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Chapter I

A MODEL FOR THE FORMATION .OF
URANIUM/LITHOPHILE ELEMENT DEPOSITS

IN FLUORINE-ENRICHED VOLCANIC ROCKS

by

Donald M. Burt
and

Michael F. Sheridan



Abstract

Several uranium and other lithophile element deposits are located within
or adjacent to small middle to late Cenozoic, fluorine-rich rhyolitic dome
complexes. Examples studied include Spor Mountain, Utah (Be-U-F), the Honey-
comb Hills, Utah (Be-U), the Wah Wah Mountains, Utah (U-F), and the Black
Range-Sierra Cuchillo, New Mexico (Sn-Be-W-F). The formation of these and
similar deposits begins with the emplacement of a rhyolitic magma, enriched in
lithophile metals and complexing fluorine, that rises to a shallow crustal
level, where its roof zone may become further enriched in volatiles and the
ore elements. During initial explosive volcanic activity, aprons of lithic-
rich tuffs are erupted around the vents. These early pyroclastic deposits
commonly host the mineralization, due to their initial. enrichment in the litho-
phile elements, their permeability, and the reactivity of their foreign lithic
inclusions (particularly carbonate rocks). The pyroclastics are capped and
preserved by thick topaz rhyolite domes and flows that can serve as a sourcc
of heat and of additional quantities of ore elements. Devitrification, vapor-
phase crystallization, or fumarolic alteration may free the ore elements from
the glassy matrix and place them in a form readily leached by percolating
meteoric waters. Heat from the rhyolitic sheels drives such waters through
the system, generally into and up the vents and out through the early tuffs.
Secondary alteration zones (K-feldspar, sericite, silica, clays, fluorite,
carbonate, and zeolites) and economic mineral concentrations may form in
response to this low temperature (less than 200°C) circulation. After cooling,
meteoric water continues to migrate through the system, modifying the distri-
bution and concentration of the ore elements (especially uranium). In this
model, the ore elements are derived essentially from the vulcanic vent complex
itself, although contributions from the underlying magma chamber are not
excluded. In fact, plutons and country rocks beneath such vent complexes may
themselves contain disseminated, vein, or replacement deposits of U, Th, Be,

Sn, Mo, W, Nb, Ta, or associated elements.



Introduction

Important deposits of fluorite, uranium, and other 1ithophilé elements
(Be, Sn, Li, etc.) may be located within 6r adjécent to small fluorine-rich
rhyolitic domé complexes. The alkaline (but no peralkaline) silicic lavas
that cap these complexes are commonly characterized by the bresence of the
gemstone topaz, A128i04F2, especially in miarolitic and lithophysal cavities,
leading to the designation ''topaz rhyolites'. Dated examples are middle to
late Cenozoic in age, typically occur in the Basin ané Range province, U.S.A.,
and have high contents of fluorine ahdAlithophile elements such as U, Bé,

Sn, Nb, and_Rb (Nash et al., 1978; Turley et al., 1979), especially in obsi-
dians. This enrichment leads:to the alternate term "rar; metal rhyolites"
(Robert Wilson, personal communication, 1980). They'beiong to the more

general class of Cenozoic bimodal high silica or alkalai rhyolites (Christiansen
and Lipman, 1972; Lipman et a;., i972;'Elston and Bornhorst, 1979).'

‘Our '"type example'" for topaz rhyolite mineraiization occurs at Spor
Mountain, Utah, a distfict characterized by economic deposits beryllium (as
bertrandite) with uraniferous fluorite and opal and lithium clays in tuff,
economic deposits of oxidized uranium in underlying sandstones and conglo-
merates, and uraniferous fluorite in vent complexes and breccia pipes in
Paleozoic carbonates (Staatz and Carr, 1964; Shawe, 1968; ﬁindsey, 1977; 1978;
1979; and this volume). In addition, we have briefly studied similar mineraii—
zation at the Honeycomb Hills, Utah (Be-U-Li-F: McAnulty and Levinson, 1964;
Montoya et al., 1974; Lindsey, 1977), the Staats Mine and Holly Claim area,
Wah Wah Mountains (U-F; Whelan, 1965; Lindsey and Osmonson, 1978), the Black
Range and Sierra Cuchillo, New Mexico (Sn-Be-W-F: Fries, 1940; Jahns, 1944;
Hillard, 1969; Ericksen et al), 1970; Lufkin, 1976; 1977), and Izenhood Ranch,

- Nevada (Sn-F: Fries, 1942). We also looked at unmineralized topaz rhyolites



at E. Grants Ridge, New Mexico (Kerr and Wilcox, 1963), Nathrop, Colorado
(Van Alstine, 1969), and Burro Creek, Arizona. ‘lhe above-named localities
are located on Figure 1. |

We visited for comparative purposes a number of peralkaline, generally
caldera-related uranium districts, including McDermitt, Nevada (Rytuba and
Glanzman, 1979; Rytubé, in press ; Wallace and Roper, in press); Pega
Blanca, Chihuahua, Mexico (Goodell et al., 1978; Goodell and Carraway, this
volume), and the Chinati Mountains, Trans Pecos Texas (Walton and Henry, 1979).
These peralkaline complexes appear to be of much larger vélume and are
petrologically distinct from those that we have studied: Many are discussed in
a speciél volume to be published by the AAPG (references in press above).

Perhéps more deposits of the topaz rhyolite type would be discovered if
more geologists learned to recognize microcrystalline topaz. With a hand leﬁs,
transparent elongate topaz prisms can be distinguished from similar-appearing
quartz crystals by their orthorhombic symmetry and perfect basal cleavage.

This basal cleavage, coupled with topaz's high refractive index, gives topaz-
rich sands an unusual sparkling appearance in bright sunlight.’ In freshly-
broken specimens of topaz rhyolite the topaz commonly has a yellowish to
reddish brown coloration which fades on exposure to sunlight.

From a distance, the honeycomb-like weathering (from which the name
Hone*comb Hills is derived in Utah) of some topaz rhyolites may be distinctive.
Unfortunately, at Spor Moﬁntain itself the grayish porphyritic topaz rhyolite
generally lacks abundant gas cavities filled with topaz and does not exhibit
'""honeycomb'" weathering. Topaz is, however, abundant in thin section and purple
- fluorite occurs along microfractures.

The main purpose of the present investigation has been to develop an
exploration model for deposits of the Spof Moﬁntéin type, as a guide to the

evaluation of areas where topaz rhyolites may be found.
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Occurrence and Origin

Small dome and flow complexes of Oligoéene and younger topaz rhyolites
are widespread in the Western United States (Figure 2, modified from Shawe,
1976) and perhaps many others have not been identified. Available radiometric
data suggest that the oldest identified topaz rhyolites (36 m.y.j maf occur in
the Elkhorn Mts., Montana (Smedes, 1966; Chadwick, 1977); in the Great Basin
of Utah they range in age from about 21 m.y. at Spor Mountain (Lindsey, 1979)
and 20 m.y. at the Staats Mine (Rowley et al., 1978; Lindsey and Osmonson,
1978) to 6.3 m.y. in the Thomas Range (Lindsey,'1979); 4.7 m.y. in the Honey-
comb Hillsl(Turley et al., 1979), and 0.5 m.y. ‘in the Mineral Mountains, Utah
(Lipman et al., 1978; Ward et al., 1978).

Spatially, the topaz rhyolites lie in a well-defined belt that generally
coincides with the Rio Grande rift in New Mexico and Colorado, and in a more
diffuse zone along the eastern margin of the Basin ‘and Range province from
Arizona to Idaho and Montana. Another description would be that most known
occurrences of topaz rhyoiite occur arouna the edge of the Colorado Plateau.
Great Basin occurrenceés in Utah lie in the east-west trending Deep-Creek-
Tintic. and Wah Wah-Tushar mineral belts (Hilpert and Roberts, 1964; Stewart
etlal,, 1977).

“ Not surprisingly, topaz rhyolites roughly coincide in their distribution
with areas of abuﬁdant fluorite‘occurrences and deposits (Worl et al., 1974;
Shawe, 1976; Van Alstine, 1976; Van Aistine and Tooker, 1979) .and, as shown on .
Figure 2, with mid-Tertiary topaz-bearing porphyry molybdenum deposits in
Colorado and New Mexico (Shawe, 1976; Woodcock and Hollister, 1978).

Similar middle to late Tertiary topaz rhyolites are widespread in central
Mexico (Sinkankas, 1959; 1976). Some have been sources of alluvial tin
(Foshag and Fries, 1942; Pan, 1974), but few details are available as to their

ages, occurrence, or geochemistry,



Figure 2. Topaz-bearing rhyolite localities (). 'wi"th topaz-bearing porphyry
molyhdenite deposits (o), Western United States (modified from Shawe, 1976,
Figure 10, p. 20). . L
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In qugolia and the Soviet Union occur several small, near-surface, topaz-
bearing intrusives with glassy margins; the Soviets have named the rock type
"ongonite'" (Kovalenko et al., 1971; 1975; Kovalenko and Kovalenko, 1976).
Ongonites are alkali rhyolites enriched in rare elements and fluorine, with
fluorine contents in glass ranging from 0.8 to 3.2%, or as much as twice those
reported here in vitrophyre from Spor Mountain. Ongonites appear to be near-
surface analogs to the topaz rhyolites we have studied and to Li-F granites at
depth (Kovalenko, 1978). Their higher fluorine contents, compared to Spor
Mountain vitrophyres, are possibly explained by the fact that no fluorine ﬁas
been lost on venting (i.e., they are intrusive). Allman and Koritnig (1972) and
Shawe (1976) have noted a general tendency for volcanic rocks to be depleted
in fluorine in comparison with compositionally similar intrusives.

Well-documented occurrences of topaz rhyolites on other continents appear
to be lacking, although a topaz-bearing "tuffisite' (intrusive tuff) has been
described from the U-Sn-Be-Nb-F-rich younger granite province of Nigeria
(Wright, 1974). Topaz rhyolites are probably to be expected in young volcano-
genic tin provinces such as those in Bolivia and Argentiﬁa described by
Sillitoe (1977). 1In older fluorine-rich provinces, such as the St. Francois
Mountains, Missouri (Kisvarsanyi, 1980) and the British Isles (Simpson et al.,
1979), intrusive porphyry or greisen-type Sn-Be-W-Mo-Nb-U-Th deposits may
once have been overlain by topaz rhyolites.

In contrést to the large eruptive volumes of caldera-related calc-
alkaline and peralkaline silicic volcanics (up to 10,000 kms: Swith, 1979), the
eruptive volumes of topaz rhyolites are generally small, with the 50 km> volume
of the Thomas. Range, Utah (Turley et al., 1979) apparently being a maximum for
the Great Basin. (This figure excludes more voluminous U+F-mineralized
rhyolitic volcanic rocks at Mafysvale, Utah, where no topaz has yet been

found: C. G. Cunningham, personal communication, 1980.) The vent complexes



usually show no obvious relation to caldera structures or they formed after
caldera-related volcanism. This may imply that fluorine-rich magmas seldom
reach the surface (i.e., they overlie large batholiths at depth). Rhodes

(1976) and Elston (1978) proposed that such a batholith underlies the voluminous
(130 km3) tin rhyolites of the Black Range, N.M.

Fluorine-rich rhyolitic magma seems to share with peralkaline magma a
low viscosity - it flows readily unless relatively cool and rich in phenocrysts.
Fluorine, like water, tends to lower solidus temperatures and melt viscosities
of granitic magma (Wyllie, 1979); the difference is that fluorine has much less
of a tendency to escape explosively with release of pressure. It also has a
tendency to form stable complexes with and be associated geochemically with the
lithophile elements, including U, Be, Li, Mn, Nb, Sn, W, and Y (Shawe, 1976,

p- 15; Bailey, 1977). Some alkali and fluorine-rich magmas exhibit liquid -
immiscibility (Kogarko et al., 1974); the fluorine-rich separates may evolve
continuously into hydrothermal fluids.

Whether fluorine-rich magmas and associated fluorite deposits are developed
at the end stages of shallow subduction or the initial stages of extension has
been debated (Lamarre and Hodder, 1978; Shawe, 1979). Topaz rhyolite volcanism
in the U.S. extended to less than a million years ago (Ward et al., 1978), and
thus may still be continuing. 'This interpretation supports Shawe's 'extensional"
hypothesis. The problem then becomes one of the origin of the extension itself.
Although opinions are not unanimous (Christiansen and McKee, 1978), most recent
reviews (Thompson and Burke, 1974; Stewart, 1978; Eaton, 1979; Elston and
Burnhurst, 1979) have tended to favor the initiation of Basin and Range exten-
sion by back-arc spreading from the subducting slab that is also responsible
for calc-alkaline volcanism (Karig, 1971; Scholz et al., 1971). The occurrence
of 28-29 m.y. old topaz rhyolite at Nathrop, Colorado (Van Alstine, 1969),

together with other features, led Tweto (1979) to suggest that extension



related to the Rio Grande rift began as much as 28 m.y. ago in Colorado.

Whatever the origin of the extension, their extensional setting, as well
as geochemical features, suggest that topaz rhyolites might be the extrusive
equivalents of '"A-type' or "anorogenic" granites (Loiselle and Wones, 1979;
Wones, 1979; Petro et al., 1979). These have also been called residual or
R-type granites (White, 1979).

In any case, topaz rhyolite petrogenesis presumably involves partial
melting of fluorine-bearing Precambriaﬁ crust in the presence of high heat
flow (which would tent to drive off water, enriching residual fluorine), with
mafic magmas possibly providing a heat source (Christiansen and Lipman, 1972).
In support of this conjecture, available evidence suggests that the crust is
thinner (25-30 km) and uppermost mantle seismic velocities lower (<7.4 km/sec)
in west central Utah, where younger (<7 m.y.) topaz rhyolites occur, then
elsewhere in the eastern Basin and Range province (Prodehl, 1979, p. 47). In
fact, as compared with the main part of the Basin and Range province, the
eastern transition to the Colorado Plateau is a remarkable north-south zone
of increased seismicity, volcanism, heat flux (Blackwell, 1978), crustal
thinning, and lowering of upper mantle seismic velocities. Furthermore, there
appears to be a low velocity zone in the crust that may indicate partial
melting (Smith, 1978).

We have been impressed with the abundance of fluorite and beryl-bearing
Precambrian granites near the two identified topaz rhyolite occurrences in
Arizona; similar relations hold in (olorado and may hold in Utah (cf. Silver,
1976; Moore and Sorensen, 1978). We also note the apparent absence of topaz
rhyolite volcanism in the high heat flux volcanic zone on the western margin
of the Basin and Range province (Blackwell, 1978), where Precambrian crust is
lacking. Although we would prefer to derive fluorine from the crust, some

writers (e.g. Van Alstine, 1976; Bailey, 1978) prefer to derive fluorine by

10
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"leakage' from the upper mantle.

Unfqrtunately, most topaz rhyolites, especially the'younger ones, are not
known to be associated with economic mineralization, although the presence of
topaz, bixbyite, specular hematite, pseudobrookite, red beryl, and Mn-Fe garnet
in lithophysae may make them well-known to mineral collectors (Ream, 1979).

A major question that any model for Spor Mountain-type mineralization must
answer, then, is why it is not more common. For example, why is Be-U-F
mineralization not developed in association with the abundant 6-7 m.y. old
topaz rhyolites of the Thomas Range only a few kilometers to the east of. Spor

Mountain?

Mineralization: A Model

Magma Intrusion

,

We infer that the formation of Spor Mountain-type deposits associated with
tupaz rhyolitc lava flows invnlves four stages: (1) magma intrusion, (2)
eruption of pyroclastics and capping lavas, (3) vapor phase and hydrothermal
1,.a1teration and element redistribution, and (4) ground water diagenesis and
element redistribution. The procéss begins with the intrusion of water-
depleted rhyolitic magma, enriched in lithophile metals and complexing fluorine,
to shallow levels in the Earth's crust (Figure 3), It's enrichment may involve
small degreeé of partial melting and/or large degrees of fractional crystalliza-
tion (Groves and McCarthy, 1978); dehydration or zone refining (Barker et al.,
1975) during its rise through the crust; or dehydration and crystallization dué
to earlier cauldron-forming pyroclastic volcanism (Rhodes, 1976).

The top portions of the magma chamber becomes further enriched in volatiles
and the ore elements, following é trend that has long been recognized (Emmons,
1933). The cause of this .apical enrichment may be roofward streaming of

volatiles escaping from the magma, or a recent variation on this concept called
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thermogravitational diffusion (Shaw et al., 1976; Hildreth, 1979) that also
involves magma convection. The result is the creation of an upper ''stagnant”
zone enriched in HZO’ F, Cl1, and the lithophile metals, including, for the
Bishop tuff, Be, Mn, Y, Sc, Nb, Ta, Mo, W., Sn, Cs, Rb, Li, U, and Th. This
zone is depleted in Mg, p, Ca, Ti, Fe, Co, Cu, Sr, Ba, La, Ce; Eu, and Au

(Hildreth, 1979, p. 61).

Eruption

The build-up of volatiles, or magma interactions with ground water, or
even influxes of mafic'magma into the silicic magma chamber next cause an
explosive volcanic eruption (Figure 4). This results in the emplacemenfwof a
mantle of lithié—rich pyroclastic deposits around the vent. These pyroclasfics
ideally may be classified as (1) massive appearing, poorly sorted pyroclastic
flows, ér "ignimbrites" (Sheridan, 1979); (2) thin overlying beds of fine-
grained, well-sorted coignimbrite air falls or ''tephra'', and/or thick adjacent
lithic-rich, coarse-grained, near—veﬂt coignimbrite lag-falls (Wright and
Walker, 1977) and (3) basal stratified or cross-bedded pyroclastic surges
(Wohletz and Sheridan, 1979). This '"standard ignimbrite flow unit' (Sparks,
1976) can in turn be underlain by inversely graded Plinian air fall or
avalanche deposits. Field identification of lithic-rich tuffs on the basis
of the above classificatién is complicated in actual situations by the effects
of multiple venté-and/or multiple eruption episodes, by the influence of pre-
existing topography, by volcanic mudslides or lahars, and by various alteration
processes discussed below. The important fact is that a widervériety of
pyroclastic deposits can result from the same eruption episode.

