andesite 200 339 59 2 - - N
Fumarole Butte 287 tholeiitic basalt NRM 158 -70 6 465 3.1 R
Fumarole Butte 288 obsidian NRM 155 -61 8 151 4.5 R

Demag. = AF demagnetization field strength (oe).

o
)

declination; 1 = inclination; N = number of samples

Fischer coefficient; P = polarity (N, normal; R, reversed; I, indeterminate)

=
n

¢ = half angle of cone of 95% confidence around mean direction
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Table 3. Modal Analyses (volume percen

t)

Sample No. 76-8A 76-12 76-14 76-48 76-9 76-36
Quartz 6.1 11.0 - 0.2 - 0.1
Alkali feldspar 12.0 5.4 - - - -
Plagioclase 1.7 0.8 25.5 18.3 39.1 40.4
Clinopyroxene - - - - 13.3 26.9
Olivine - - 8.2 10.5 - -
Biotite 0.3 0.4 - - - -
Amphibole - tr. - - - -
Orthopyroxene , - - - - - tr.
Glass 79.8 - - - - -
Opaques 0.1 0.4 7.5 11.6 3.1 7.4
Groundmass - 82.0 58.7 59.4 44.5 25.2
(undifferentiated)
Key to Sample Localities

Sample No. Sample Location Rock Type

76-3 700 m southeast of volcanic neck Basaltic andesite

76-8A North end of North Butte Obsidian

76-9 North end of Fumarole Butte flow Basaltic andesite

76-12 North end of North Butte Rhyolite

76-14  North end of North Butte flow Tholeiite

76-36 Southwest side of Fumarole Butte flow Basaltic andesite

76-48 North end of North Butte flow Tholeiite
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the wide reaction rim encircling the crystal indicates
disequilibrium between hornblende and the melt. The
crystalline rhyolite is more extensively altered than the
obsidian, but alteration is moderate and most apparent
around the margins of biotite grains.

Three samples of basaltic andesite were analyzed
(76-3, 769, and 76-36). Sample 76-3 is fine grained,
vesicular, and contains abundant, dark-brown volcanic
glass. The two other samples are considerably coarser
grained and less glassy. Phenocrysts are not common in
the basaltic andesite; however, a quartz xenocryst was
found in sample 76-36. The xenocryst is about 5 ¢m in
diameter and is surrounded by reaction rims of brown
glass and pyroxene. Best and Brimhall (1974) report
quartz xenocrysts in basaltic andesite from southwestern
Utah and consider them to be cognate in nature. Similar
lavas have been described by Hausel and Nash (1976)
who postulate that such quartz xenocrysts may have
formed under mantle conditions from material parental
to basaltic andesite.

The basaltic andesite has subophitic texture. The
groundmass consists of plagioclase laths and subhedral
pigeonite. Orthopyroxene is scarce in the basaltic
andesite. The presence of orthopyroxene in all samples
was sought with electron microprobe analysis, and only
three relatively large groundmass crystals were found in
sample 76-36. No orthopyroxene was found in samples
76-3 or 76-9. Iron-titanium oxides are present in the
basaltic andesite and were twice as abundant in 76-36 as
in 769. In general, the basaltic andesite is fresh with
only minor alteration of pyroxene in sample 76-36.

Two samples of tholeiite (76-14 and 76-48) were
analyzed. The groundmass is composed of laths of
plagioclase, subhedral diopsidic augite, and subhedral
olivine. Iron-titanium oxides are present as accessory
minerals in both, but are somewhat more abundant in
76-48. Both samples are vesicular and calcite is com-
monly found coating the vesicles. The tholeiite contains
abundant phenocrysts of plagioclase feldspar and sub-
hedral to anhedral olivine. Alteration is more prominent
in the tholeiite than the basaltic andesite. Olivine pheno-
crysts and groundmass olivine crystals show moderate
alteration as do groundmass pyroxene crystals.