The stratified, cross-bedded, and well-sorted nature of some of the tuffs
in the Spor Mountain district and elsewhere has earlier led to their

- classification as "water-laid tuffs" in the literature. The uranium-mineralized
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sandstones and conglomerates that occur locally in the Qicinity of the Yellow
Chief mine are the only deposits we have found near Spor Mountain that show
direct evidence of aqueous deposition.

The pyroclastic depositsAcémmonly host subsequent ore mineralizatien, due
to their initial enrichment in lithophile elements, their fiﬁeagrained and
glassy nature (susceptibility to alteration), their permeability, and their
content of foreign iithics (pieces of country rock ejected during cleéring of
the volcanic vents). The chemical dissimilarity of the foreign lithics té‘thé
tuffs around them tends to localize ore precipitation, especially»ifAthe J
foreign lighics>are reactive carbonate rocks, as at Spor Mountain, although
mafic volcanics (cf. Roper and Wallace, in'press) or carbonaceous échists
might play a similar role elsewhere.

Thick volatile-depleted rhyolite domes and lava flows neXt are depositéd
on top of the pyrocléstics (Figure 5).. These can serve és a source of convec-
tion-driving heat and, during crystallization, of additional quantities of
ore elements. Once crystallized, the flows serve as an impermeable barrier
(or "screen'", in translated Soviet terminology) to convecting aqueous fluids;
they also protect the ore deposit from later erosion (and discovery?); Thick
welded tuff iayers in peralkaline rhyolite complexes might serve the same
functions. .

During and shortly after the initial eruption, unknown amounts of uranium
and other iithophile elements may be lost in the gas cloud as volatile halides
and hydroxylhalides (Zielinski et al., 1977). These losses are virtually
undetectable by later observations, inasmuch as thef are reflected even in
obsidian compositions (that is, even the obsidians ha&e lost volatiles). Such
losses may ekplain why we have found no extrusive vitrophyres'with more than

about 1.5% fluorine, although intrusive ongonites in Mongolia and the U.S.S.R.
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contain up to 3.2% fluorine in glass, as mentioned above. Chlorides are
generally more Volatile than fluorides (Fuge, 1977}, but UF¢ is an exception
(Krauskopf, 1969). Some of the volétile halides so lost may be ''recaptured"
by condensation and adsorption on volcanic ash (Taylor and Stoiber, 1973) and

thus be subject to later leaching and redeposition.

Vapor Phase and Hydrothermal Mineralization

;Crysfallization and the formation of gas cavities in the rhyolite lava
flows, plus welding, spherulitic devitrification, granophyric crystallization
and vapor phase alteration in the>tuffs (Smith, 1960),Vp1us fumarolic altera-
tion in tuffs and flows above where these processes are occurring (Sheridan,
1970), are probably the main high temperature processes by which the oré |
elements are redistributed in the erupted rhyolites and perhaps lost to the
atmosphere. 'The very distinct compositions of glassy and crystalline rhyolites
(see review by Zielinski et al., 1977; Zielinski, 1978) indicate that large
quantities of ore eléments can be liberated by'theSe procesées.

At Spor Mountain,'for example, our analyses show that a fresh vitrophyre
layer locally present near the top of the tuff contains about 1.0-1.5%F, 50-85
ppm Be, and 25-50 ppm'U (based on several samples), whéreas granophyrically
crystallized rhyolite from overlying lava flows contains an average of 0.5-
0.7%F, 7-15 ppm Be, and i0—18 ppm U. Simple-minded calculations sth that
the implied loss Qf Be on crystallization of the capping rhyolite flows,
neglecting additional rhyolite that has been lost by erosion, Be initially
present in the tuffs, or lateral migration of Be, is more than adequate to

~account for the Be orebodies just underneath the flows (not that we believe
that the ovérlying flows were necessarily the source of all of the beryllium
being mined).

A possiblc problom with high temperature crystallization as an ore-

generating mechanism is that it could just as easily disperse some of the metals
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to the atmoSphere as concentrate them or place them in a readily leachable
form. Another problem is that most of the pyroclastic deposits near topaz
rhyolite vents are too thin to have undergone much welding, high temperature
devitrification, or vapor phase alteration. A final problem is that high
temperature processes should affect all erupted topaz rhyolite flows and under-
lying tuffs more-or-less equally, yet few are economically mineralized. 1In
general, then, one or more episodes of lower temperature alteration-minerali-
zation seem necessary for the creation of an economic orebody.

As an example, cassiteri?e deposited in miarolitic cavities and tension
fractures at the top of topaz rhyolite flows may, in part, have formed at
temperatures above 500°C (Lufkin, 1976), but most wood-tin (and associated
chalcedony and opali in "tin rhyolites' appears to have formed at temperatures
of 150° or below (Pan, 1974; Lufkin, 1977).

The hydrothermal (or ''geothermal!', to use the terminology of Henry, 1978)
fluids responsible for low temperature beryllium and uranium transport (pre-
‘sumably as fluoride, hydroxyl, or carbonate complexes: Langmuir, 1978;
Romberger, 1978) and deposition might be the products of crystallization of
and/or convective meteoric water circulation by a hidden pluton at shallow
depths, as most previous workers at Sper Mountain (following Staatz and
Osterwald, 1959, p. 59-61) have assuﬁed. While we cannot exclude this
possibility, 'there is no direct evidence such as pervasive microfracturing,
contact metamorphism, or high temperature mineralization (e.g. skarn in
carbonate rocks: Burt, 1977) to suggest thc presence of a near-surface pluton.
We therefore suggest the possibility that an aqueous circulation cell and
especially the ore elements contained within it could be defived directly
from the rhyolite vent complex itself.

Heat from the rhyolite domes and flows (and/or from the hypothetical

pluton or regional high heat flow) circulates low temperature (less than 200°)
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meteoric fluids into and up the vents and related fractures and out through
the underlying tuffs (Figure 6)}. Flow 1is céncentrated just beneath the cappihg
flows, causing most ore deposition to take place there‘(see element profiles in
Bikun, 1980 and Lindsey, in press ). Low temperature alterafion zones
containing K-feldspar, sericite, Mn-oxides, chalcedony, urani ferous 6pa1,
clays, fluorite, calcite, and zeolites form in reéponse to'this circulatioh,
and reactive foreign lithics and/or evaporation due to the heat of the overlying
lava localize ore deposition. Low temperature leaching of vitric tuff and lava
is a possible source of Some of the ore elements (Zielinski, 1979 and in
press)f

Preliminary fluid inclusion studies on atypical vuggy vein material from
the Fluoro ‘Pit (studies performed. by Barbara Murphy using facilities at the

* University of Arizona, Tﬁéson) yielded quartz and fluorite homogenization
temperatures in the range 143-165°, consistent with the low temperature mineral-
ogy and fine grain size of the Spor Mountain mineralization, but nevertheless

- suggesting the existence of a thérmai "event'" in its formation. Most of the

.mineralization is too fine-grained to permit the aquisition of fluid inclusion
data.

The above-suggested thermally-driven circulation patterﬁ is perhaps also
supported by the observation that at fluorite-mineralized volcanic vents at
Spor Mountain and at the brecciated rhyolite/carbonate conta¢t at the Staats
Mine, Wah Wah Mountains, fine-grained purple fluorite mineralization rarely
extends into the carbonate rocks. This suggests that Ca-saturated waters from
the carbonate aquifer were flowing into the vent complexes where they deposited
fluorite on encountering fluorine from the rhyolite. It further suggests that

the convection cells were shallow, as shown by the upper arrows on Figure 6.

After the complex cools, ground water continues to migrate through the
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Figure 6. Model Stage 3 - Low temperature mineralization due to
near-surface convection.
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system, further modifying the distribution of the ore elements. Uranium and
silica are particularly susceptible, and nodules of uraniferous opal from the
tuffs at Spor Mountain yield U-Pb ages ranging from about 21 m.y. (the age of
the volcanics) at the core to 3-5 m.y. in cross-cutting veinlets (Ludwig et al.,
1980). The authors interpret this raﬁge of ages as probably indicating
intermittent or extended hydrothermal activity, but we would prefer to ascribe

most of it to low temperature ground water migration. 'he Yellow tChief

uranium mine in clastics beneath tuff near Spor Mountain may owe its existence
entirely to this type of oxidizing transport and redeposition (Lindsey, 1979
and in press).

Karst-like oxidized uranium deposits in Paleozoic carbonates, similar to
‘those at Sierra Gomez, Chihuahua, Mexico (Mitchell and Goodell, in press).
-may also occur under the tuff at Spor Mountain. However, none of any size have
'yet been identified, unless some of the very fine-grained uraniferous fluorite-

clay mineralization in pipes and veins has this "descending" origin. Many
pipes seem to coincide with former volcanic vents, but this cénfiguration does
not exclude some later mineralization by descending fluids. U-Pb datiﬁg of
opal or chalcedony associated with the fluorite in the pipes might resolve the

question.

Barren and Productive Topaz Rhyolites

Failure to attain ore grade mineralization in most topaz rhyolite vent
complexes may be due to a variety of factoré. First, the initial fluorine
activity and metal content of the magma may be too low. Our preliminary study
of vitrophyres has éhown that few topaz rhyolite glasses, save possibly those
from the Honeycomb Hills, Utah, are as enriched in F, Be, and U as those from
Spor Mountain. A puzzling observation is that tin-rich topaz rhyolites in

Nevada and New Mexico are not known to be associated with significant uranium

mingralization.
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The high fluorine. activity in Spor Mountain and Honeycomb Hills rhyolite
is perhaps indicated by the fact (pu; analyses; also Turley et al., 1979) that
plagioclase from there has roughly half the anorthite content (6-10 mole %) as
that from the 'barren' topaz rhyolites of the nearby Thomas Range (13-20 mole %),
although total calcium contents in the rocks are comparable. Titanite (sphene)
is rare or absent in topaz rhyolites, and even in the Thomas Range occurs only
in lithic inclusions of older rocks (David Lindsey, personal communication,

1980). The calcium in high-fluorine rhyolites is presumably '"removed' as

fluorite, by relations such as the following:

(1) [CaAlZSiZOS] + 2F20_1 = CaF, + ALZSiO4F2 + 510,

Anorthite + 2F,0_; = Fluorite + Topaz + Quartz

(in plagioclase)

(2) CaTiSiOg + F,0_; = CaF, + 1i0, + Si0,

Titanite + F,0_; = Fluorite + Rutile + Quartz

(or other Ti mineral)

In the above equations, F20_1 is an "exchange operator', the "acid anhydride"
of HF (Burt, 1Y/4) whose chemical potential gives a measure of the tendency for
fluorine to replace oxygen in the melt.

Closely-related factors are the water content and eruption temperature of
the magma. ''Productive' topaz rhyolites from the Black Range, N.M., Spor
Mountain, Utah, and the Staats Mine-Holly Claim area, Wah Wah Mts., Utah tend-
to be phenocryst-rich, blocky or massive, poor or lacking in gas cavities,
and granophyrically crystallized, suggesting relatively low eruption tempera-
tures and water contents or fugacities and slow cooling rates. ''Barren"
topaz rhyolites from the Thomas Range,lUtah, Four Mile Wash area, Wah Wah
Mountains, Utah and numerous other areas are phenocryst-poor, remarkably

flow-banded, lithophysae-rich, and spherulitically crystallized, suggesting
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the opposite.

Two similar classes of fluorine-rich Quaternary rhyolites have been
recognized in the Mineral Mountains, Utah (Nash and Evans, 1977; Evans and
Nash, 1978; Lipman et al., 1978; Ward et al., 1978), older (0.8 m.y.) pheno-
cryst-poor flows and younger (0.5 m.y.) phenocryst-rich domes. Geothermometry
involving iroh-titanium oxides and two feldspars yields magma temperatures as
diverse as 785" and 650°, and geobarometry water fugacities as diverse as
3.0 kb and 0.4 kb, respectively, for the two groups of rocks (Nash and Evans,
1977). Obsidians of the older group have less than half the fluorine content
of the younger (about 0.16 vs. 0.44%: Lipman et al., 1978); the younger
rhyolites have some topaz in gas cavities. They are also enriched in Na, Rb,
Nb, and Mn and depleted in K, Ba, Sr, Ca, Ti, and Fe, Based on europium
anomalies in youﬂger feldspars, these differences are tentatively ascribed to
feldspar fractionation. Uranium contents are not given, but the data given
above would suggest that rhyolites of the older group are more likely to be

i”barren" than those of. the younger.

Possibly much of the uranium'escaped from the barren rhyolites during
or shortly after eruption in the vapor phase, or was fixed in the spheruliti-
cally-crystallized groundmass by rapid crystallization. Vapor phase losses
have previously been used to explain lower uranium contents in miarolitic,
as opposed to massive, near-surface intrusives (Bohse et al., 1974). Another
possibility is that the uranium wasn't there in the first place (i.e., that
the water-rich magmas were less enriched in uranium and fluorine).

A major factor at most topaz rhyolite localities is undoubtedly the coﬁtent

. and reactivity of foreign lithics in the pyroclastics. These in turn reflect
the country rock penetrated at the vent(s). Carbonate lithics are abundant
at Spor Mountain and common at the Holly Claims, Wah Wah Mountains, Utah, but

are virtually lacking in the other areas studied. The above two districts
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both have significant uranium-fluorite mineralization also lacking in the
other districts.

An equally important factor may be the level of the water table and the
availability of an aquifer at thé time of eruption. If ground water is too
deep or lacking, its convective circulation through the tuffs will be impossible.
None of the other districts studied show the degree of pervasive alteration of
tuff seen at Spor Mountain and presumably indicative of a low temperature
hydrothermal event.

A general feature shared by most topaz rhyolites is their relatively small
eruption volume. Without considerable initial magmatic enrichment in F, U, and
Be, the formation of significant tonnages of ore due to leaching would be
difficult, if not impossible. Also, the small size minimizes the time avail-
able for high temperature devitrification in the lavas and tuffs and the time
available for thermally-drivén meteoric water circulation (unless there is a
shallow pluton or other heat source to drive convection after surfacc cooling
‘has occurred).

A related general problem is the radial drainage pattern idcally cxhibited
by small rhyolitic dome complexes, which would tend to disperse, rather than
concentrate, uranium transported in low temperature ground water. The central
drainage-basin typical of calderas is much more favorable in this respect
(Henry, 1978) and it is interesting that the Yellow Chief uranium mine in
clastics under the beryllium tuff near Spor Mountain lies inside what has been
interpreted as a former caldera (Lindsey, 1979 and this volume), It is also
interésting that the Spor Mountain topaz rhyolite is the oldest yet identified
in the Great Basin, implying a maximum amount of time for ground water leaching
to have been effective.

We conclude that the magma composition and temperature,vtype of country

rock exposed-at the surface, level of water table, and even drainage pattern
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and age were more favorable for mineralization at Spor Mountain than at any
of the other areas studied. Similar mineralization at the Honeycomb Hills
and (so far as is known) at the Staats Mine-Holly claims area appears much
less economic.

In the next section we attempt to indicate the possible significance of-
topaz rhyolites in prospecting fdr types of ore deposits 6ther than those

‘found at Spor Mountain (i.e., subsurface deposits).

Related Mineral Deposits

The exploration significance of topaz rhyolites probably does not end
at the Earth's surface, élthough so.far we have discussed only surface and
near-surface processes. Obvious variations on the model presented above are
cases where the magma chamber does not vent or where its venting only involves
the deposition of eaéily—eroded pyroclastics. These cases are unfavorable for
the formation of surficial deposits such as those discussed here, but are very
favorable for the formation of disseminéted (poxrphyry), vein (greisen), or
replacement (skarn) deposits at depth.

These deposits might also form under topaz rhyolite dome complexés where
é significant fraction of the magma has been vented, especially if a second
post-volcanic magma body.finds its way upwards (as indicatéd by the "Mo-W?"
on Figure 6). Multiple episodes of intrusion and mineralization seem to be
characteristié of'fluorine-rich porphyry Mo-W systems such as those at Climax
(Wallace et al., 1968) and Urad-Henderson (Waliace et al., 1978), Colorado.
- The close spatial and age correlation of these deposits with idéntified topaz
rhyolite flows is also notable in this regard (Figure 2).

Similar considerations have led to the hypothesis that a porphyry molybdenum
system underlies the fluorite and uranium-rich veins and volcanic brgccias of

the Central Mining area, Marysvale, Utah (Cunningham and Steven,»1979; Steven
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et al., in press), but this hypothesis awaits confirmation. A more direct
result is the correlation by Keith (1979) of Mn-Fe garnet-bearing Miocene
ash-flow tuffs in the Wah Wah Mountains, Utah with the venting of the nearby
Pine Grove porphyry molybdenum system, which contains identical garnets.

Molybdenum and tungsten need not be the only lithophile metals deposited
in or near‘intrusives under topaz rhyolites. Rosettes of beryl disseminated
in Miocene granite in the Sheeprock Mountains, Utah were extensively prospected
before the nearby discovery of Spor MQuntain; minoxr U and W (wolframite) accur
in associated veins and greisens (Cohenour, 1963). Deposits of other litho-
phile elements such as Th, Sn, Nb, Ta, Y, and the rare earths might also be
expected in intrﬁsiVe environments.

In carbonate host rocks, replacement deposits of "ribbon-rock' or laminar
fluorite-rich skarn enriched in Be, W, and Sn might be expected, hy énalogy
with Iron Mountain, New Mexico (Jahns, 1944) and the Seward Peninsula, Alaska
(Sainsbury, 1969). Similar economically-important deposits have recently
been found in Australia (Teunis A. P, Kwak, personal communication, 1979).