MINERALOGY

Minerals of the Fumarole Butte volcanics were
analyzed with an ARL EMX-SM electron microprobe.
Natural mineral standards were used, and Bence-Albee
(1968) corrections for matrix effects were applied when
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standards and samples differed appreciably in composi-
tion. If the composition of samples and standards were
similar, the only correction applied was for background
radiation.

Feldspar

Both alkali feldspar and plagioclase are present in
the Fumarole Butte volcanics. Feldspar compositions are
shown in figure 3 and feldspar analyses are presented in
table 4.

Alkali feldspar occurs only in rhyolite. Feldspar
phenocrysts range in orthoclase content from Orgq to
Orgg. Compositional zoning was not detected within
individual phenocryst grains.

With the exception of the obsidian, plagioclase is
present in all analyzed samples. The most calcic varieties
(up to Anyg) occur as phenocrysts in the tholeiitic
basalt; the most sodic in the tholeiite occur as ground-
mass grains of Anjz-. Phenocrysts of plagioclase are
absent in the basaltic andesite whose groundmass feld-
spar consists of sodic labradorite and andesine. Unzoned
oligoclase occurs as phenocrysts in the rhyolite.

Minor elements display systematic behavior in
feldspars. Barium contents are higher in alkali feldspar
than in plagioclase (0.14-0.17 vs. 0.0-0.6% BaO) whereas
iron, as Fe203, is less in feldspar from rhyolite (0.15
0.77%) than in plagioclase from basaitic rocks (0.83-
1.04%).

Olivine

Olivine is present in the tholeiitic basalt (samples
76-14 and 76-48) where it occurs both as phenocrysts
and in the groundmass. The compositional range is
shown in figure 3. Analyses and structural formulas are
presented in table 5. An extreme compositional range
occurs in the olivine phenocrysts which vary from F°80
to Fogg. Normal zoning is apparent in most phenocrysts
with compositions generally changing about 13 percent
from core to rim; however, strong zoning is present in
some phenocrysts which vary in composition up to 30
percent. Groundmass olivine crystals are zoned with a
compositional range from Foqq to Fosg.

Pyroxene
Clinopyroxene is present as a groundmass phase in

both the basaltic andesite and the tholeiite. In the
tholeiite, clinopyroxene is diopsidic augite, whereas in
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Table 5. Average Microprobe Analyses and Structural Formulas of
0livines
p = phenocrysts; g = groundmass

Sample No. 76-14(g) 76-14(p) 76-48(g) 76-48(p)

SiO2 34.2 37.6 34.4 37.3
TiO2 0.11 - 0.12 -
A]203 0.09 0.03 0.13 0.05
*Fel 37.8 22.1 38.3 21.4
MnO 0.63 0.28 0.61 0.26
NiO - - - -
Mg0 25.5 38.2 25.0 39.2
Ca0 0.47 0.43 0.46 0.40
TOTAL 98.8 98.6 99.0 98.6

Number of Atoms on the Basis of 4 oxygens

Si 0.98 0.99 0.99 0.98
Al 0.00 0.00 0.00 0.00
Ti,, 0.00 0.00 0.00 0.00
Fe 0.91 +2.03  0.49}2.02 0.92F2.02 0.47 }2.03
Mn 0.02 0.01 0.02 0.01
Mg 1.09 1.51 1.07 1.54
Ca 0.01 0.01 | 0.01 0.01

Weight Percent

Fo 44.5 66.7 43.6 68.4
Fa 53.6 31.3 54.4 30.3
Tp 0.9 0.40 0.9 0.4
La 0.7 0.7 0.7 0.6
TOTAL 99.7 99.1 99.6 89,7
Mole Percent
Fo 54.8 74.3 62.9 77.5
Fa 44 .4 25.1 36.4 21.9

- : not detected
*Total iron reported as Fe0
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the basaltic andesite it is pigeonite (figure 4 and table 6).

Generally, the pyroxene composition is uniform
within each volcanic group; however, some composi-
tional differences do exist between. groups. Pyroxenes of
the basaltic andesite are enriched in Fe and Mg, and
depleted in Ti and Ca relative to those in the tholeiite.
Al and Na are considerably depleted in basaltic andesite
pyroxenes as compared to pyroxenes in the tholeiite.
Although pyroxene in the tholeiite contains more Na
and Al than that in the basaltic andesite, Na and Al
content of pyroxene in the tholeiite is low. Green and
Ringwood (1968) suggest that this indicates crystalliza-
tion at shallow depth.

Orthopyroxene occurs only as a few relatively
large groundmass grains in the basaltic andesite. The
orthopyroxene ranges in composition from Fs42 to Fs46
and contains 4.5 percent CaQ.

Biotite

Biotite is a common accessory mineral in the silicic
rocks. Microprobe analyses of biotite are presented in
table 7; the low totals are attributed to the presence of
water which cannot be detected with microprobe
techniques.

Biotites from the obsidian and rhyolite are very
similar in chemical composition. Mg content averages 13
percent and Fe about 17.5. The biotites are high in
TiO, (3.5 percent), and contain substantial F. Biotites
from the obsidian contain 3.00 percent F and those
from the rhyolite an exceptional 6.59 percent.

Iron - Titanium Oxides

Iron - titanium oxides occur as microphenocrysts
and/or in the groundmass in each of the Fumarole Butte
volcanic rock types. Magnetite and ilmenite are common
in obsidian, rhyolite, and tholeiite. Magnetite is also
abundant in the basaltic andesite; however, ilmenite is
rare and only a few grains were found.

Analyses of iron-titanium oxides are given in table
8. Of the minor elements, V, Mg, and Ca are higher in
oxides from the tholeiite and basaltic andesite, whereas
the concentration of Mn is higher in oxides from the
obsidian and rhyolite. Generally, Fe, Al, Zn, Cr, and V
are concentrated in magnetite, and Ti, Mn, and Mg are
more abundant in ilmenite. The mole percent ulvospinel
in titanomagnetite ranges from 29.5 in sample 76-8A to
79.3 in sample 76-36, and the R503 concentration in

®
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(triangles) from the Fumarole Butte volcanic complex. Solid symbols are phenocryst phases; open symbols are ground-

Figure 4, Microprobe analyses of pyroxene (circles) and olivine

mass grains, For key to analyses see Table 3,
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ilmenite from 2.64 in sample 4A to 150 in sample
76-48.

CHEMISTRY
Major Elements

Chemical analyses and CIPW norms of selected
samples are presented in table 9. In addition, electron
microprobe analyses of residual glass from samples
76-8A (obsidian) and 76-3 (basaltic andesite) are given.
Samples were analyzed using the chemical procedures
described by Carmichael et al. (1968). Fluorine concen-
trations were determined colorimetrically by the lan-
thanum alizarine blue method as described by Hail and
Walsh (1969).

The obsidian and rhyolite are rich in silica, con-
taining about 74 to 77 percent, respectively. When
recalculated on an anhydrous basis silica values from
both rock types fall between 76 and 77 percent. Al, Ca,
and Mg concentrations are low while the ratios of Fe to
Mg and Ca to Mg are high. Similar compositions of
siliceous volcanics in the Mineral Mountains of Utah
have been described by Evans (1978), who notes that
such characteristics may be unique to rhyolites of
bimodal basalt-rhyolite provinces.

Normative corundum is found in samples 76-8A
(obsidian) and 76-12 (rhyolite), and is attributed to the
presence of fluorine in these samples. The whole rock
chemistry of 76-8A obsidian and 76-12 (crystalline
rhyolite) is very similar; however, fluorine content is
appreciably higher in 76-8A than in 76-12. Similarly,
Zielinski et al. (1977) determined that fluorine is de-
pleted in most felsites relative to their obsidian counter-
parts. Although fluorine was lost from the crystalline

. thyolite, biotite in this rock contains a considerable
amount of fluorine. The loss of fluorine by the crystal-
line rhyolite was probably a magmatic process and not
due to exchange with meteoric water which would have
also extracted fluorine from biotite, as appears to be the
case in the Skaergaard intrusion (Nash, 1976). Chlorine
is also depleted in the crystalline rhyolite relative to the
obsidian.