A vertical sequence for types of lithophile element mineralization in
fluorine-rich silicic systems might be as follows:

1. Wood-Sn in topaz rhyolite lava flows

2. U-Be-F in underlying tuffs and sediments

3. U-F-Be-Sn-W-Mo in subvolcanic breccias, veins, and replacements

4, Mo-W-Sn (Nb-Ta-Be-U-Th) in "porphyry' deposits

S. Su-W-Be Mo in greilsens

6. Li—Nb-Ta—Be—Sn-ﬁ in pegmatites.

It is unknown how many of these types of mineralization might occur in the
same district.

Perhaps, however, that is ''drilling too deeply'. Going back to the

surface, we should not forget the economic importance of leached Li and B in



27

brines and evaporites, respectively (Glanzman et al., 1979) not the signifi-
cance 0f younger topaz rhyolite vent systems, such as those near Roosevelt
Hot Springs, Utah, as indicating possible sources of geothermal energy (Ward

et gl.,A1978).

Summary

The combination of fluorine and uranium-enriched magma, reactive carbonate
rocks exposed in the volcanic vent area, (presumably) elevated water table, and
clastics underlying tuffs was uniquely favorable for beryllium and/or uranium
mineralization at Spor Mounfain. This complete combination apparently was
not present at the other areas studies, althbugh it might not always be
necessary. For example, reactive carbonate rocks are not needed for ground
water mineralization of the Yellow Chief type, and mafic-rich vent breccias
might prove almost‘ag reactive as carbonate-rich ones. Finally, subvolcanic
and prophyry-type mineralization related to topaz rhyolite volcanism might
prove more significant than the near-surface types of mineralization emphasized

here.
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ABSTRACT 38

A distinctive suite of high silica rhyolites enriched in fluorine and
lithophile elements is widely distributed across the western United States.
Their ages range from mid- to late-Cenozoic (36 m.y. to present). 'These
rhyolites contain topaz (along with garnet, bixbyite, pseudobrookite, hematite
and quartz) in lithophysae or in the groundmass, and are associated with U, F,
Be and Sn mineralization. Topaz rhyolites are generally emplaced as small
domes or lava flows and follow or are contemporaneous with calc-alkalic and
basaltic volcanism in the Basin and Range province and along the Rio Grande
Rift. The major phenocrysts in topaz rhyolites are sanidine (“Orsg), quartz,
oligoclase and biotite, in crystal-rich varieties; garnet and hornblende are
rare. Two-feldspar and Fe-Ti oxide geothermometry indicates that these F-rich
lavas equilibrated at low temperatures (630-800°C). The Fe-rich biotites and
Fe-Mn garnets, that crystalized within the magmas are similar to those in
greisens and pegmatites and suggest that crystallization may have occurred
under vapor-saturated conditions and low oxygen fugacities.

Topaz rhyolite vitrophyres are typically high in silica (>74%) and
fluorine (0.3 - 1.5%) and are depleted in Ca, Mg, and Ti--features typical
of rhyolites from bimodal associations. Corundum appears in the normative
mineralogy of many and along with the presence of topaz and garnet suggests
that the magmas were peraluminous. Concentrations of incompatible elements
are high: U 5-40, Th 40-70, Rb 200-1000, Ta 2-25, Li 20-80, Sn 5-30 and Be
2-70 ppm. The REE patterns of vitrophyres enriched in these elements are
almost flat (_La/YbN = 1-3) and have deep Eu anomalies (Eu/Eu* = 0.01-0.02).

Topaz rhyolites are contemporaneous with rhyolites of peralkaline and
calc—-alkalic lineages. They are distinct from the former (typified by those
at McDermitt Caldera) by their mineralogy, their mode of emplacement and
their lower content of Fe, Mg, Ti and higher Ca, Al, Rb and usually U and
Th. Topaz rhyolites are distinguishable from calc-alkalic rhyolites )
(typified by rhyolites from western Utah and Colorado) by their trace element
contents (lower Ti, Ba, Sr and higher Rb, U, Th and other lithophile elements).
The usually low La/Yby ratio. (v1-3)) of topaz rhyolites distinguishes them

from both rhyolite suites.
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The distribution of topaz rhyolites,'their association with generally
more mafic volcanism (andesitic or basaltic) and their similarity to anorogenic
granites suggest that.tﬁey are the result of partial melting of the Pre-
cambrian crust which is enriched in F, U, Th and Be throughout this region.
Trace element variation patterns are consistent with magmatic evolution
by fhermogravitational diffusion possibly associated with the separation of
an F-rich fluid that migrated to the upper;-cooler parts of evolving magma
chambers. The high F content probably caused the low equilibration tempera-
tures and may have extended the duration of early magmatic evolution. The
extreme magmatic enrichments typical of topaz rhyolites suggests that their
subvolcanic analogs may be the hosts for U, Th, Be, F, Sn or associated ore

deposits.
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INTRODUCTION

Topaz rhyolites are widely distributed in the western United States
(Fig. 1). These fluorine-rich rhyolites are distinctive because of their
dramatic enrichmerits in lithophile (or '"fluorophile'") elements such as
uranium, thorium, beryllium, rubidium, lithium, molybdenum and niobium.
Their mineralogy is distinctive as well since, in addition to topaz, they
commonly contain Fe-Mn garnet, bixbyite, beryl, pseudobrookite and fluorite
in cavities or within the groundmass. The only producing beryllium deposit
in the United States occurs within tuffs beneath a topaz rhyolite lava at
Spor Mountain, Utah, and other deposits of uranium, fluorite and tin are
associated with them in Utah and elsewhere.

Petrologic studies of topaz rhyolites began with the rclassic descriptions
by Cross (1086, 1896) of occurrences at Nathrop and Rosita Hills = Silver
Cliff, Colorado. Topaz rhyolites in Utah's Thomas Range were described by
many (e.g., Alling, 1887; Hillebrand, 1905; Patton, 1908; Penfield and Foote,
1897). More recently Turley et al. (1979) re-examined some of the topaz-
bearing lavas from western Utah, while Nash (1976), Evans and Nash (1978)
and Lipman et al. (1978b) studied the young rhyolites from the Mineral
Mountains, Utah, that occasionally bear topaz in lithophysae (Ward et al.,
1978). Studies of other topaz rhyolites have been related fn their economic
potential or to regional geologic investigations. The major features of
20 topaz rhyolite localities in the western United States are tabulated in
Table 1.

The purpose of this study was to survey the gcochcmistry and peltivlugy
of topaz rhyolites from the western United States in order to determine
their mode of origin and the processes which controlled their evolution.

This is a continuing project and the interpretations are preliminary,

SAMPLING AND ANALYTICAL METHODS

Topaz rhyolites from three areas were investigated in detail: (1)
west=ceutral Utah, where we examined four areas with topaz rhyolites (Spor
Mountain -~ 21 m.y., the Thomas Range - 6 m.y., the Honeycomb Hills - 5 m.y.,
and Smelter Knolls - 3.4 m.y.); (2) the Wah Wah Mountains, Utah (22-20 m.y.);
and (3) the Black Range, New Mexico (24 m.y.). In addition, topaz rhyolites
from Izenhood Ranch, Sheep Creek Range, Nevada (14 m.y.), East Grants Ridge,
New Mexico (3.3 m.y.), Nathrop, Colorado (28-29 m.y.) and Burro Creek,
Arizona (Miocene?) were collected and analyzed. Since a principal concern

of this study was the relationship of petrogenesis to uranium mineralization,
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Fig. 1. Locations of Cenozoic topaz rhyolites in the western United
States. The numbers refer to the descriptions in Table 1. Unlabeled

localities are from Shawe
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Table 1.

1.

Location

Specimen Mountain,
north-central Colorado

(4 km?)

Chalk Mountain,
central Colorado

(4 km?)

Nathrop, central
Colorado

Description

Lithophysal rhvolite flow with underlying,
partly silicified, tuff,

Overlies p6 gneisses, granites and pegmatites,

Contemporaneous with basaltic and
andesitic magmatism,
27 = 28 m'y. (?)l

Topaz-bearing '"rhyolite porphyry".
Pennylvanian sediments,

San, Q, biot.

Sioz > 74%

ad jecent to porphyry Mo deposit at
Climax .

mid-Tertiary.

Dome and flow complex overlylag partially

argillized tuZf.

Overlies p€- gneiss and quartz monzonite.

San, Q, plag, biot, Fe-Mn oxides.

Topaz, garnet, san, Q, Fe-oxides, opal,
cezlcite, :

On margin of Thirtynine Mile volcanic
field; calc-alkalic (40-34 & 19 m.y.).

28-29 m.y.

§102>76%, F 0.17-0,55%, U 16, Th 34, Be 10,
Li 95, Nb 83, Mo 5 ppm.

Locations and descriptiocs of topaz rhyolites from the western United States

References

Conn, 1939
Wahlstrom, 1941, 1944
Corbett, 1968

Pearl, 1939
Cross, 1885

Cross, 1886

Epis and Chapin, 1968
Van Alstine, 1969
Zielinski et.al.,, 1977
this report

A



4.

6.

Tomichi Dome,
central Colorado

(6 km?)

Rosita Hills and
Silver Cliff, south-

_central Colorado

(~30 km? each)

Lake City, south-
eastern Colorado

3

Dome and flow dverlying tuff, small
sill intrudes country rocks.
p€ gneiss overlain by Cretaceous

~ sediments.

San, plag, Q, biot (ap, hb, sphene Fe-Ti
oxides).

Topaz, garnet, magnetite,

Domes with flows overlying tuff, erupted
along ring-fracture of small subsidence
feature,

p€ gneisses, granites and older Tertiary
volcanic rocks,

San, Q, plag (<10%).

Topaz, garnet, quartz,

contemporaneous with calc-alkalic volcanics in
San Juan Mtns,, emplaced with trachyte and
andesite.

$10,>737%.

Ag, Au, Pb, Zn and Cu mineralization in
fissure veins and along faults,

26 m.y.

Plugs, dikes, sills and laccoliths near margin

of 28 m.y. caldera,

Oligocene ash-flow tuffs of San Juan volcanic ’

field.

Q, san, biot,

Topaz, fluorite, quartz.

Contemporaneous with basaltic andesite
(57% Si02) volcanism.

§102>76%, F 0.13%, U 40, Th 63, Be 20 Nb 80,
Mo 15 ppm.

Secondary U-minerals occur on fractures, minor

U-ore removed
18. 5 m.,y.

Stark, 1934

Stark and Behre, 1936

Cross, 1896
Siems, 1968
Sharp, 1978

Steven et al., 1977
Lipman et al., 1978a
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7. Grants Ridge, west-
central, New Mexico

8. Black Range,
southwestern New
Mexico

(~130 km3)

9. Saddle Mountain,
southeastern Arizona

10. Burro Creek,
west-central Arizona

Dome and _ava flow overlying tufi. ‘ Xerr and Wilcox, 1963
Emplaced through Cretaceous sediments, Bassett, 1963

Qq, san, plag (<10%). ' Lipman and Mehnert, 1979

Topaz, garnet, beryl.
Contemporaneous with basaltic volcanism,
part of Mt, Taylor volcanic field.

3.3 m. y.

Domes occassionally with underlying Fries et al., 1942
tuffs. Elston et al., 1976

Emplaced “hrough older rhyolitic lavas Lufkin, 1976, 1977
and tufis, ' Correa, this report

San, Q, biot, amph, plag (25%).
Topaz, bixbyite, pseudobrookite, cas-
siterite, garnet.
Contemporaneous with basaltic ande-
site lavas.
$i09>75%, F 0.38%, U 13, Th 32, Be 12,
Li 50, Sn 25 ppm.
Sn (cassizerite and wood tin) mineralizaticn
24 m.y.

Rhyolite with topaz, pseudobrookite, Anthony et al,, 1977
bixbyite and garnet in lithophysae.

Domes, plugs and flows, some with This report.
underlying tuffs." '

Emplaced through pC gneisses, granites
and pegmatites.

San, Q, plag { 10%).

Topaz, garnet, quarts,

Contemporaneous (?) with basaltic
volcanism,

Y



11. Wah Wah Mountains,
southwestern Utah

(~75 km?)

12, Mineral Mountains,
southwestern Utah

(~10 km?)

13, Smelter Knolls,
west-central Utah

(2.2 km3)

Domes and lava flows with underlying
tuffs; plugs and dikes.
Emplaced through Oligocene volcanic rocks
and locally through Paleozoic carbonates.
San, Q, plag, Fe-Ti oxides+-biot
4+ hb + gt. (2-20%).
Topaz, garnet beryl, fluorite, Fe oxides,
Q, san, opal, '
Contemporaneous with trachyandesite lavas
(60% Si072).

$109>76%, F 0.5%, U 15-21, Th 50-65, Be 9,

Li 65, Nb 100-150, Mo 10 70, Sn 12

U and F mineralization along margins of
‘intrusions and in altered tuffs, possibly
associated with Mo-mineralization,

22-21 m.y.

.Domes and lava flows with associated tuffs.

Emplaced through Tertiary pluton of granitic
composition.

San, Q, plag, biot, Fe-Ti oxides (allanite,
sphene, apatite) (3-15%).

- Topaz, pseudobrookite, hematite.

Contemporaneous with basaltic volcanism.
$i02>75%, F 0.15-0,447%, Th 10 40, Nb 5-35 ppm.

‘<1 m.y.

Rhyolite domes and lava flows,

Emplaced through Quaternary alluvium and
older volcanic rocks,

San, Q, plag, biot, Fe-Ti oxides (10-20%).

~Topaz, hematite.

Contemporaneous with basalt (48% 5102) and
basaltic andesite (57% Si02).

S109>74%, F 0.45-0.78%, U 9-15, Th 55, Be 13,
Li 120, Nb 50, Mo 2-6 ppm,

3.4 m.y.

Lindsey and Osmonson, 1978

- Rowley et al., 1978b

Keith, 1980
Best et al., unpub. ms,
Christiansen, this report

Nash, 1976

Evans and Nash, 1978
Ward et al., 1978
Lipman et al., 1978b

Turley, et .al., 1979

Sy



14. Keg Mountain, - Rhyolite domes and lava flows with Erickson, 1963

west-central Utan underlying breccias and tuffs. Lindsey, 1975

- Emplaced through a_luwium and Oligocene Lindsey et al., 1975
(20 km3) volcanic rocks.

- San, Q, plag, biot * hb.

- Topaz.

- Approximately contemporaneous with basaltic
lavas in the regiorn,
- Be 5, Nb 30 ppm,

- 10 m.y.
15. Thomas Range, - Rhyolite domes and lava flows with under- Staatz and Carr, 1964
west-central Utah lying breccias and tuffs, Lindsey, 1979
- Emplaced through alluvium and older Turley et al., 1979
(50 km3) Tertiary volcanic rocks. Bikun, this report.

- San, Q, plag, Fe-Ti oxides + biot + hb
+ gt (1C-20%).

- Topaz, garnet, fluorite, bixbyite, pseudo-
brookite, beryl, Fe oxides, opal,

- 8i09>72%, F 9.2-0.6%, U 5-20, Th 25-60,
Be 2-11, Li 33, Nb 50-100, Sn 2 ppm.

= 6 moyc
16. Honeycomb Hills, - Dome with underlying tuff. McAnulty and Levinson, 1964
west-central Utah - Emplaced through alluvium and basaltic Turley et al,, 1979
3 lavas., This report
(1.5 km”) ' - 3an, Q, plag, biot, Fe-Ti oxides (407%).

- Topaz, fluorite. :

- 8102>75% (64%), F 1.0% (8.0%), U 17 (150),
Th 30, Be i1 (13), Li 130 (200), Nb 50 (80),
Mo 3 (25). Concen:rations in F-rich sample

n parentheses,
- é’o% m?y.

9%



17. Spor Mountain,
west-central Utah

(5 km?)

18. Sheeﬁ éreek Range,
north-central Nevada

(50 km?)

19, Jarbidge, northern
Nevada :

- Lava flow with underlying altered tuff'

plug.

Emplaced through Paleozoic carbonates;
locally intrudes Oligocene rhyodacite.
San, Q, plag, biot, Fe-Ti oxides (apatite,

zircon) (40%).

Topaz, quartz, sanidine.

Contemporaneous volcanics lacking in im-
mediate vicinity; same age as trachy-
andesites in Wah Wah Mtns.

$i09>73%, F 0.8-1,5%, U 37, Th 66, Be 63,
Li 90, Nb 150, Sn 30 ppm.

Be, U, F mineralization in altered tuff
beneath lava. ‘

21 m.y.

- Domes and 1ava flows..

Intrudes 15 m.y. andesite.

San, Q, plag, Fe-Ti oxides (25%).

Topaz, garnet.

Nearly contemporaneous with basaltic
andesite (59% Si0j) and basaltic
(48% S107) lavas.

$109>76%, F 0.3%, U 12 ppm. (devitrified

sample).
14 m.y.

Domes and lava flows with underlying tuffs,

Emplaced through older volcanic rocks.
San, Q, plag + biot + hb +cpx

Topaz (in single occurrence), garnet, fluorite.
F 500 ppm.

16 m.y.

Lindsey, 1979
Bikun, this report

Fries, 1942
Stewart et al., 1977
This report

Coats et al., 1977

LY



20. Elkhorn Mountains,
western Montana

Note. The descriptive information is ordered as follows:

Plugs, dikes and lava flows overlylng
“tuffs,

Emplaced through Butte quartz monzonite.

San, Q, plag, Fe-Ti oxides,

Topaz, Q, fluorite,

Approximately contewporaneons with basaltic
lavas and rhyolitic ash flows.

§i02*>75%, F €,2-0.5%, Be 1-20, Nb 30-100,
Mo 5-10, Sr 10-50 ppm.

Ag, Pb, Zn mineralization locally within
lavas and tuffs.