The basaltic andesite is quartz normative. SiO,
content ranges from 55.28 to 55.87 weight percent.
Total alkali concentrations vary from 5.48 to 591
percent and Al,O3 from 14.17 to 14.35 percent. In-
spection of table 9 shows the chemical similarity of the
analyzed samples of basaltic andesite.

Utah Geological and Mineral Survey Special Study 52

Two samples of tholeiitic basalt were anatyzed. In
general, the tholeiite contains normative hypersthene,
groundmass olivine, and calcic clinopyroxene; no cal-
cium-poor pyroxene is present. Sample 76-48 is barely
quartz normative and does not contain calcium-poor
pyroxene. The tholeiite from the Fumarole Butte area is
similar to the transitional tholeiites described by Best
and Brimhall (1974) from the Grand Canyon area, which
occupy a compositional range between tholeiites and
alkali olivine basalts.

Residual glass is present in two samples and was
analyzed with an electron microprobe (table 9). Relative
to the whole rock, the glass is depleted in TiO,. MgO,
and total iron, as is expected because these eLlements
should be concentrated in the crystalline material with
respect to residual liquids.

The residual glass of sample 76-3 (basaltic ande-
site), when compared with the whole rock analysis, is
depleted in Al,O3 and CaO which partition into feldspar
and pyroxene, enriched in NayO and K,O0. The residual
glass is relatively enriched in TiO, but depleted in total
iron.

The low analytical totals in both samples reflect
the high water content of the residual glass which cannot
be detected with microprobe techniques.

Trace Elements

Trace element concentrations were obtained for
12 elements (table 10) with Li, Be, and Cl not sought in
basalt and basaltic andesite. Li and Be concentrations
were analyzed by atomic absorption spectrometry; all
other elements were determined by X-ray fluorescence.

Table 10 illustrates that the three lava types are
compositionatly very distinct. With respect to the basalt,
the basaltic andesite is relatively enriched in the incom-
patible elements Ba, Nb, Zr, Y, and Rb. The rhyolite is
similar to other high silica alkalic lavas in the western
U.S. These lavas are characterized by relatively low Ba,
Sr and Zr, and significant concentrations of Li, Be, Nb,
Rb, and Th (see for example Evans, 1978; Hildreth,
1977).

GEOBAROMETRY

An estimate of the pressure at which basaltic
material is in equilibrium with its source (mantle mat-
erial) may be obtained by a thermodynamic approach
developed by Nicholls and Carmichael (1972) with
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Table 9. Chemical Analyses and CIPW Norms of Volcanic Rocks and Residual Glasses.
For key to samples see Table 1.
G = microprobe analysis of glass.