36 m.,y.

mode of emplacement or

Smedes, 1966
Greenwood et al,, 1978
Chadwick, 1977

structure; country

rocks; phenocryst minerzls (accessories) (volume 7%); vapor-phase mimerals that occur in cavities,
in the groundmass or aloag fractures; contemporaneous magmatism in the immediate vicinity;

chemistry; associated mineralization; and age.
Beneath each locality the approximate area (km2) or volume (km3) of each occurrence is given

if obtainable,

8%
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we also collected and analyzed samples from the McDermitt caldera, Nevada
(19-15 m.y.; Rytuba, 1979) and Pena Blanca,IChihuahua, Mexico (Goodell,
1978). Both of these areas contain volcanogenic uranium deposits but are
not known to contain topaz rhyolites. Additional information concerning
sample locations and descriotions is g&iven in Appendix 1.
Major.elementé were determined by X-ray fluorescence spectroscopy

(si, Ti, Al, Fe, Mn, K and P) and atomic absorption spectrometry (Na, Mg).
Fluorine was determined by specific ion electrode methods and chlorine by
ion chromatography. Rare earths, Cs, Rb, Ba, U, Th, Zr, Ta, Hf, Co, Cr and
Sc were determined by instrumental neutron activation at the University of
Oregon. Additional uranium analyses were performed by a delayed neutron
technique at the same institution. Other trace elements (Li, Be and Sn) were
determined by atomic absorption.

Minerals were analyzed in polished thin sections and grain mounts with
an ARL-SEM Q electron microprobe at the University of Arizona and some with
a Cameca MS-46 microprobe at Arizona State University. Natural mineral
standards were used with a Bence-Albee matrix correction (Bence and Albee,
1968).

PETROGRAPHY

Modal analyses of representative samples are listed in Table 2. The
essential phenocrysts of topaz rhyolites are sanidine (v0r50), quartz and
a sodic plagioclase, usually oligoclase. Quartz is commonly embayed and
cumulophyric clots of feldspar are typical. Generally phenocrysts consti-
tute only a few percent of the rock, but in some lavas and shallow intrusions
the phenocryst content may be as high as 40% by volume. Ferromagnesian
silicates are rare, but phenocrysts of biotite are present in the more
crystal-rich varieties; hornblende and garnet are rare as phenocrysts.
Trace mineral phases include Fe-Mn-Ti oxides, apatite, fluorite, zircon,
sphene and allanite.

Most topaz rhyolites are strongly flow-banded, expressed as layers
with contrasting crystallinity. The groundmass of many of the samples
is glassy with occasional small (~2mm) spherulites and perlitic fractures.
In devitrified, or crystalline, samples the matrix consists of a felty
intergrowth of alkali feldspar, quartz, and in many cases acicular topaz.
Biotite occurs within the groundmass of some granophyrically crystallized

'lavas. Almost all topaz rhyolites contain well-formed lithophysae or



Table 2.

from the western U.S.
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Modal compositions of representative samples of topaz rhyolites

/U/C/

/////A,////

Area Sample E ® ///Qy/<Q

Spor Mtn. SM-35 6020 (1215 |11 | Tr| Tr| ITr| -

Thomas R. SM-29-206 80 110 5] 4 1 | Tef - | - | -

Honeycomb Hills HH-2 60 | 15 {15] 7 1 | <1 Tr|~- |-

Wah Wah Mtans. STC-4 73110 | 718 ;<1 | Tr| Tri<l | -

Black R, HC-R B0 | 8 2l1 2 | Tr| - | - | Tr
Nathrop NAT-1 98 | <1 |Tr |Tr - Tr| - | - | -

Note. Values are in volume percent. Tr = trace.
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mia;olites lined with quartz, sanidine, and topaz. Vapor-phase mineraliza-
tion is usually concentrated along coarse-grained "flow" bands or as haloes
around mafic rock inclusions, as in the lavas at Spor Mountain, Utah. Garnet,
beryl, specularite, pseudobrookite, bixbyite and cassiterite occur in some
localities within vugs or along fractures in topaz rhyolite lavas and tuffs.
The samples from McDermitt caldera are generally phenocryst-poor welded
ash-flow tuffs. Many are glassy and retain little evidence in thin section
for their emplacement mechanism except for broken phenocrysts. Phenocrysﬁs
include alkali feldspar and quartz. Plagioclase is occasionally present and
phenocrysts of subhedral ferroaugite are rare. The samples from Pena Blanca
are from the Nopal Formation, a densely welded ash-flow tuff. Phenocrysts

within this unit include alkali feldspar, plagioclase, biotite and Fe-Ti oxides.

MINERALOGY

Feldspar
Feldspar phenocrysts from eight samples of fluorine-rich rhyolite from

Utah and New Mexico were analyzed. Their chemistry is summarized in Fig. 2.

Analyses from five samples of the Spor Mountain rhyolite were indistinguish-

able and are plotted on a single diagram. Sanidine is always the dominant

feldspar, but both feldspars are typically present, except in sample IP-2

from the Black Range of.New Mexico where only sanidine was analyzed.
AlkaliAfeldspaf ranges from 'b0r60Ab40 to N0r30Ab70, although most analyses

fall between Or and Or The more fluorine-rich rhyolites (Spor Mountain

rhyolite with 120F) have6gigher Or contents (Or50—0r65); this feature is

also observed in the analyses of Turley et al. (1979) from rhyolites in west-
central Utah. Some of the feldspars are zoned and have distinctly sodic
rims; tie lines connect core to rim analysés for sample WW-9- 'The sodic
rims may be the result of rapid quench crystallization, but probably are not
the result of devitrification and attendant vapor-phase alteration as WW-9

is a vitrophyre. Iron averages about 0.15 to 0.20% as Fe203 in sanidine

from the Wah Wah Mountains. Molecular Fe+3 is generally one-half Ca+2 in
these feldspars. Sanidines from the Black Range have iron contents near the
upper part of this range (0.20%) while Fe203 in the sanidines from rhyolites

near Spor Mountain (both 21 m.y. and 6 m.y.) averages about 0.07%.
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SM-19, 25,
31,35,70

"Fig. 2. Compositions of feldspar phenocrysts recast into end-member
compositions, An (anorthite), Ab (albite) and Or (orthoclase). Tie lines
connect analyses of zoned crystals., IP-2 (Black Range, New Mexico), WW-9
and STC-4 (Wah Wah Mountains, Utah) and SM-19, 25, 31, 35, and 70 (Spor

Mountain rhyolite, Utah).
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Plagioglgse in the rhyolites is generally sodic oligoclase, rariging
from .about Ab86 to'AbéO'with an anorthite content of about AnlO' These .
already sodic compositions are only slightly affected by zoning. Apparently
the anorthite component is negatively correlated with F~content of the vitro-
phyres. The more F-rich rocks have less than 10%Z anorthite component and the
Or component generally increases as a result. The analyses of Turley et al.
(1979) bear this out. One sample with 8% F has an average composition of
Ab86An8. Burt and Sheridan (this report) suggest that this may be the result
of the removal of Ca as fluorite, but it may also be the effect of the
ext;emely low equilibration temperatures for F-rich topaz rhyolites (<700°C).

Since plagioclase and sanidine coexist in many topaz rhyolites, an
approximate crystallization, or feldspar equilibration, temperature can be
obtained from the two-feldspar geothermometer of Stormer (1975); see Table 3.
Calculations were performed for a nominal pressure of 100 bars; temperatures
were calculated for pair SM-31A at 100, 500 and 1000 bars to determine the
effect of pressure on the calculations. The compositions used were for
sanidine and plagioclase grains in direct contact or average phenocryst
compositions (STC-4). The equilibration temperature for a sample from the
Thomas Range is 630°C (sample SM-29-206) and for the Spor Mountain rhyolite
680°C (average of SM-31 and SM-35). The rhyolite from near the Staats Mine,
Wah Wah Mountains, equilibrated at 650°C. We have not obtained Fe~Ti oxide
temperatures, in part because of the scarcity of magnetite in the samples.
However, Turley et al. (1979) determined similar two-feldspar and Fe-Ti
oxide temperatures (660-710°C) for rhyolites from the Thomas Range and an
exceptionally low equilibration temperature of 605°C for two F-rich (1%
and 8% F) samples from the Honeycomb Hills (Table 3). All of these tem-
peratures are lower than those calculated for other bimodal rhyolites. Thé

equilibration temperatures for these rhyolites are compared in Table 4.

Biotite

Although biotite is not abundant in many topaz rhyolites, (Table 2),
it is ubiquitous in the phenocryst-rich Spor Mountain rhyolite. The
biotite phenocrysts are unzoned and dark-reddish brown in color. In de-
vitrified samples, they often appear to be oxidized. Table 5 presents
typical analyses of unoxidized biotites from vitrophyres of the Spor Mountain
rhyolite (SM-31, =35, -70). The Spor Mountain biotites have extremely low
MgO (0.29 to 0.80%) and FeO. ie high (32.9 to 37%). Similar Fe-rich biotites
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Table 3. Geothermometry of topaz rhyolites from western Utah

. s ' * i
Location TFevTi oxides (°C). T 2-Feldspar (°®C). Reference

Spor Mtn (SM-31a)

Spor Mtn (SM-31 average)

(SM=35 average),
Thomas Range (SM-29-206)
Wah Wah Mtns (STC-4)

Thomas Range 725
Smelter Knolls 665
Honeycomb 1Iills -
Mineral Range 650 +.780

686 Bikun, this report

691 (500 bars) "

698 (1000 bars) "

682 "

679 "

630. This report

6.50. "
690 .. 790. Turley et al., 1979
630. - 685. "

bUS "
620. - 770°(1 bar) Evans: Nash, 1978

*all temperatures calculated at 100 bars unless otherwise indicated

Table 4. Geothermometry of rhyolites from bimodal associations

Location Fe-Ti oxide T(°C).

Reference

Arran, Scotland

Medicine Lake, California
S. Queensland, Australia
Mono Craters, California
Inyo Craters, California

Bishop Tuff, California

900 - 925
800 -~ 930
830 - 980.
790 - 850
920. - 985
7200 - 790

Ewart, 19797

Hildreth, 1979

|
compllation, not original source
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Table 5. Micrpprobe analyses of biotites from Spor Mountain rhyolite

1 2 3 4 5
510, 33.6 34.1 33.9 35.2 33.8
Ti0, 1.53 1.51 1.69 1.40 2.35‘(
A1,0, 14.7 14.0 14.4 15.0 13.3
FeO* 37.0 36.8 35.4 32.9 35.0
MO 0.81 0.76 0.83 0.73 1 0.73
Mg0 0.29 0.33 0.34 0.80 0.39
Cal n.d. 0.02 n.d. 0.09 n.d.
Na,0 0.35 0.38 0.31 0.39 0.37
K,0 8.72 8.66 8.74 8.08 8.35
Total 97.0 1 96.6 95.6 9.6 94.3
Number of- ions on basis of 24 o#ygens
si 5.421 5.51} 5.52} 5.7i} 5.58
{ 8.0 8.0. 8.0 8.0 (8.0
Al 2.58 2.49 2.48 2.28)  2.42
Al 0.22 0.19") 0.29 0.59) 0.17)
Ti 0.18 0.18 0.21 0.17 0.29
Fe 4.98 $5.50 4.97 } 5.52 4.82 ) 5.51 4.47 }5.53 4.83 &5.49
Mn 0.11 0.10 0.11 0.10 0.10l
Mg 0.01 o.os/ 0.08 | o.zq} o.1q/
Ca - - ) - b.OZ -
Na 0.11) 1.90 0.12}31.92 0.10\}1.92 0.12)1.91 o0.12 » '1.88
K 1.79 1.80, 1.82 1.67 1.76

*All iron computed as Fe0
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have been reported by Turley et al. (1979) from the Honeycomb Hills and Smelter
Knolls, west-central Utah, and by Ewart et al. (1977) from -some highly evolved
Australian rhyolites. The Spor Mountain biotite compositions approach annite
in composition (molecular Al = 2 vs. Al = 2.5 measured here), Fig. 3. Glassy
samples of Spor Mountain rhyolite, that enclose these Fe-rich biotites, generally
contain 1% F and up to 100 ppm Li. The biotites are probably the major mineralogic
sites for these elements. As noted by Turley et al. (1979) there may be an
association between high F and high Fe in biotites, despite some experimental
evidence to the contrary (Munoz and Eugster, 1969; Munoz and Luddington, 1974).
The experimentally observed correlation between Mg and F may break down in low
temperature (<700°C), Li-rich systems similar to topaz rhyolite magmas; lepidolites
are generally F and Fe-rich as well (Rieder, 1971). Unfortunately Li cannot
be analyzed with an electron microprobe.

The biotites have moderate to low TiO2 (1.5 to 2.9%) and are fairly rich
in MnO (0.7%) compared to most igneous biotites. In each of these characteristics,
as weil as their Fe-enrichment, the biotites are similar to those in pegmatites,
(Heinrich, 1946) and those crystallized in association with topaz, beryl or
spodumene from other localities (Nockolds, 1947) and represent unusual pheno-
crysts for a volcanic rock. Their composition suggests that crystallization
occurred under vapor-saturated conditions before eruption. Hildreth (1977)
suggested that biotites within the Bishop Tuff were affected by the evolution
of a discrete water-rich vapor immediately prior to eruption of the tuff. For
the case of an F-rich magma, the vapor was probably F-rich and led to biotite
compositions similar to those found in other F-rich vapor-daminated systems
such as pegmatites and greisens.

From the experimental data of Eugster and Wones (1962) for the reaction

KFe3Alsi (OH)2 + 1/2 O2 = KAl158i_ 0, + Fe, 0, + H O

3%10 3% T Fey0, + Hy
annite gAas K-fsp mt gas

an approximate determination of the prevailing oxygen fugacity can be deter-

mined. Using the two-feldspar temperature of 680°C, the assemblage annite +

quartz + vapor is stable at fo = 10—19.t° 10718 atm, at a pressure of 2070

bars (Fig. 6 of Eugster and Wones, 1962). These values are very near the
QFM oxygen buffer at 680°C. Although the F-content of the actual biotites

may expand their thermal stability field, Turley et al. (1979) calculated
a similar £, of 10720 atm from coexisting Fe-Ti oxides from a sample with
2

low-Mg biotite.
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Annite Siderophyllite

K2Feg(SigAlg0450)Fy . KoFegAl(SigAl30,0)F,
T T T @ ©
S
= . ' A -
° " o
i o
’ -y
[
o
Phlogopite : Eastonite

Fig. 3. Compositions of biotite phenocrysts recast into end-member
compositions. -‘Circles with crosses are from the Spor Mountain rhyolite,
Utah. Other points are from Turley et al. (1979) and represént samples
collected from west-central Utah,. '
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i

Additional mineralogic support for low oxygen fugacities during the
evolution of some topaz rhyolite magmas is the apparent absence of magnetite
in many samples. Magnetite and hematite do occur in lithophysae, but are bost—
magmatic. Oxidation occurs after eruption during cooling in atmospheric
conditions. In addition Ewart (1973) documents consistently low f0 (NNO-QFM)
for rhyolites that are members of bimodal associations, relative tozorogenic

rhyolites.

Topaz
Although topaz does not occur in every sample analyzed, it does occur in

each of the rhyolite bodies (domes, lava flows or intrusions) examined. Topaz
has several different habits, and is generally the result of devitrification

or vapor—-phase crystallization. The most common, and least obvious, mode of
occurrence is as small (several milimeters) acicular aggregates in a devitrified
matrix. It is distinguishable in thin section by its high relief and slightly
yellow coloration. Larger (up to a centimeter) opaque crystals, with a pale-
gray color and irregular surfaces, may form within the matrix of rhyolites

that have experienced intense vapor-phase alteration. The color and opacity
are caused by numerous inclusions of quartz (Patton, 1908). Occasionally,

as in the Black Range, New Mexico, small cavities develop around these crystals.
Clear cryétals, up to several centimeters long, develop within lithophysae or
miarolitic cavities. These crystals are typically attached to the rhyolite
matrix at one end, but doubly terminated crystals are found. 6 7Topaz in cavities
can occur with garnet, bixbyite, fluorite, quartz, hematite, pseudobrookite,
etc. Black topaz crystals, generally about a centimeter long, with complex
penetrations have been found in the Thomas Range. The color is due‘to the
zonal arrangement of Fe-Mn oxides with the crystal.

Few analyses of topaz from rhyolitic rocks exist in the literature (Table 6).
Penfield and Minor (1894) found that topaz from the Thomas Range and from
Nathrop, Colorado, is very nearly fluortopaz (AlzsiO4F2) with 20.37% and 20.427
F respectively; stoichiometric fluortopaz contains 20.65% F. Turley et al.
(1979) reported fluorine analyses for topaz in two samples from the Honeycomb
Hills, Utah, (19.6 and 19.9%) and one from Smelter Knolls, Utah, (20.1% F)
that have similar fluorine contents.

The presence of topaz indicates that the lavas, and probably the magmas
as well, were peraluminous (Carmichael et al{,,1974).as topaz generally forms
by devitrification or granophyric crystallization of glass. The high F content
of the topaz also demonstrates that the fHF/fH o Was high during its crystalliza-

. 2
tion.



Table 6. Chemical composition of topaz
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Thomas Range, Utah*

Nathrop, Colorado*

Sio 31.93 -

2
A1,0, 56.26 -

F 20.33 20.41 20.37
H,0 : 0.19 -

sum : oo 108.75
-0=F | : 8.58
total ' . ' 100.17 .

32.23
56.01
.20.42

.29

108.95
8.60

100.35

*Penfield 5nd Minor (1894)
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Garnet

Garnet is occasionally an accessory mineral in F-rich rhyolites and com-
monly occurs as a lithophysal mineral associated with topaz. It is reported
from the Thomas Range, Utah (Staatz and Carr, 1964), Rosita Hills; Colorado
(Sharp, 1978; Cross, 1896), Nathrop, Colorado -(Cross, 1886), Tomichi Dome,
Colorado (Stark and Behre, 1936), the Black Range, New Mexico (Fries et al.,
1942), Grants Ridge, New Mexico (Kerr and Wilcox, 1963), the Sheep Creek
Range, Nevada (Fries, 1942), Lincoln County, Nevada (Patton, 1908) and in
topaz-free rhyolite from near Ely, Nevada (Pabst, 1938). We have also found
garnet in topaz rhyolites from near Burro Creek, western Arizona, and in the
Wah Wah Mountains, Utah.

Garnets from the Thomas Range (Garnet Basin) and from the Ely occurrence
were analyzed by electron microprobe (Table 7). Garnets from Ely occur in
vugs or cavities within an intensely devitrified rhyolitic lava and they
probably grew from a vapor phase separated from the magma after extrusion.
Although vapor-phase garnet occurs elsewhere in the Thomas Range, those
from Garnet Basin may be magmatic. They are not clearly related to vugs
and have no point of attachment like vapor-phase garnets.

Figure 4 compares the composition of the garnets in terms of three end-
members relative to garnets from other volcanic rocks and from pegmatites.
Not apparent from the diagram is the excess of the grossular component over
pyrope. The garnets are both low in Ti02. Although not determined quanti-
tatively, fluorine was detected by the microprobe during analyses of garmnets
from both localities. Garnets with up to 3.5% F have been found in greisens‘
at Henderson, Colorado (Gunow and Munoz, 1977).

Miyashiro (1955) has suggested that vapor-phase garnets are richer in
Mn than those that crystallize as phenocrysts and points out their similarity
to spessartine-almandine solid solutions from pegmatites. Like those in
pegmatites, lithophysal garnets crystallized under vapor-saturated conditions.
However, magmatic garnets may be just as rich in the spessartine component.
For example, garnets from a topaz-free rhyolitic tuff that outcrops in the
Wah Wah Mountains, Utah, have similar Mn-rich compositions (Keith, 1980).
Keith has demonstrated that these euhedral, inclusion-bearing garnets are
products of crystallization within the magma prior to eruption. Miller
and Stoddard (1978) have identified Mn-rich garnets in granite as well. Like-
wise, the garnets from the Thomas Range may represent magmatic crystallization
in spite of their Mn-rich compositions. In contrast, garnet phenocrysts from

rhyolite lavas in New Zealand contain substantially more Mg and less Mn than

those considered here (Wood, 1974).



Table 7. Microprobe analyses
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of garnets from Garnet Basin, Utah, and Ely, Nevada

Ely Garnet Basin
510, 36.48 36.61
Ti02' 0.04 0.27
A1203» 22,24 21.88
Fe0* 32.11 21.83
MnO 10.68 22.32
Mg0 0.19 0.02
Ca0 0.50 0.24
Na20 n.d. n.d.
KZO 0.05 0.05
Total 102.3 103.22
Number of ions on basis of 24 oxygens
Si 5.39 | 5.53
6.0 6.0
Al 0.61 0.47
Al ’ 3.26 3.42
ret> 0.74 } 4.0 0.55{ 4.0
Ti 0.005 0.03
Mg 0.04 0.005
ret? 3.23 2.21
4.69 5,12
Mn 1.34 2.86
Ca 0.08 .04
Almandine ©0.731 0.487
Grossular 0.015 0.007
Pyrope 0.008 0.001
Spessartine 0.246 0.505

*A11l iron computed as FeO

n.d. not detected




Nathrop, Colorado
Thomas Range, Utah
Pine Grove, Utah

Ely, Nevada '
Canterbury, New Zealand

New analysis

4+pob>eo

---- Pegmatitic garnets

Spessartine

Fig. &£. Compositions of garnet
from rkyolitic volcanic rocks. Points
with crosses are new analyses; other
data are from Miyashiro (1955), Pabst
(1938), Cross (1886), Wood (1974) and
Keith ¢1980).

Pyrope

Almandine

¢9
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The origin of magmatic garnet in "granitic" magmas has been the subject
of some controveféy‘recently and its significance is still unclear. Green
(1976, 1978) postulates that garnets are relics, indicative of high pressure
(3-7 Kb) crystallization. Hall (1965) and Miller and Stoddard (1978) suggest
that garnet is stabilized by Mn-enrichment of residual peraluminous magmas
. ——lgl——ﬁ character
A A Mg+Ca+Fe”
of many topaz rhyolite magmas and the lack of evidence for high pressure

without regard to pressure. In view of the Mn-rich (high

crystallization, the latter hypothesis may explain their presence in these
rocks.

Vapor-phase garnets may crystallize as a product of biotite decomposition
due to partial oxidation and local K-leaching during and after subaerial

eruption. This process can be modeled by the reaction.

4 K(Fe,Mn)3AlSi +-% 0

3010(Fq. 5%, 50 2 =
biotite

2(Mn,Fe) ;A1,S1,0, , + 3(Fe,Mn)0, + 65i0, + 4KF + 21,0

garnet hematite quartz

If the vapor is too F-rich and oxidizing, garnet becomes unstable, by the
reaction
. 3 _
2(Mn,Fe)3A12813012 + 2 O2 + 4HF =
garnet

2A12810 F2 + 3(Mn,Fe)203 + 4Si0, + 2H20.

4 2
topaz bixbyite quartz

This second reaction is demonstrated by the pseudomorphic replacement of garnet

by topaz, Fe-Mn oxides, and quartz in lithophysae from the Thomas Range (Penfield

and Foote, 1897; Ream, 1979, p. 270).

CHEMISTRY

Major elements

Chemical analyses of 24 samples from topaz rhyolites are reported in
Table 8. Altﬁough topaz is not present in each sample (particularly the
glasses) it has been identified in the same rhyolite flow or stratigraphic
unit. There is little chemical diversity in the group as a whole. They are
generally high in silica (>75%), Na20 (3.5-4.5%), KZO/NaZO ratio and flﬁorine '
(0.1-1%) and low in TiO2 (59.2%),.Ca0 (<0.9%), Mg0(<0.2%) and P205(<0.OlZ)
relative to most rhyolites. Nockold"s (1954) average rhyolite is presented
as analysis 25. The analyses are similar to published compositions of other

topaz rhyolites in the western U.S. (Staatz and Carr, 1964; Turley et al.,
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Table 8. Chemical analyses and norms (calculated F-free) of topaz rhyolites
from the western United .States

analysis no. 1 2 v 3 4
sample no. SM-31v SM-35v SM~70v SM-34v
510, ©73.3 73.9 72.2 f 74.8
Ti0, 0.06 0.06 0.04 0.06
A1203 13.2 13.1 13.9 13.3
Fe,0,% 1.48 1.43 1.19 1.52
MnO 0.07 0.06 0.06 0.04
MgO0 0.05 0.08 0.06 0.07
Ca0 | 0.61 1.27 0.58 0.60
Na,0 4.02 4.33 4.90 3.76
®,0 4.99 3.65 4.90 4.81
P,0, 0.00 0.00 0.01 0.00
F 0.82 1.06 1.25 0.66
sum 98,60 98. 94 99.17 99,62
~-0=F 0.35 0.45 0.52 0.28
Total 98.25 98.49 98.65 99.34
LOI 2.96 3.55 3.00 0.50
or 29.49 21.37 29.43 28.42
ab 34.01 36.64 41.46 31,81
an 3,03 5.56 1.17 2.98
q 29.15 31.72 23.40 32.81
hy 0.84 0.54 0.01 '0.85
di 0,00 0.64 1.42 0.00
ap 0.00 0.00 0.02 - 0.00
il 0.11 0.11 0.08 0.11
c 0.07 0.00 0.00 0.81
mt 1.03 1.00 £ 0.83 1.06
Total 97.73 : 97.78 . 97.82 98.85

v vitrophyre
%
total Fe as Fe203

LOI loss on ignition
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Table 8. continued

-

analysis no. 5 6. 7 8 9 10
sample no. SM<~6lav SM-61b  SM=62av " SM-62b SM-29-206 SM-42
$10,, 75.0 74.22 76.1 75.41 76.2 75.9
Ti0, 0.28 0.28 0.14 0.14 0.07 0.09
- 41,0, 13.1 13.1 12.43 12.49 12.7 12.9
Fe,0.* 1.26 1.25 1.04 1.00 0.99 1.09
MnO 0.04 0.06 0.06 0.05 0.07 -0.08
MgO. 0.19 0.26 0.12 0.30 0.05 0.09
Ca0 0.82 1.06 0.76 1.97 0.72 0.74
Na,0. 3.48 3.43 3.35 3.58 3.74 4.11
K,0 5.51 5.46 5.40 5.15 4.80 4.69
P,0g 0.02 0.02 0.00. 0.00 0.00 0.00
0.20 - 0.16 - 0.32 0.64
sum 99.90 99.18 99.56 100.09 99.66 100.33
-0 = F 0.08 - .07 - 0.13 0.27
Total 99.82 99.18 99.49 100.09 99.53 100.06
LOT 2.97 2.80 2.83 1.66 2.84 3.11
or 32.56 32.27. 31.91 30.43 28.54 27.72
ab . 29.45 29.02 28.35 30.29 "31.65 34.78
an 3.91 4.33 2.93 2.80 3.49 2.79
Q 31.59  30.84 34.17 31.57 34.15 32.32
hy 0.66 0.57 0.31 1.76 0.56 0.35
di. 0.03 0.15 0.70 2.22 0.07 0.75
ap 0.05 0.05 0.00 0.0U 0.00 0.00
il 0.53 0.53 0.27 0.27 0.13 0.11
c 0.00 0. 00 0.00 0.00 0.00 0.00
mt 0.88 0.87 0.72 . 0.70 0.69 0.76
Total ' 99.66 98.63 99.36 100.04 99.28 ©99.58

o —————

- not determined




Table 8., continued
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analysis no. 12 13 14
sample no. HH-1v HH-3 WW-41lv STC-4
SiO2 74.8 75.2 75.8 75.8
TiO2 0.04 0.03 0.05 0.06
A1203 13.6 13.5 12.9 12.8
Fe203* 0.98 0.98 1.26 1.30
MnO 0.06 0.06 0.12 0.05
MgO 0.08 0.06 0.04 0.11
Ca0 0.58 0.67 0.62 0.67
Na20 4.55 4.66 3.84 4.06
KZO 4,40 4.5] 4 .80 4.60
P205 0.00 0.00 - -
0.95 - 0.45 0.53
Sum 100.04 99,67 100.05 99.98
-0 =F 0.40 - .19 .22
Total 99.64 99.67 39.86 99.76
LOI - - 3.26 0.47
or 26.00 26.59 29.37 27.18
ab 38.50 39.43 32.49 34.35
an 2.88 2.63 3.08 3,12
Q 29.82 29.18 32.62 32.64
hy 0.89 0.55 1.07 1.04
di 0.00 0.60 0.00 0.18
ap 0.00 0.00 0.00 0.00.
il 0.08 0.06 0.09 0.11
¢ 0.30 0.00 0.08 0.00.
mt 0.57 0.87 0.73 0.75
Total 99.04 99.61 99.53 99.38
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analysis no. 15 16 17 18
sample no. - - WW-10 WW-9v WW-9g HC-8v
510, 77.3 76.8 78.0 77.3
Ti0, 0.10 0.11 0.05 0.16
A1,0, 12.2 12.3 12.7 12.0
Fe,0,* 1.19 1.16 1.06 1.14
MnO 0.08 0.09 0.16 .0.06
Mg0 0.06 0.10 © 0.05 0.03
Ca0 0.45 0.91 0.20 0.40
Na,0 3.63 4.21 4.61 3.48
K,0 4.57 3.25 3.25 4.70
P,0, - - 0.02
0.50 - 0.38
sum 99.58 99,33 100.0 99.67
-0=F .21 - 0.16
Total 99.58 99.12 100.0 99.51
LOI 0.45 4.36 - 2.50
or 27.01 19.21 ©19.21 27.77
ab 30.71 35.62 39.01 29.45
an 2.23 4.51 0.99 1.86
Q 37.30 37.44 37.83 37.96
hy 0.92 1.00 1.04 0.68
di 0.00 0.00 0.00 0.00
ap 0.00 0.00 0.00 0.03
11 0.19 0.21 0.09 0.30
c 0.46 0.20 1.24 0.51
mt 0.69 0.67 0.61 0.66
Total 99, 51 98.86 100.02 99.23

g microprobe analysis of

glass, normalized to 1007
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analysis no. 19 20 21 22
sample no. IP-2 BR-16 BR-28 NAT-1v
510, 80.5 78.7 77.1 75.3
Ti0, 0.15 0.19 0.20 0.09
AL,0, ' 9.47 11.1 12.7 13.1
Fe,0,* 1.91 1.27 1.14 0.64
MnO 0.07 0.06 0.05 0.10
MgO ' 0.03 0.04 0.33 0.22
Ca0 0.32 0.43 0.75 0.61
Na,0 - 2.85 3.29 2.96 4.26
50 3.76 4,59 4,73 4.97
205 0.01 0.02 0.04 0.01
- - - 0.55
sum 99.07 99.69 100.01 99.85
-0 = F - - - 0.23
Total 99.07 99.69 100.01 99.65
LOI 0.50 0.30 0.55 -
or 22.22 27.12 27.95 29,37
al 24.11 27.84 25.05 36.05
an , 1.52 1.99 3.46 1.95
Q 48.13 40.68 39.47 29.91
hy 1.69 1.05 1.62 0.60
di 0.00 0.01 0.00 0.84
ap 0.02 0.05 0.09 0.02
il 0.19 0.36 0.38 ' 0.17
c 0.00 0.00 1.46 0.00
mt 0.34 0.55 0.50 0.37
Total 98 .RR 99,45 99.99 99.27




Table 8., continued

analysis no. - 23 - 24 25#%

sample no. NAT-2 IR-1 Av. Ryolite
SiO2 75.8 77.6 74.2
TiO2 0.08 0.12 - 0.23
A1203 ’ 12.7 12.5 13.6
. _
Fe203 0.76 1.56
MnO. 0.06 0.04 0.03
MgO 0.05 0..09 . 0.32
Ca0 - 0.41 0.52 1.14
NaZO 4.35 3.00. 3.01
KZO 4,54 5.20. 7 5.39
P205 . 0.01 0.02 0.07
- 0.28 -

Sum 98.76 - 100.93 100..00
"0 = F - .12 -
Total 98.76 100.81 100.00.
LOI , - - 0.78 (HZOL
or 26.83 30.73 31.85
ab 36.81 25.38 25,47
an » 1.72 2.45 5.20
Q . 32,04 38.65 4 32.86
hy 0.50 1.13 1.86
di _ 0.22 Q.00 0..00.
ap 0,02 0.05 0.16 -
il 0.15 0.23 0.44
c 0.00. 1.04 0.91
mt 0.44 0.90 1.22

98,72 100.56 ©99.97

* Nockolds (1954), total Fe as Fe,0,, calculated water-free.
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1979; Shawe, 1966; Lindsey, 1979) and have chemical characteristics common

to rhyolites of many bimodal associations around the world (Evans, 1978; Ewart, 1979).
Many of the rocks analyzed are peraluminous as demonstrated by normative

corundum (c). This is especially frue for those in which F was included in cal-

culating the normative mineralogy as F is assigned with Ca to form fluorite (fr),

leaving an apparent excess of Al (Bikun, this report). In spite of this

0
273
problem, many of the glasses probably represent quenched peraluminous magmas.
The presence of topaz probably reflects alumina saturation; alkali fluoride

minerals, such as cryolite (Na A1F6) or villiaumite (NaF), would form instead

- if a molecular. excess of alkalzes over aluminum existed within the melt (Burt,
1979). Residual glass (anaiysis 17) from sample WW-9 is also peraluminous.
The crystallization of garnet, even as a vapor phase product, probably also
indicates the peraluminous character of the lavas. Mafic vapor-phase minerals
in silicic peralkaline rocks include aegerine and riebeckite--neither has been
identified in topaz-bearing rhyolites. In addition, we found no reports of
topaz occurring in decidedly peralkaline voicanic rocks. 1In short, although
topaz rhyolites have been called "alkali" rhyolites (Lindsey, 1979; Rowley, .
et al., 1978; etc.), following the arbitrary classification of Rittman (1952),-
they are not peralkaline. The term alkali rhyolite is better reserved for those
with alkali pyroxenes and amphiboles as suggested by Streckeisen (1979). To
avoid confusion with peralkaline rocks that are contemporaneous with topaz
rhyolites in the western U.S., the term alkali feldspar rhyolite (IUGS
classification, Streckeisen, 1979) should be used.

In spite of their overall similarity, some time/space differences can be
detected among topaz rhyolites. Perhaps the most distinctive is the Spor
Mountain rhyolite (Bikun, this report). It is associated with Be, F and U
mineralization (Lindsey, 1979; Burt and Sheridan, 1980 and this report). Its
distinctive major element characteristics include lower SiO2 (73.1%, average
of glassy samples), '1‘i02 (0.05%), and higher A1203 (13.4%), Fe203 (1.4%), total
alkalies (8.8%) and F (1.2%) than most other topaz rhyolites.

Trace Elements

Trace element concentrations, as determined. by instrumental neutron acti-
vation, ére shown in Table 9. All of the topaz rhyolites that we analyzed are
enriched in heavy REE, Cs, Rb, U, Th, Ta, and Zr relative to many other rhyolitic
magmas. They are slightly depleted in light REE and strongly depleted in Ba, Sr,
and Eu. Since Th and Rb have extremely low crystal/liquid distribution coefficients
(Hanson, 1978), they are concentrated in liquids that have experienced crystal

fractionation. Hildreth (1979) has also shown that these elements are concentrated



(%)
(ppm)

rable 9.