Sample No. 76-8A 76-8A(G) 76-12 76-14 76-48 76-3 76-3(G) 76-9 76-36

Si0, 74.45 75.1 76.89 48.99 48.46 55.28 58.6 55.87 55.73
7i0, 0.20 0.08 0.23 2.21 2.28 2.06 2.48 2.11 2.06
A1,03 11.94 12.0 11.86 15.19 15.00 14.17 12.4 14.20 14.35
Fe,03 0.55 n.d. 0.87 2.05 3.22 2.15 n.d. 2.01 2.56
Fel 0.56 0.36 0.18 9.85 8.71 8.91 9.36 8.39 8.25
Mn0 0.03 - 0.06 0.15 0.17 0.22 0.09 0.22 0.22
Mg0 0.14 0.01 0.21 7.35 7.24 2.98 1.12 2.76 2.82
Ca0 0.66 0.60 0.49 8.81 9.40 6.28 5.10 6.06 6.05
Na,0 3.07 3.07 3.01 2.69 2.58 3.38 4.04 3.52 3.42
K,0 5.50 5.07 5.66 1.27 0.91 2.10 3.27 2.39 2.29
P05 0.01 n.d. 0.06 0.62 0.71 1.18 n.d. 1.08 1.18
€O, 0.05 n.d. 0.09 0.08 0.26 0.06 n.d. 0.08 0.05
£ 0.22 0.15 0.05 n.d. n.d. n.d. 0.11 n.d. n.d.
H20+ 1.98 n.d. 0.09 0.15 0.28 0.60 n.d. 0.64 0.36
H,07 0.12 n.d. - 0.04 0.08 0.10 n.d. 0.15 6.15
Sum 99.48 96.6 99.75 99.48 99.30 99.47 96.6 99.48 99.49
-0:=F 0.09 0.08 0.02 - - - 0.06 - -
Total 99.39 96.5 99.73 99.45 99.30 99.47 96.6 99.48 99.49
q 34.64 37.28 36.92 - 0.20 g.14 8.54 8.98 9.86
c 0.47 0.93 0.37 - - - - - -
or 32.50 29.96 33.45 7.50 5.38 12.41 19.32 14.12 13.53
ab 25.98 25.31 25.47 22.76 21.83 28.60 33.74  29.79 28.94
an 1.29 1.88 1.12 25.62 26.66 17.29 6.28 15.89 17.04
di-wo - - - 5.65 5.72 2.41 7.61 2.76 2.07
di-en - - - 3.17 3.49 0.95 1.42 1.09 0.85
di-fs - - - 2.25 1.91 1.49 6.77 1.70 1.22
hy-en 0.35 0.02 0.52 9.95 14.55 6.47 1.37 5.78 6.17
hy-fs 0.30 0.53 - 7.08 7.97 10.10 6.49 8.97 8.82
ol-fo - - - 3.64 - - - - .-
ol-fa - - - 2.85 - - - - -
mt 0.80 - 0.11 2.97 4.67 3.12 - 2.91 3.71
il 0.38 0.15 0.44 4.20 4.33 3.91 4.71 4.01 3.91
hm - - 0.79 - - - - - -
ap 0.02 - 0.14 1.47 1.68 2.79 - 2.56 2.79
fr 0.45 0.31 0.10 - - - 0.23 - -
cc 0.11 - 0.20 0.18 0.59 0.14 - 0.18 0.11
rest 2.10 - 0.09 0.19 0.36 0.70 - 0.79 0.51
Total 99.39 96.38 99.73 99.48 99.35 99.54 96.48  99.53 99.55

-: not detected
n.d.: not determined

* Total iron in glasses reported as Fel
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refinements given by Carmichael er al. (1977) and
Nicholls (1977). A fundamental assumption of this
method is that a magma forms in equilibrium with a
mantle source and remains at constant chemical com-
position from source to surface. However, the miner-
alogy may and will certainly change due to varying
pressure-temperature conditions.

The method is as follows: Chemical reactions
between minerals and melt are formulated to define the
activities of melt components contained in a specific
sample. The activities of these components for surface
conditions are estimated using groundmass mineral
compositions and groundmass equilibration tempera-
tures. Then the pressure at which a component is in
equilibrium with the melt phase (for a specific reaction)
is calculated as a function of temperature. Evaluation of
each reaction over a temperature range produces a curve
in P-T space that defines the activity of a specific com-
ponent in the melt. When several reactions are evaluated,
a family of curves is generated; ideally, the intersection
of these curves represents the pressure and temperature
conditions at which a magma was in equilibrium with its
source material. These P-T conditions are assumed to
represent the pressure and temperature regime from
which a given sample of basaltic material was generated.

This method was applied to the tholeiitic basalt
(samples 76-14 and 76-48) from the Fumarole Butte
volcanics. (Unfortunately, it could not be applied to the
basaitic andesite due to the limited mineral assemblage
contained in this rock type). The reactions listed in table
11 are applicable to the minerals present in the tholeiite
and were used to generate the corresponding activity
curves shown in figure 5. The activity of components for
surface conditions is determined using groundmass
compositions of plagioclase, clinopyroxene, and olivine
together with the Fe-Ti oxide temperature and oxygen
fugacity for each sample. The activities of corresponding
mantle materials were taken from Carmichael et al.
(1977). Examination of figure 5 indicates that only one
reasonable intersection is obtained for each sample. In
each case the intersection of curves 3 and 5 at 18 kb to
19 kb and 1350°C to 1360°C possibly represents rea-
sonable equilibration conditions. Unfortunately, no
other intersections occur in P-T space representative of
upper mantle conditions. Such results indicate that the
preliminary assumption of unchanged composition from
the source region is probably violated, and that re-
equilibration and/or change in chemical composition has
occurred in samples 76-14 and 76-48 since magma
generation. The lack of a singular solution is good
evidence that the tholeiitic lava does not represent
pristine mantle material.
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The depth at which siliceous volcanic rocks were
equilibrated may be estimated from the fugacity of
water in a magma, an approximation of which may be
obtained from the following reaction (Wones and
Eugster, 1965; Wones, 1972):

KFe3A1$i3010 (OH)2 +1/2 O2 = KAISi;Oq + Fe304 + HZO

Annite Gas Sanidine Magnetite  Gas
so that
. _ 8673 N bio
longz()- g 4246 + 1/2 loglo, + 3 log X 5
bio ) = e
+2 log XOH_— tog a san log A

The free energy function is that proposed by Hildreth
(1977) and is based upon a reevaluation of the original
experimental data of Wones and Eugster (1965). Tem-
peratures and oxygen fugacities were provided by data
previously determined from coexisting oxides. The OH"
term takes into account the effect of F substitution into
the OH" site in biotite (Ewart er al.. 1975). Sanidine
activities are taken from Carmichael er af. figure 4-30;
1974, whereas magnetite activity is assumed to be
equivalent to mole fraction, and annite activity is the
cube of the mole fraction annite (Wones, 1972).

To estimate the minimum depth to pre-eruptive
magma chambers, the following assumptions and ap-
proximations have been applied. Conversion of water
fugacity to water pressure was done through interpola-
tion of the data of Burnham ez al. (1969). Hydrostatic
pressure is assumed to be equal to lithostatic pressure. A
conversion factor of 1 Kbar pressure = 3.83 Km litho-
spheric depth is used assuming an average crustal specific
gravity of 2.7.

The application of this procedure of samples
76-8A (obsidian) and 76-12 (rhyolite) produces solu-
tions of 1.08 km and .02 km, respectively. These are
minimum depths because fH2O could be less than
hydrostatic pressure.

GEOTHERMOMETRY

Various geothermometers were applied to the
Fumarole Butte volcanics to determine groundmass
crystallization temperatures and equilibration tempera-
tures between phenocrysts and the melt phase (table
12). Application of geothermometry is restricted due to
limited mineral assemblages in the Fumarole Butte
volcanics.
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Table 11. Reactions used to define the activities of components in

silicate melts.

No. Reaction Component
1 MngiOQ + 5102 = Mgzsizoe 5102
O0livine Melt Orthopyroxene

2 FEZSiOg = FEZSiOQ F923104
Melt 0livine

3 CaMgSi,0g = CaMgSi,0g CaMgSi,0g
Melt Clinopyroxene

4 MQZSiOQ + A]203 = 1/2 Mngizos + MgA] 201,, Al 203

Olivine Melt Orthopyroxene Spinel
5 3CaMgSi,0g + A1,03 = Ca3A1,Si30;, + 3/2 Mg,51,0¢ A1,0;
Clinopyroxene Meit Grossular Orthopyroxene
6 NaA]Si:;OB + Mgzs‘iOg = Mgzsizoe + NaA]Si?_OG NaA‘!ST’308