Trace element concentrations in topaz

fhyoliteé

1.4

WW-9 WW-41 SM-31 SM-35 STC-4 HC-8
0.47 0.45 0.82 1.1 '0.53 1 0.35
U 20.2 21.3 36.2 38.1 13.8 12.9
Sc 1.2 1.0 2.6 2.7 0.7 1.7
Cr - 3.5 3.6 3.2 - .7
Co 0.54 T 0.35 Q.41 - 0.42
Zr 530 660 710 840 n.d. 550
HE 7.3 8.9 6.2 7.1 5.5 7.8
Ta 6.2 9.2 26 25 9.5 3.3
Th 54 64 64 69 50 32
Bg 144 154 305 324 n.d. 110
Rb 595 673 932 1011 572 348
~Sr 17
Cs 87 14 55 58 4.6 9.3
La 42 27 60 59 20 43
Ce 94 80 144 137 ‘50 108
nd 35 43 52 51 33 53
Sm .8 11 14 18 .2 11
Eu 0.04 n.d. 0.15 0.04 0.09 0.26
b 2.5 2.7 3.3 3.4 2.0 2.6
¥b 11 16 16 16 10.3 13.2
Lu 1.5. 2.2 2.5 2.6

1.8

TL

n.d. not determined

not detected




Table 2. continued.

SM-61A SM~-624 SM-41 SM-42 SM~-29-206

%) F 0.19 0.16 0.53 0.64 0.32

(ppm) U 5.0 - 26.6 25.0 19.2
Se 2.8 ‘ 1.8 2.4 2.2 1.7
Cr - - 1.4 - 2.6
Co 0.4 - - - -
Zr n.d. 570 610 640 490
Hf 7.9 5.5 5.0 5.7 4.9
Tu 2.3 4.5 5.0 6.4 5.4
Tn 25 60 56 56 . 47
Ba 445 116 19% 228 190
‘Rb 186 ‘ 377 53D 549 430
Cs 2.5 7.4 1% 14 9.7
La 73 - 2V 26 18
Ce 132 129 : 62 64 53
Nd 63 35 35 31 31
Sm 8.8 - 5.0 5.0 7.5
Eu 1.2 0.21 1.05 0.06 0.06
Tb 1.3 1.2 J.79 - 1.9
Yb 4.0 9.3 3.8 7.9 9.6
Lu 0.53 0.30 L.5 1.6 1.7

[44



Table 10. Trace element concentrations in topaz rhyolites

Sample .. U Th Be .. Li Sn Sr F c1
SM-31 36 64 54 <6 0.82

SM-34 0.65

SM-35 38 69 52 80 6 1.1 1680
SM-70 26 45 44(82) 100 30 . 1.25 1060
SM-71 31 67 34(65) 60 ‘ 0.88

SM-61a 5 25 2 20 2 0.19

SM-62a 60 6 40 0.16"

SM-41 27 56 . 0.54°

SM-42 25 56 0.64

29-206 _ 7 60 5 0.32

HH-1 22 26 28° 245 1.17 726
DL-7 6 590 65 1.90

STC-4 14 50 5 8 0.53

WW-9 20 54 65 12 17 0.47 1227
WW-41 21 64 <5 0.45

HC-8 13 32 6 23 25 <5 0.38

IR-1 12 0.28

NAT-1 16 0.55

NAT-2 6 33

all values in ppm, except F

(as weight 7).
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without crystal fractionation in the upper, cooler parts of at least some silicic
magma chambers. Magmas with high concentrations of either element have probably
experienced large degrees of fractionation. Plots of other elemental concentrations
against Rb or Th should reveal how they behaved during differentiation of topaz
rhyolite magmas and perhaps yield some insight into the processes that were oper-
ating during magma evolution. The Utah rhyolites generally show definite trends
in several elements (Fig. 5) with Rb, Th and also with F (Fig. 6). Caution should
be exercised when interpreting these trends as the samples are not all from a .
cogenetic suite and were collected from three localities hundreds of kilometers
apart. However, comparisons with other rhyolites (cf. Ewart, 1979, or samples
from McDermitt and Pega Blanca) demonstrate their distinctive character as a
group and their generally high degree of "evolution" as indicated by the high
concentrations of incompatible elements. '

Chondrite-normalized (Masuda et ai., 1977) REE patterns for some topaz
rhyolites are shown in Figure 7. Other investigators have reported similar
values for the REE concentrations in topaz rhyolites (Turley et ,al., 1979; Keith,
1980). For comparison early and late phases of the Bishop Tuff are shown as
well. The most striking feature of the patterns are their deep Eu anomalies
(Eu/Eu* = 0.45-0.01). Perhaps even more significant is the flat nature of the
patterns (La/YbN = 12-1.2). REE's (except Eu) occur in nearly chondri?ic pro-
portions in the most evolved (as indicated by high U, Th and Rb) vitrophyres
from all three areas sampled. Comparison of the patterns suggest that with
increasing evolution there is an enrichment of HREE, a decrease in LREE and a
consequent increase in the depth of the Eu anomaly. . _

The extremely light trace elements, Li and Be, are also enriched in topaz
rhyolites. Their concentrations are shown in Table 10, along with elements
determined by means other than instrumental neutron activation. Lithium ranges
from 40 to 100 ppm in most topaz rhyolites but is much lower in SM-6la. Samples
from the Honeycomb Hills, Utah, have even higher Li contents; a glassy rhyolite
has 245 ppm and a pegmatitic clot from the lava has almost 600 ppm Li. Beryllium
ranges from 6 to 44 ppm (82 ppm, determined in different laboratory). The
samples from Spor Mountain are the most enriched. Beryllium ore is mined from
beneath this rhyolite lava. The 21 m.y. 0ld Spor Mountain rhyolite also contains
anomalous amounts of Ta, Rb, Cs, and REE relative to other topaz rhyolites, re-

taining: its distinctive character as seen from the major element data.
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Fluorine is ob?iously enriched in these topaz-bearing rocks; in some
cases it exceeds 1%. Although F is generally concentrated in silicic liquids
during differentiation (Fuge, 1977; Bailey, 1977), it is commonly found in vol-
canic eruption clouds and may escape during cooling or crystallization of rhyolites
at or near the surface (Ziélinski et al., 1977). Therefore, even the high measured
F concéntratipns in vitrophyres may be less than the actual concentration within
the magma during its evolution prior to eruption.

Four vitrophyres were also analyzed for Cl. concentrations ranged from 1000
to 1700 ppm, muéh lower than for F in these same samples. There appears to be
little correlation with fluorine content. Although these Cl concentrations are
.much higher than for average granites (200 ppm, according to Carmichael et al.,
1974), they are substantially lower than the 2000 to 6000 ppm concentrations in

some silicic peralkaline glasses (Carmichael et al., 1974).

COMPARISONS WITH OTHER ROCK SUITES

The topaz rhyolites of‘the western United States are part of a complex
assemblage of Middle to Late Tertiary volcanic rocks. Over much of the region
an older high-K calc-alkalic sequence of intermediate to silicic composition
was followed by a younger suite composed predominantly of basalt (with minor
andesite) and rhyolite. The initiation of topaz rhyolite volcanism falls near
the transition between these two series in the Basin and Range province and along
the Rio Grande rift; topaz rhyolites are partly contemporaneous with both suites,
confusing the interpretation of their tectonic setting and their ultimate origin.
Rhyolitic lavas and tuffs are well-represented in the calc-alkalic suite in the
San Juan Mountains of Colorado and in the Basin and Range. Rhyolitic tuffs and
lavas, many of which are peralkaline in the Great Basin, are part of the later
bimodal suite. This section compares the chemistry of the calc-alkalic and -

peralkaline rhyolites with that of topaz rhyolites.

Peralkaline Rhyolites

Many occurrences of peralkaline rhyolites (mainly comendites) are associated
with continental rift systems around the world, including the Basin and'Range
province. Peralkaline rhyolites are defined as having a molecular excess of Na20
+ K20 over A1203, expressed in the norm as acmite (ac). The average composition
of comendites and pantellerites with normative quartz greater than 20% is given
in Table 11 (Macdonald, 1974). The most important chemical featﬁres of peralkaline
rhyolites as compared to subalkaline rhyolites, are high Fe203, MnO, TiOz, F and
Cl, with relatively low A1203 contents. Except for F content, these characteristics
are distinct from those of topaz rhyolites. Peralkaline rhyolites are enriched

in REE (except Eu), Zn, Be, U, Th, Zr, Hf, Nb, Ta, Mo and W. Depleted elements
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' Table 11. Average analyses and composition rénges of peralkaline obsidians
(Macdonald, 1974) compared with topaz rhyolite from tlie Thomas Range, Utah.

Comendites (34) Pantellerites Topaz Rhyolite
average range average - range Thomas R.

SiO2 ' 74.0 - 69.4 - 75.9 71.2 67.4 - 74.9 76.0
TiO2 0.21 0.09 - 0.87 0.37 0.14 - 0f65 0.13
A1203 11.59 10.18 - 13.35 9.11 6.30 - 11.27 12.8
Fe203 1.25 0.40 - 3.22 2.38 0.44 - 5.60 ' 1.07%*
Fel 1.88 0.80 - 3.70 4.52 - 1.60 - 6.73 -
MnO 0.08 0.01 - 0.17 0.21 0.03 - 0.36 0.06
Mg0 0.04 0.0 - 0.22 0.09 0.0 - 0.75 0.10
Ca0 0.36 0.0 - 1.12 0.45 0.06 - 2.04  0.74
Na20 5.35 3.99 - 6.39 6.44 - 4.68 - 7.83 3.73
K20 4.46 '3.49 - 4,98 4.40 : 3.39 - 4.90 5.00
PZOS 0.02 0.0 - 0.08 0.05 0.0 - 0.28 0.00

0.37 0.06 - 0.76 0.30 0.11 - 1.30 0.33
c1 0.24 0 1 0.06 - 0.82 -

.05 - 0.41 0.28

* 1]
total Fe as Fe203
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include Ba, Sr, Sc, V, Cr, Co, Ni, Cu and Eu. These trace element characteristics
are similar in many ways to topaz rhyolites and testify to the generally fractionated
nature of peralkaline rocks. '

Peralkaline complexes in the Basin and Range province, according to Noble
(1974), include the Kane Springs Wash caldera (13-14 m.y.), the Black Mountain
center (“7 m.y.), the Silent Canyon center (V14 m.y.), McDermitt caldera (19.5-

15 m.y.; Rytuba, 1979) and numerous tuffs and lavas in northwestern Nevada (15-16
m.y.).

Significant uranjum deposits have been found near McDermitt caldera on the
Nevada-Oregon border (Wallace and Roper, 1980). Samples were collected from
several outflow sheets and ring-fracture domes from this complex in order to
characterize the magma and to contrast it with topaz-bearing rhyolitic rocks.
Analyses are presented in Table 12 and Appendix 2. The samples from the McDermitt
area are generally slightly peralkaline with acmite in the normative mineralogy,
in accord with published analyses (Greene, 1976). They show typical major element
concentrations for comendites: S$iO, > 74%, A1,0, < 11%, Fe,0, > 3%, Ca0 < 0.5%,

2 273 23
K20 + Na,0 > 97 and TiO2 > 0.2%. In each of these characteristics, with the

exceptioi of SiO2 concentration, they are distinguishable from topaz rhyolites.
Volcanogenic uranium deposits also occur within the Pega Blanca region of
northern Mexico, where the ash-flow sheets are reportedly of a peralkaline
nature (Goodell, 1978). Two samples from the Nopal Formation were analyzed,
Table 13. However, the analyses do not indicate that the magma was peralkaline,
2O + K20 =
1.04-1.08). Analyses of "fresh" rocks reported by Goodell (1978) from the same

but instead metaluminous to peraluminous (molecular A1203/CaO + Na

formation indicate peralkalinity, but few of the analyses total to 100%Z and low
NaZO/KZO ratios suggest alteration. Our analyses of the Nopal Formation
display other characteristics atypical of peralkaline rocks, such as low FeZO3
and Ti02, and high Mg0 and Ca0 (compare with the analyses fwrom McDermitt caldera).
In these respects they are more similar to calc-alkalic rhyolites or even topaz
rhyolites, than to other peralkaline rocks.

Trace element concentrations for some of the samples from McDermitt and Pega
Blanca are included in Table 14, Although these few samples probably are not
representati&e of all peralkaline rhyolites in the Basin and Range they do
indicate that topaz rhyolites are distinct from them in trace element con-
centrations. Both types of rocks are often concentrated in rare mefals and
fluorine, but the samples from McDermitt are generally lower in U(v14 vs.n20 ppm

in vitrophyres) and Th(vl5 vs. 40-60 ppm) than topaz rhyolites. Other character-
istics include lower Ta and Rb and higher Hf in peralkaline rocks. Sample MD-36



Table 12. Analyses of rhyolitic rocks from McDermitt caldera, Nevada
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MD-9V MD-11V MD-14V MD-28V MD-31V MD-35v
510, 76.0 75.5 76.2 76.0 75.5 74.0
Ti0, 0.24 0.24 0.26 0.23 0.26 0.23
A1,0, 10.8 10.6 10.5 11.0 11.0 12.5
Fe,0.% 3.27 3.32 3.50 3.23 3.42 3.03
MnO 0.06 0.06 0.07 0.06 0.07 0.06
Mg0 0.02 0.01 0.02 0.01 0.02 0.05
Ca0 0.23 0.22 0.21 0.23 - 0.27 0.63
Na,0 447 4.51 4.30 4.28 4.31 h.42
K,0 4.53 4.55 4.62 4,68 4.57 4.96
- - - ] .01 0.02
P,0, 0 91 0.0
0.13 - - - - 0.10
sum 99.75 99.01 99.68 99.73 99.43 100.00
-0 = .05 - - - - 0.04
Total 99.70 99.01 99.68 99.73 99.43 99.96
LOI 0.25 2.83 0.19 0.38 0.28 0.06
ns 0.74 1.07 0.80 0.34 0.20 0.00
or 26.77 26.89 27.30 27.66 27.01 29.31
ab 20.33 29.19 28.29 30.52 31.14 36.68
Q 33.36 33.88 34.83 33.42 32.74 27.88
hy 2.47 2.52 2.78 2.45 2.54 0.65
di 1.01 0.97 0.93 0.96 1.13 2.64
ac 3.78 3.84 4,11 3.74 3.96 0.63
ap 0.00 0.00 0.00 0.02 0.02 0.05
il 0.46 0.46 0.49 0.44 0.49 0.44
Total 99.43 98.81 99.52 99.54 99.23 99.41




Table 13. Analyses of rhyolitic rocks from Pena Blanca region, Mexico.

\ PB-6v - ‘PB-7
SiO2 - 76.3 74.6
TiO2 0.17- 0.19
A1203 12.4 13.72
Fe203* l.Ql 1.23
MnO 0.07 0.03
MgO 0.37 0.26
Ca0 1.04 0.67
Nazo . 3.76 3.26
Kzo 3.52 5.52
P205 0.01 0.02

' 0.04 -

sum 98.69 99.50
-0 =F .02 -
Total , 98.67 99.50
LOI 3.91 0.81
ns 0.00 0,00
or : 20.80 32.62
ab 31.81 27.58
an -5.09 3.19
Q 37.87 32.50
hy 1.44 1.20
di 0.00 0.00
ac 0.00 0.00Q
ap . 0.02 0.05 \
il 0.32 0.36
c 0.54 1.19

mt 0.59 0.71

Total 98.49 99.41
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Table %4. Trace element composition of rhyolites from McDermitt caldera, Nevada (MD)
and Peria Blanca, Mexico (PB)

MD-9 MD-35 MD-36 - PB-6 Sample U(ppm)
% F ©0.13 0.10 . 0.06 0.04 MD-8  10.5
(ppm) U : 9.8 8.7 8.0 12.7 MD-9 9.8
Be - - 3 ' 2 MD-13  10.8
Li - - 30 10 MD-14  15.8
Sn - - 2 <2 MD-17  20.4
Zr - 660 - 260 MD-196 12.6
Hf - 9.3 . 9.8 2.6 MD-35 8.7
Ta - 1.42 1.44 1.43 MD-36 8.0
Th - 16.2 14.9 27.3 PB-7 12.7
Ba - 700 440 1050
Rb - 180 285 226
Cs - 8.2 104 18.5
La - 38 44 30
Ce - 72 94 52
Nd - 46 - -
Sm - 8.3 10.7 3.8
Eu - 3.1 1.2 0.54
Tb - 1.4 2.4 0.41
Yb - 5.3 8.4 1.3

Lu - 0.82 1.2 0.38
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also contains an extremely large amount of Cs (>100 ppm).

The REE patterns (Fig. 8) for these samples are'strikingly different from
those of most topaz rhyolites. The light REE/heavy REE ratio is slightly higher
in all three samples and the Eu anomalies, typical of topaz rhyolites, are small
or nonexistent. TIn the compilation of Noble et al. (1979), most peralkaline rhyolites
have steep negative slopes (La/YbN>>l), even those with high concentrations of |
incompatible elements. However, the REE patterns are similar to SM-6la, the
"lithophile-depleted" rhyolite from Utah's Thomas Range, '

The petrogenesis of peralkaline rhyolites has been discussed extensively
’(Bailey_et al., 1974, and references therein). Since peralkaline magmas
occur in ocean islands as well as in continental rifts, and have low initial
Sr-isotope ratios, many petrolégists think they are the result of differentiation
of mantle-derived mafic magmas. Others have suggested that the direct partial
melting of the upper mantle or lower crust, with or without the involvement of
an alkali—bearing vapor, may result in peralkaline magmas (Bailey, 1974;

Yoder, 1973). ' '

Orogenic Rhyolites

Part of the orogenic volcanic series consists of intermediate to silicic
rocks that display "calc-alkalic" differentiation trends (lack of iron enrich-
ment) when plotted on an AFM (Na20 + K20,>Fe0, Mg0) diagram. Calc-alkalic lavas
and tuffs of mid-Tertiary age are prominent throughout the area of distribution
of topaz rhyolites in the western U.S. Almost all of the suites in the western
U.S. would be termed high-K, after the classification of Pecerillo and Taylor
(1976). The distinction between calc-alkalic rhyolités and other types of high-
silica volcanic rocks is difficult to make if just the silicic members of the
sulles are cxamined, as noted by Irvine and Baragar (1971). However, consideration
of the trace element characteristics and mode of emplacement generally distinguishes
orogenic rhyolites from topaz rholites,

Lindsey (1979) reports some information on the generally calc-alkalic sequence
(42-32 m.y.) that preceded the eruption of topaz rhyolites at Spor Mountain and in
the Thomas Range. Figures 9 and 10 show some of the major and trace element
characteristics that distinguish the young topaz rhyolites from the older rhyolitic
ash-flow tuffs and their precursors. Téble 15 contains analyses of two high-
silica tuffs that culminated the "calc—alkaiic" volcanism in the Spor Mountain
region. They are higher in TiO2 and Mg0O (both greater than 0.20%) and have lower
total alkalies (v7%) and MnO (0.07%), than most topaz rhyolites in spite of their
éimilarity in S8i0, and A1203 content and gross mineralogy to topaz rhyolites.

2 o
Perhaps the most remarkable differences between topaz rhyolites and these calc-
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Table 15. Comparison of calc-alkalic rhyolite ash—flow tuffs with topaz rhyolites
from west-central Utah from the Thomas Range, Utah. :

vss! U155 43 sm* TR’
SiOz, 76 76 76 73.3 76.0
TiOz- 0.2 0.3 0.3 0.06 0.13
A1203' ' 12 13 13 13.4 12.8
Fe203 1.3 1.2 1.3 ~1.36 1.07
MnO 0.09 0.04 0.07 0.06 0.06
MgO 0.7 0.5 0.5 0.07 0.10
Ca0 1.1 1.1 1.4 0.79 0.74
4Na20 2.1 3.1 3.3 4.41 3.73
KZO 4.0 4.4 3.6 4,58 5.00
P.205 - - - 0.00 0.00

- - - 1.07 0.33

Ba 500 11500 1000 315 200"
Be 5 2 3 56 7"
Ga 30 20 20 40" 30"
La 50 - 70 - 59 35
Nb. 15 20 15 100" 70"
St 200 300 500 20" 5
Zr 70 100 100 775 600
U 5 8 7 37 19
Th 21 24 25 66 49
1) Dell Tuff from Lindsey (1979), trace element analyses semi-quantitative.
2) Joy Tuff, Biaék Glass member (Lindsey, 1979). '
3) Joy Tuff, crystal—rich member (Lindsey, 1979).
4) Average of 4 vitrophyres from Spor Mtn. (Bikun, this report).
5) average of 5 vitrophyres from Thomas Range (Bikun, this report).

with data from Lindsey (1979).

Ay
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Table 16. Comparison of Nathrop rhyolite with rhyolite from Summer Coon volcano.

NAT<1 NAT-2 Wie4558t
510, 75.3 75.8 71.1
Ti0, 0.09 0.08 0.19
A1,0, 13.1 12.7 14.3
Fe,0, 0.64 0.76 0.42
MnO 0.10 0,06 0.04
Mg0 0.22 0.05 0.19
Ca0. 0.61 0.41 2.7
Na,O 4.26 4.35 4,6
K26 4.97 4.54 4.4
Pznb 0.0l 0.01 0.02
F 0.55 - -

6612304 '

La 20.0 42
Ce ' 51.4 99
Nd 26.3 36
Sm 5.9 4.7
Eu 0.18 1.0
Tb 0.9 0.51
Yb 3.0 1.3
Lu 0.34 0.22
U 16.2 2.1
Th 34.0 ' 6.2
Ba <1 2000
Rb 304 85
St 1.3 350
La/YbN

1) analysis #4, rhyolite lava (Zielinski and Lipman, 1976) Summer Coon volcano

2) (Zielinski et al., 1977) Nathrop rhyolite
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alkalic tuffs are their trace element contents. U(%l4 vs. <8 ppm) and
Th(>50 vs. <25 ppm) are dramatically higher in topaz rhyolites and Ba(<300 vs.
>500 ppm) and Sr(<20 vs. >200 ppm) are much lower.

In Colorado, the 28-29 m.y. old topaz rhyolite at Nathrop follows and is
partly contemporaneous with a calc-alkalic suite in the nearby San Judan Mountains
(35-26.5 m.y. old). Table 16 and Figure 11 compare the composition and REE
patterns of rhyolites from both sequences (Zielinski et al., 1977; Zielinski and
Lipman, 1976). Again, Rb, U and Th are much higher in the topaz rhyolites,
while compatible elements such as Sr, Ba and Ti are much lower in the F-rich
rocks.

The features noted in these two cases are fairly typical of other calc-
alkalic rhyolites from around the world. Table 17 shows a collection of other
analyses from the literature, demonstrating that the trace (high Rb, U, Th;
low Ba, Sr) and major (low Ti, Ca, Mg; high total alkalies, F) element character-
istics of topaz rhyolites are distinctive when compared with orogenic rhyolites.

It is generally agreed that rhyolitic magmas can be produced from broadly
andesitic parent melts formed in subduction zones by fractional crystallization
of olivine or amphibole, followed by pyroxene and plagioclase. This sequence
produces the necessary silica enrichment and inhibits the Fe-enrichment typical
of tholeiitic differentiation trends. Other processes that can produceuor
modify rhyolitic magmas produced in arc-type settlings are crustal fusion (Ewart
and Stipp, 1968; Ewart et al., 1977; DePaolo and Wasserburg, 1977) and thermo;
gravitational diffusion (Hildreth, 1979). The relative importance of these three
processes is not yet known and an assessment is beyond the scope of this paper.

From this admittedly brief review it is apparent that topaz rhyolltes are
distinct from calc-alkalic and peralkaline rhyolites even though they are in part
contemporaneous with both types in the western United States, The major character-

istics of each rhyolite suite are summarized in Table 18.

DISCUSSTON

Topaz rhyolites are widespread in western North America, (Fig. 1) and many
others probably remain unrecognized. The emplacement of these rhyolites appears
to have spanned most of the later half of the Cenozoic Era. Published isotopic
ages are listed in Table 19. The oldest dated topaz rhynlite we know of is
in the Elkhorn Mountains of Montana with a 35 m.y. age. Along the trend of the
Rio Grande Rift a group of topaé and garnet rhyolites was erupted 29-24 m.y. ago
in Colorado and New Mexico. Another group of shallow intrusions and extrusive
domes near Lake City, Colorado, have younger ages of about 18 m.y. A distinctively

younger (3.3 m.y.) topaz rhyolite occurs near the margins of the Mt. Taylor



Table 17. Comparison of calc-alkalic rhyolites with average topaz rhyolite.

1 2 3 4 5 6 8

SiO2 74.4 73.7 71.6 75.3 72.2 74.2 73.8 76.0
TiO2 0.12 0.21 0.3 0.27 0.33 0.28 0.23 0.13
A1203 11.9 12.8 13.9 12.6 12.6 13.3 13.6 12.8
Fe203 0.83 1.66 2.6 2.55 4.37 1.89 1.91 1.07
MnO 0.07 0.06 0.1 0.07 0.05 0.05 0.05 0.06
MgO 0.2 0.4 0.5 -0.24 0.58 0.28 0.30 0.10
Ca0 0.8 1.9 1.7 1.25 2,07 1.59 1.53 0.74
Na,0 3.5 3.9 4.5 4.02 3.45 4.24 3.71 3.73
K20 4.3 2.7 3.0 3.82 “3.70. 3.18 3.60. 5.00.
PZOS - - 0.1 0.02 0.02 0.05 0.05 0.00
F - - - - - - - 3300
Zr 59 147 - 150 160. 145 142 600
Rb 124 76 54 55 60 107 113' 450
Sr 109 269 313 200 245 106 140 5
Ba 1135 970 ‘ - 645 575 - 859 961 200
Th ‘ 13.7 7.5 - - 15 11.5 11.4 49
U - .4.3 2.5 - - - 2.6 2.5 19
Sr 87/86 0.7045 + 3 - 0.7035 0.7035 0.7053 0.7059 -
1 & 2) Rose et al. (1979), Los Chocoyos ash, Guatemala.

3) White and McBirney (1978), average Oregon Cascades rhyolite.
4 & 5) Lowder and Carmichael (197C), Talasea. .

6) Ewert and Stipp (1968), average rhyolitic lava, Taupo volcanic zone, New Zealand.

7) Ewert and Stipp (1968), average rhyolitic ignimbrite Taupo volcanic zone, New Zealand.

8) Average topaz rhyolite from the Thomas Range, Utah.

£6



Table 18. Major characteristics =f topaz rhyolites, calc=alkalic (orogenic) rtyolites and topaz rhyolites.
Rhyolite Type Mode of occurrence Mineralogy Chemistry
Topaz rhyolites + small dcmes or short sanidine + Metaluminous to peraluminous
lava flows underlain Na-plagioclase . low Ti, Fe, Mg, Ca, Ba, Sr, Eu, Sc, Co
Ref erences: by breccias and tuffs quartz - Sr 87/80 ~ 0.705
Turley et al. (1979) biotite - high Si, Na + K, Rb, U, Th, F
Lindsey (1979) likes and plugs fluorite - REE patterns nearly flat, deep Eu

This report

(topaz, garnet,
fluorite, bixbyite,
pseudobrookite, and
beryl occur in cavities)

anomalies

+ Ti0p < 0.2, Fep03* < 1.4, Mg0 < 0.2,

Ca0 < 0.8, Najy0 + K90 » 9.0%; Rb 400-
1000, U 15-40, Th > 50, Zr 100-650,
Ba < 300, Sr < 30, F 3000-15000

Calc-alkalic - smali domes or lava plagioclase - generally metaluminous
(orogenic) rhyolites flows on the flanks sanidine - 1ow in Rb, U, Th
, or within the craters quartz - REE patterns steep (La/Yb high) with
References: of compesite volcanoes hornblende small Eu anomalies common
Ewart (1979), Lo i biotite + Ti0p > 0.2, FepO03* > 1.4, Mg0 > 0.2,
Tables 15, 16 & 17, volurinous ash-flow augite Ca0 > 0.8, Na,0 + Ko0 < 8.5%; Rb < 200,
] sheets .
This report ¢ikes ard plugs within hypersthene Ba > 500, Sr > 100 ppm
T fayalite - St 87/86 < 0.705 .

compesite volcanoes
Peralkaline » volumincus ash-flow plagioclase . peralkaline (Sr 87/86 < 0.704)
Rhyolites sheets sanidine - low in Al, Ca, Ba, Sr, Eu, Sc, Co
(comendites) - small domes around quartz . high in Fe, Ti, Na + K, REE, Zr, Hf

calderas aegirine-augite REE patterns generally steeper (> La/Yb)
References: - dikes and plugs Na-Fe hedenbergite than for topaz rhyolites

Macdonald (1974)
Sutherland (1974)
Noble (1979)
This report

fayalite

(arfvedsonite and
riebeckite occur in the
groundmass and cavities)

Al503 < 11, Ti0y > 0.2, Fey03* > 3.0,
Cal < 0.5, Najy0 + Kp0 > 9%; Rb < 300,
U < 20, Th < 40, Ba < 20, Zr 200-1000
ppm

%6
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Table 19. 1Isotopic ages for topaz rhyolites in the western United States.

Location Age (m.y.) Reference
Elkhorn Mountains, Miontana~ 36 Chadwick, 1977
(cited in Greenwood
et al., 1978)
Nathrop, Colorado 29 - 28 Van Alstine, 1969
Specimen Mountaih, Colorado 28 -~ 27%* Corbett, 1968
Rosita Hills-Silver Cliff, Colorado 26 Sharp, 1978
Black Range, New Mexico 24 Elston et al., 1976
Wah Wah Mountains, Utah 22 M.G. Best, unpub. ms.
Spor Mountain, Utah 21 Lindsey, 1979
Staats Mine, Wah Wah Mtns., Utah 20 Rowley et al., 1977a
Nellie Creek, Lake City, Colorado 18.5 Lipman et al., 1978b
Jarbidge, Nevada 16 Coats et al., 1977
Izenhood Ranch, Sheep Creek Range, Nevada 14 ~ Stewart et al., 1977
Keg Mountains, Utah 10 Lindsey et al., 1975
- Thomas Range, Utah 6.8 - 6.1 Lindsey, 1979
. Armstrong, 1970
~ Honeycomb Hills, Utah . Lindsey, 1977
~ Smelter Knolls, Utah 3.4 Armstrong, 1970
' Turley et al., 1979
Grénts Ridge,‘New Mexico 3.3 Bassett, 1963
Lipman and Mehnert, 1979
Mineral Mountains, Utah 0.8 - 0.5 Lipman et al., 1978a

*date on rocks assumed to be cogénetic with topaz rhyolite
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volcanic field near Grants, New Mexico. The topaz rhyolites in the Great Basin
are all younger than about 22 m.y. old and topaz has been reported from lava domes
in the Mineral Mountains; Utah, that are less than 1 m.y. oid.

The nature of contemporaneous volcanic and tectonic activity reveals much about
the setting of topaz rhyolite magmatism. The distribution of these rhyolites sug-
gests that they commonly occur in areas that have experienced calc-alkalic mag-
matism (Fig. 12). However, topaz rhyolites are generally erupted as small coales~
cing domes and lava flows distinct from the caldera activity tﬁat'préceded them
in many cases. The Oligocene topaz rhyolites of Montana occur near the transition
from silicic ash-flow volcanism to bimodal basalt-rhyolite volecanism (Chadwick,
1977). The Miocene Taylor Creek rhyolite of New Mexico has been related to the
rise and emplacement of a granitic pluton into the upper crust (Elston, 1979),
and in Colorado, a variety of calc-alkalic lavas and tuffs are contemporaneous
with the older (>24 m.y.) topaz rhyolites (Steven, 1975). Trachyandesite lavas
were contemporaneous with topaz rhyolites during the Miocene in Utah (Best et al.,
ms.). Basaltic andesite (nv57% Sin) lavas were nearly contemporaneous with the
Lake City occurrences in the San Juan Mountains of Colorado (Lipman, et al., 1978a).
The topaz rhyolites younger than 15 m.y. are associated with basaltic magmatism
in the Great Basin (Honeycomb Hills, Thomas Range, Mineral Range, Utah and the
Sheep Creek Range and Jarbidge occurrences in Nevada) and at Grants Ridge, New
Mexirn.

Topaz rhyolite volcanism generally coincides with periods of presumed litho-
spheric extension along the Rio Grande rift that developed initially approximately
30 m.y. ago (Eaton, 1979), in the Great Basin where the main phase of basin and
range taulting began 21-20 m.y. ago (Rowley et al., 19785) and in Montana where
block faulting began about 36 m.y. ago (Chadwick, 1977).

The assocation in space and time of topaz rhyolites and two different types
of mafic magmatism (calc-alkalic and basaltic) suggests that they may be derived
from melting of the continental crust caused by the passage of hot magmas through
the crust or by a rise in the geothermal gradient that also caused the more
mafic magma, rather than by differentiation of either of the two contrasting magma
types. This suggestion, along with their extensional tectonic setting and their
geochemical features, implies that topaz rhyolites may be the extrusive equivalents
of‘"anorogenic" (Loiselle and Wones, 1979; Wones, 1979; Petro, et al., 1979) or
"R-type" granites (for residual, White, 1979). Some anorogenic granites are
thought to result from small degrees of partial melting of an already water-
depleted (and F-enriched) crustal source from which earlier water-rich magmas
were removed under conditions of granulite facies metamorphism--hence the

residual nature of the source. Fillippov et al. (1974) have shown that biotites
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Fig. 12. Distribution of known topaz rhyolites (dots) compared with
the approximate area covered by mid-Cenozoic calc-alkalic lavas and

tuffs.
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from granulite facies metamorphic rocks contain greater amounts of F than those

in amphibolite facies rocks (0.65%ZF vs. 0.24-0.38%F). Since anorogenic magmas
typically have high contents of incompatible trace elements (REE - except Eu,

Zr, Nb, Ta, Sn, U, Th) and F, White (1979) suggests that the breakdown of F-rich
biotites and amphiboles provides the volatiles for partial melting. These F-rich
melts may then complex highly charged cations (U, Th, Zr) that were rejected by
earlier water-rich melts. Differentiation may further enrich portions of the melt
in F and these generally incompatible elements. Figure 13 shows the alkali
compositional fields of various granite types from SE Australia compared to topaz
rhyolites from the western United States. Other characteristics of anorogenic
granites are compared with those of topaz rhyolites in Table 20; the similarities
are quite striking.

White (1979) and Loiselle and Wones (1979) include peralkaline granites in this
category. Although peralkaline magmas are quite distinct from topaz rhyolites,
it is important to remember that peralkaline magmatism was contemporaneous with
topaz rhyolite volcanism in the Great Basin. Loiselle and Wones (1979) suggest
that there are two types of anorogenic granites: crustal melts caused by the
residence of alkali basalts in the continental crust, and the end products of
extreme crystal fractionation of alkali basalts, producing contemporaneous high
Sr 87/86 (probably peraluminous) and low Sr 87/86 (probably peralkaline) granites.
The White Mountain magma series (Foland and Friedman, 1977) and the younger
Nigerian granites (van Breeman et al., 1975) display this two-fold character.
Presumably topaz rhyolites and peralkaline rhyolites of the Great Basin could be
related to one another in the same fashion; topaz rhyolites result when F-rich
high-grade metamorphic crust is melted by basaltic magmas and peralkaline rhyolites
are produced as the residuum of extreme fra;tional crystallization of the basaltic
magmas themselves (Noble and Parker, 1974). A similar relationship may exist
between some Miocene and older calc-alkalic rhyolites and contemporaneous topaz
rhyolites. The topaz rhyolites may be the product of partial melting of the crust
caused by the passage of "andesitic" magmas through the crust. The andesitic magmas
may differentiate by crystal fractionation to give rise to rhyolites with calc~
alkalic affinities.