Melt 0livine Ortho- Clino-
pyroxene pyroxene
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Coexisting Fe-Ti oxides were found in basaltic
andesite samples 76-36 and 4A. The temperatures and
oxygen fugacity determined for 76-36 appear unreason-
ably high (1195°C and 10-8-3), while those from section
4A are 965°C and 10'12-6, which are more reasonable.
Oxides from the tholeiite produce equilibration temper-
atures of 980 to 990°C and oxygen fugacities of o111
and 1010-3. The obsidian temperature and oxygen
fugacity is about 805°C and 10135 and the crystalline
rhyolite about 750°C and 10-11-1,

The olivine-clinopyroxene thermometer developed
by Powell and Powell (1974) was applied to groundmass
olivine and pyroxene in the tholeiite at 1 bar pressure.
Sample 76-14 produced a temperature of 1025°C and
sample 76-48 a temperature of 1024°C. These tempera-
tures agree reasonably well with those determined from
coexisting iron-titanium-oxides.

The two-feldspar thermometer developed by
Stormer (1975) was applied to sample 76-12 (rhyolite).
Temperature was calculated at 100 bars pressure using
the average composition of alkali feldspar and plagio-
clase phenocrysts (no zoning was detected through
microprobe examination of alkali feldspar and plagio-
clase phenocrysts in this sample). A temperature of
784°C was obtained, which records the temperature at
which feldspar phenocrysts would be in equilibrium.
Agreement between the two-feldspar and iron-titanium-
oxide thermometers is good.

The plagioclase thermometer of Kudo and Weill
(1970) and the revised version by Mathez (1973) were
applied to all Fumarole Butte rock types except 76-8A
(obsidian). The results are tabulated in table 11. In all
cases the Kudo-Weill and Mathez thermometers produce
temperatures that are considerably higher than those
obtained from other thermometers. The plagioclase
thermometers give temperatures about 200°C higher
for the rhyolite (76-12) than the two-feldspar thermom-
eter, about 125°C higher for the basaltic andesite, and
200°C higher for the tholeiite than those derived from
the Fe-Ti oxide thermometer.

PETROGENESIS

The Fumarole Butte volcanic complex is located
along the eastern margin of the Basin and Range prov-
ince, throughout which episodic volcanism has occurred
over the past 30 million years. The Basin and Range is
characterized by high heat flow, a relatively thin contin-
ental crust, and abnormally low seismic velocities in
the underlying mantle. Although heat flow is highly

Utah Geological and Mineral Survey Special Study 52

erratic throughout this province, mean heat flow for
the Basin and Range is about twice that of stable contin-
ental areas (Lachenbruch and Sass. 1978). Seismic
studies indicate that the average crustal thickness for this
region is about 35 km; however, “subprovinces” with
anomalously shallow (15 to 20 km) low shear velocities
appear to be present (Priestley and Brune, 1978). One
explanation of high heat flow and anomalously low,
shallow shear velocities occurring sporadically through-
out the Basin and Range is the upwelling of mantle
material into the crust. In effect, the influx of mantle
material to within 15 to 20 km of the surface would
locally increase heat flow and could induce melting of
lower crustal material.

Unfortunately, the limited mineral assemblage
present in the basaltic andesite does not permit estima-
tion of the pressure at which this material formed. Also,
the pressure-temperature equilibration curves generated
from mineral compositions in the tholeiite produce
inconclusive results regarding the depth to generation
of this magma. Therefore, the following discussion is
generally theoretical.

The low NajO and Al1,03 concentiations in
clinopyroxene from the Fumerole Butte tholeiite and
basaltic andesite indicate that these materials may have
undergone crystallization at shallow depths (Green
and Ringwood, 1968). This interpretation is supported
by the spatial arrangement of equilibration curves for
samples 76-14 and 76-48 (figure 5). The absence of
convergence in P-T space indicates that equilibrium at
constant composition was not maintained for the
tholeiite throughout its magmatic evolution. The ex-
periments of Green and Ringwood (1967, 1968) indicate
that magmas similar in composition to the tholeiite
underwent fractional crystallization in deep crustal
environments (15 to 35 km), and that the basaltic ande-
site may have been produced by partial melting of man-
tle material and subsequent fractional crystallization at
depths less than 35 km. Quartz xenocrysts present in
the basaltic andesite may represent high pressure cognate
material that has undergone partial low-pressure resorp-
tion at shallow depths.

Pressure estimates determined from water fuga-
cities indicate that the rhyolite and obsidian at Fumarole
Butte were erupted from depths of at least 1 km. The
age of the rhyolite corresponds with the age of the
Thomas Range rhyolite and was probably generated
from the same thermal event responsible for the ex-
tensive siliceous volcanism in the Thomas Range.
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The fault system at Fumarole Butte probably
reflects a zone of weakness in the crust through which
the associated volcanics were extruded. The fault system
appears to extend at least 10 km south to the Smelter
Knolls volcanic area. Possibly the fault system at Fuma-
role Butte may be linked to extemsive faulting and
associated Cenozoic volcanism that occurs throughout
areas to the south (e.g. the Black Rock Desert).

GEOTHERMAL POTENTIAL

The volcanic rocks at Fumarole Butte are repre-
sented by two age groups. The tholeiite and rhyolite
are approximately 6 m.y. old, whereas the younger,
more extensive basaltic andesite was erupted at 0.88
t 0.1 my. Late Cenozoic volcanism throughout the
Basin and Range is characterized by this bimodal assem-
blage of basalt and high-silica rhyolite. As opposed to
basalts, silicic magmas may have substantial residence
times in the upper crust. Therefore, rhyolitic systems
provide an attractive initial target for geothermal explor-
ation, whereas systems composed entirely of basaltic
material are less desirable. However, because the last
thyolite eruption took place 6 million years ago, it is
very unlikely that silicic igneous activity is contributing
to the geothermal potential of the area today.

The power loss of the thermal springs at Fumarole
Butte, calculated from the flowrate of 1,000 1/min
and a surface temperature of 90°C, is approximately
5.6 MW. Chapman and Wilson (personal communication)
have observed that 30 to 50% of the heat flow in a given
area could be absorbed by recharging groundwater.
Assuming a normal Basin and Range heat flow of 80
mW/m2, the power loss of the springs can be accounted
for by a recharge area of 230 to 140 km?2, respectively.
The annual discharge of the springs is approximately
5.3 x 105 m3/yr. Annual precipitation of 20 cm/yr
(8 in.) over the areas above would provide 4.6 x 107
to 2.8 x 107 m3/yr of water; i.e., an amount more than
sufficient to account for the discharge.

Parry and Cleary (1978) determined a Na-K-Ca
temperature of 155°C and a silica temperature of 110°C
for the thermal spring. A temperature of 150°C would
be attained in a normal Basin and Range geothermal
gradient of 30°C/km at depths of about 5 km. Parry
and Cleary (1978) calculated mixing models for this
spring, and concluded that the waters are the result
of mixing approximately 50% of cold water with 50%
thermal water of about 145°C temperature, in general
agreement with the Na-K-Ca temperature. Because
both the mass and thermal outputs of the springs can
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be accounted for by local heat flow and precipitation,
we suggest that the simplest explanation for the thermal
springs is the heating of meteoric groundwater at depth
by the regional geothermal gradient and not by a cooling
igneous body at depth. Although the presence of nearly
boiling water is attractive from a geothermal viewpoint,
if the water is heated by circulation along deep fracture
systems, drilling may produce isothermal resuits to con-
siderable depth.

In summary, atthough silicic volcanism has occur-
red in the Fumarole Butte area, its age (6.0 m.y.) indi-
cates that the geothermal potential associated with this
phase of volcanism is low. The basaltic andesite shield
volcano is much younger (0.9 m.y.); however, there
is no evidence for a large magma chamber in the upper
crust. Crater Springs lack evidence of very hot water
at depth, and appear to have very limited geothermal
potential for electrical power production. The attractive-
ness of the direct heat utilization of these warm waters
is significantly diminished by the absence of habitation
in this desolate desert region.
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