If topaz rhyolites are indeed the products of crustal anatexis, they should
reflect the chemical nature of the source from which they were derived. Several
isotopic studies indicate that the crust underlying the western United States
is distinctive because of its radiogenic character (Silver, 1976; Leeman, 1979).
Fluorite and beryl-bearing Precambrian granites occur near topaz rhyolite localities
in Arizona (Heinrich, 1960), Utah (Moore and Sorensen, 1978) and Colorado (Eckel,
1961). A crust with these chemical characteristics would be the ideal source

rock for U, Th, Be and F-rich rhyolites. From the F and Be contents of
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Table 20. Geochemical comparison of anorogenic granites and topaz rhyolites.

Feature Anorogenic granitel Topaz rhyolite2
fH,0 low low (topaz, biotite compositions)
HF/H20 high high (topaz, biotitg compositions)
£0, low to moderate low (near QFM)
T high low (600-800°C)
510, high (v76%) high (73-78%)
Na20 high : moderate-high (3-4.5%)
Cal low low (<0.8%)
Trace elements
REE high, except Eu moderate LREE,
high HREE, low Eu
Enriched Ga, Y, Nb, Sn, Zr, Ta Ga, Y, Nb, Sn, Zr, Ta (Rb, Th, U, Li)
Depleted Co, Sc¢, Cr, Ni, Ba, Co, Sc, Cr, Ni(?), Ba, Sr, Eu
Sr, Eu
F and 1 high high; F(0.3-1.5%)
A C1(700-1700 ppm)
Fe/Fe + Mg high - high
KZO/NaZO high ‘ moderate to high

1) frow White (1979), Loiselle and Wones (1979) and Wones (1979).

2) from this report and Turley et al. (1979).
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volcanic rocks and the distribution of fluorite deposits, Goats (1962, 1963),
Shawe and Bagnold (1966) and Peters (1958) have shown that certain areas in the
western U.S. are anomalously high in these elements and suggest that the enrich-
ment is derived from geochemical anomalies that have persisted since the Pre-
cambrian. The ‘importance of fluorine and uranium-rich Precambrian crust for the
generation of topaz rhyolites is further .emphasized in Figure 14, where known
topaz rhyolite occurrences are compared with the iqferred location of the edge

of the Precambrian (>850 m.y.) continent (Stewart, 1972; King, 1977; Sears and
Price, 1978). We know of no topaz rhyolites along the western margin of the Great
Basin in California and Nevada, in spite of high heat-flow similar to fﬁat of its
eastern margin (Blackwell, 1978) and young bimodal basalt-rhyolite volcanism, e.g.
Long Valley ¢ .dera, the Kern Plateau and the Coso volcanic field. Presumably

the lack of F-rich rhyolites in the western Great Basin is due, at least in part,
to the absence of the apparently anomalous Precambrian crust beneath part of this
region. Rhyolitic magmas in this area may result from partial melting of a younger
crustal component accreted to the continent after the Precambrian (v850 m.y.)
rifting of the continent suggested by Stewart (1972).

The geophysical character of the Great Basin, where most young (<15 m.y.)
topaz rhyolites occur, is suggestive of crustal anatexis. It has characteristically
high heat flow, 2.1 hfu, a thin crust, 25-30 km thick, and low upper mantle seismic
" ‘velocities, <7.4 km/sec (Prodehl, 1979). The coincidence of these features beneath
the Thomas Range area, where topaz rhyolites as young as 3.4 m.y. old occur
(Arﬁstrong, 1970; Turley, et al., 1979), is unusually striking. Based on an
extrapolation of the heat flow observed at the surface, tachehbruch and Sass (1978)
have proposed that partial melting could occur locally within the crust. Smith
(1978) suggests that aAseismic low-velocity zone; detected within the crust of the
Great Basin, may be the result of the presence of partially molten rock.

Based on this preliminary evidence topaz rhyolite magmas may be the product
of partial melting of the distinctive Precambrian continental crust of the western
U.S. Lithospheric extension appears to be intimately related to their genesis
and emplacement. Fluorine-rich source materials for topaz rhyolites may have been
produced by the removal of an H20—enriched component from the crust during the
voluminous Tertiary (or older) calc-alkalic magmatism that.generally preceded the
topaz rhyolite volcanism. The caic—alkalié magmas themselves may have been the
heat esource for crustal melting duriﬁg the older episodes (>20 m.y.). Basaltic
magmatism and regional high heat flow were the probable heat sources for the

‘'younger topaz rhyolites in the Great Basin and at Grants Ridge, New Mexico.
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Fig. 14. XKnown topaz rhyolite occurrences (dots) compared with the edge
of the ancient Precambrian crust. Solid line King (1977) -- known outcrop
limit; dashed line inferred edge from Sears and Price (1978).
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The role of fluorine in the evolution of topaz rhyolites cannot be overlooked.
The addition of F to silicate mineral assemblages dramatically lowers their solidus
and liquidus temperatures (Wyllie and Tuttle, 1961). For a granite—HZO mixture
at 2.75 kb with 5% HF the solidus occurs at 603°C and with water only it occurs at
665°C. 1In addition, F-rich melts have lower viscosities and efficient crystal
growth and separation can occur. Because of their water-depleted and F-rich nature
parental magmas for topaz rhyolites can rise high into the crust without completely
crystallizing. Large ash-flow eruptions, caused by the rapid exsolution of
volatiles, are not common in these F-rich magmas because F has a low vapor/melt
pértition coefficient (Bailey, 1977) and increases the H20—solubility of the magma
(Burnham, 1967; Fuge, 1977). Von Platen (1965) and von Platen and Winkler (1961)
showed that 0.5 M HF changes the crystallization order from that observed iﬁ H20—
rich melts (magnetite, biotite, K-feldspar, quartz and plagioclase) to quartz,
plagioclase, biotite and K-feldspar. Bailey (1977) suggests that quartz, topaz,
and feldspars all crystallize before biotite. These observations may explain the
absence of modal biotite in all but the more crystalline samples, and if true
-could have dramatic effects on the evolution of the melt if crystal fractionation
operates. .

Fluorine stabilizes highly charged trace elements in the melt at the source
and may act to further enrich these and other elements in the apical zones of
‘evolving magma chambers either by diffusion (Kogarko, 1974; Hildreth,

'1979) or by the evolution aﬁd migration of a discrete fluorine-rich vapor (Burnham,
1967). Be, U, Li, Sn, Rb, Cs, Ga, W, Th and the heavy REE are all concentrated
in the upper parts of magma chambers as a result (Bailey, 1977; Kozlov, 1974;

. Groves, 1974; Odikadze, 1973) of their association with F. Shaw et al. (1976)

and Hildreth (1979) have recently proposed a variant of these liquid-state
differentiation processes and called it convection-aided thermogravitational
diffusion. Hildreth (1979). proposed this mechanism to account for the trace
element variations within the Bishop Tuff. Judging from the trace element varia-
tions observed in cogenetic topaz rhyolites and similar variations in the Bishop
Tuff, thermogravitational diffision may have played an important role in the
evolution of topaz fhyolite magmas and may have produced some of their extreme
geochemical features. Figure 15 compares the "enrichment factors'" for three
samples from the Thomas Range to sample SM-6la, a lithophile-depleted vitrophyre
from the northern Thomas Range. The elemental ratios found by comparing early
and late eruptions of the Bishop Tuff are shown for comparison. Although the
'énrichment factors are generally in the same direction and with approximately

the same magnitude as the Bishop Tuff, several anomalies are apparent. Li, Be,

Cs, Th and U have substantially larger enrichment ratios than in the Bishop Tuff.
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This may be due to the increased affinity of these extremely incompatible elements
for F or. F-rich fluids and their consequent migration toward the top of evolving
F-rich magma chambers. Sc, Sm and Hf all show significant depletibn in the "evolved"
topaz rhyolites relative to SM-6la. Hildreth (1979) could detect no change for Hf
and showed that an enrichment of Sc existed in the early erupted portion of the
Bishop Tuff. However, Bacon et al. (1979) detected Sc and Hf depletion with
differentiation in some rhyolites from the Kern Plateau, California. The changes
observed in the REE can be examined on the chohdrite-normal}zed plots in Figure 7.
The changes from LREE-enrichment and small Eu anomaly in sample SM-6la, to HREE-
enrichment and large Eu anomalies in the evolved samples are paralleled by the
changes Hildreth documented for the Bishop Tuff with increasing evolution and
decreasing temperature. It is unlikely that the 5-fold enrichment of U, Th, etc. could
be produced by crystal fractionation of SM-6la, as all of the samples from the
" Thomas Range are crystal-poor and have major element chemistries that are very
similar.

Some of the features, particularly the elemental concentrations, of R—typé
granites (White, 1979) can be produced by thermogravitational diffusion in silicic

"primitive" rhyolite we analyzed from the

magma chambers. However, even the most
Thomas Range retains the chemical characteristics of R-type, or anorogenic, granites.
Of course, there is also the possibility that SM-6la is a derivative, lithophile-
depleted, rock produced in the lower part of a thermogravitational convection

cell and in this case would not be representative of the magma as a whole, but

would appear to be less enriched in U, Rb, Th, etc. It is likely that the peculiar

chemical nature of R-type magmas (high Si0,, F and Cl) make them particularly sus-

s
ceptible to liquid-state differentiation piior to, and partly contemporaneous with,
thelr crystalliszation.
CONCLUSIONS

A distinctive suite of topaz-bearing rhyolites was erupted throughout most
of the latter half of the Cenozoic Era in the western United States. Their
' mineralogy suggests that they crystallized at low temperatures (800-600°C). The
similarity of biotite and garnet phenocrysts to the compositions of those minerals
in pegmatiLes and grcieens bears this out and further implies that some topaz
rhyolites crystallized under vapor-saturated conditions. The vapor was probably
F-rich and quite likely played a significant role in transporting rare metals (Be, U,
Th, Rb, Li, Sn, etc.) to the apices of evolving magma chambers. Granites rich in
these elcments are nften associated with Sn-W-Mo mineralization. Topaz rhyolites

dppear to be enriched in these elements; their intrusive equivalents, including

some that may not have vented to the surface, may be hosts for economic mineral



108

deposits. _ ' '

Geochemically, topaz rhyolites are similar to anorogenic granites, produced
as crustal temperatures are elevated by basaltic, or calc-alkalic, magmatism. In
this sense they appear as part of a bimodal (in terms of SiO2 content) sequence of
magma types. However, they are often nearly contemporaneous with rhyolites of
calc-alkalic or peralkaline lineage. Extensional tectonism was contemporaneous
with their emplacement and may have allowed topaz rhymiite magmas to be emplaced
near the surface without mixing with their more mafic progenitors, as suggested
by Lipman et al. (1978a) to explain the evolution of the San Juan volcanic field.

Although many of the geochemical features of topaz rhyolites are inherited
from their sourre rocke (probably Lhe F and lithophile-element-rich Precambrian
crust which underlies much of the western United States), rliey have apparently
undergone substantial magmatic differentiation. Part of this evolution is super -
ficially similar to the trends supposed to result from thermogravitational diffusion,
possibly aided by the separation of an F-rich fluid, but they may have experienced
crystal fractionation as well. Topaz rhyolites appear to be a distinct type of -
bimodal rhyolite. Further detailed study will not only elucidate their genesis
and the development of associated ore deposits but may also reveal much about

the nature of the crust in the western United States.
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Appendix 1. Location and description of samples.

Sample label

Reference

SM
HC, BR, ID
WW, STC

Bikun (this report)
Correa (this report)

Christiansen (this report)

Sample no.

W. Longitude

MD-6
MD-7
MD-8
MD-9
MD-10
MD 11
MD-12
MD-13
MD-14
MD-15
MD-17

MD-19

MD=28
MD-35
NAT-1
NAT-2
IR-1
HH-1
HH-2 "
DL-7

Description N. Latitude
vitfophyre, welded ash flow tuff 41°56"' 118°10'30"
hydrated vitrophyre, " " " 41°42" 117°57'30"
devitrified oo oon " "
vitrephyre neemooon " "
devitrified " " " 41°41° 11R°0Q0'30"
vitrophyre vt " "o
hydrated vitrophyre " " " " "
spherulites from oo 41°40°' 118°00°30"
vitrophyre oo " "
devitrified " " " 41°44'30" 117°59'50"
devitrified rhyolite lava, ,

Moonlight Mine 41°47'35" - 118°09'
devitrified rhyolite lava,

Bretz Mlne 42°03" 117°54"
vitrophyre, welded ash-flow tuff 41°42' 117°57'30"
vitrophyre, " tonoom 42°02'40" 117°50"
vitrophyre, rhyolite lava 38°45" 106°50"
devitrified rhyolite lava " "
devitrified rhyolite lava 40°59' 116°52°
glacoy rhyolilLe lava 39°42° 113°34'30"

devitrified rhyolite lava

pegmatitic clot fruwm lava

"

i
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Appendix 2. Composition and norms of samples from McDermitt caldera, Nevada

sample no. MD-6V: MD-7h MD-8 MD-10 MD-12
510, 71.4 74.6 76.1 75.7 75.8
Ti0, 0.42 0.26 0.24 0.27 0.28
A1,0, 12.5 11.47 10.8 10,6 10.7
 Fe,0 % 4.60 3.45 3.17 3.45 3.40.
MnO 0.13 0.06 0.05 a.07 0.07
Mg0 0.07 0.82 0.04 0.06 0.01
Ca0 1.18 0.79 0.18 0.27 0.25
Na,0 3.46 2.90 3.97 4.66 4.05
K,0 5.79 4.42 4.62 4.66 4.97
P90 - -
Total 99,55 98.77 99.17 99.74 99.53
LOI 3.34 4.61 0.22 2.83 0.37
ns 0.00 0.00 0.00 1.47 0.57
or 364.22 26.12 27.30 27.54 29.37
ab 29.28 24.54 29.83 28.58 27.37
an 1.48 3.92 0.00 0.00 0.00
Q 26.25 37.01 34.69 33.63 33.98
hy 0.73 4.00 2.42 2.63 2.48
di 3.86 0.00 0.79 1.19 - 1.10
ac 0.00 0.00 3.31 3.9¢ 3.93
ap 0.00 0.00 0.00 0.00. - 0.00
il 0.80 0.49 0.46 0.51 0.53
c 0.00 0.51 0.00 0.00 0.00
nt 2.67 2.00 0.18 0.00 0.00
Total 99.28 98.60 98.98 99.54 99.33

*Total Fe as FezO
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Appendix 2. continued.

sample no. MD-13 MD-15 - MD-17 MD-19b LC-2v LC-3v
SiO2 75.4 75.6 76.0 75.2 75.9 74.6
TiO2 0.28 0.25 0.50 : 0.23 0.13 0.29
A1203* 11.1 11.3 11.8 14.0 11.5 11.7
Fe203# 3.55 3.11 1.60 0.75 1.96 2.28
MnO 0.06 0.07 0.02 0.02 0.05 0.13
Mg0 0.10 0.05 0.02 0.33 0.02 0.13
CaQ 0.24 0.08 0.04 0.33 0.23 0.12
Na20 4.15 2.92 0.22 3.05" 4.23 4.08
K20 4.26 5.92 9.65 ~ 5.65 4.45 4.72
PZU5 - 0.04 0.10 0.04 0.00 0.02
Total 99.14 99.34 99.95 99.60 98.47 98.67
LOI - - - - - '

ns 0.00 0.00 0.00 0.00 0.00' 0.63
or 25.17 34.98 57.03 33.39 26.30 27.89
ab 33.38 24,71 1.02 25.81 34.38 33.90
an 0.00 0.14 0.00 1.38 0.00 0.00
Q 33.85 35.02 38.22 34.68 33.62 30.34
hy 2.13 1.90 0.32 0.98 1.04 2.14
di 1.05 0.00 0.00 0.00 1.01 0.41
ac 1.53 0,00 0.00 0.00 1.25 2.64
ap 0.00 0.09 0.23 0.09 0.00 0.05
il 0.53 0.47 0.95 0.44 0.25 0.55
c 0.00 0.04 1.16 2.36 0.00 0.00
mt. 1.29 1.80 0.93 0.43 0.51 0.00
Total 98.493 99.16 99.86 99.56 98.36 98.54

*Total Fe as Fe,0

273
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INTRODUCTION

In order to evaluate the processes of uranium concentration in volcanic
rocks it is essential that the host and source rocks be accurately identified.
A further step iﬁ understanding can be gained if an eruption mechanism can be
inferred. This chapter reviews the literature on eruption mechanisms and
suggests new insights on the interpretation of eruption mechanisms from volcanic
rocks. It stresses Be—U-F mineralization at Spor Mountain and the Thomas Range
Utah, i.e. eruptions of fluorine-rich, alkaline silicic magma batches. Such
eruptions tend to be small in volume when compared to calc-alkaline rhyolites,‘
and are explosive at first, proceeding to less-explosive effusion of lava.

Silicic magmas such as rhyolites are very viscous. In the near-surface
environment this hiéh viscosity controls the diffusion of magmatic gas exsoiving
from the magma, and hence controls the growth of bubbles (vesiculation). In
some cases, the slow growth of bubbles compared to ascent rates of the magma
implies eruption in a state of "arrested'" vesiculation with many volatiles being
still trapped in the magma. In other cases, especially if the magma is held
in an upper crustal environment (magma chamber) for any period of time, vesicu-
lation may proceed until the magma becomes a froth nf small bubbles with micron
sized bubble-walls (Sparks, 1978). This vesiculation increases the viscosity
of and expands the magma, thereby increasing pressure on the enclosing rocks.
It is under these conditions that the magma body may erupt by overcoming
lithostatic pressure.

Due to processes such as volatilc diffusion, the upper part of a magma body
(at a lower pressure) may become more extensively vesiculated than the lower
parts and will erupt explosively, forming pyroclastic deposits composed largely
of pumice. As an eruption proceeds the lower part will erupt less explosively,

largely as a lava flow. This eruptive sequence is reflected in many pyroclastic
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deposits and was described by Sparks et al. (1973; Fig. 1). Each unit, pyro-
clastic fall, pyroclastic surge, pyroclastic flow and the lava flow is produced
by a different phase of the eruption.

Highly alkaline magmas tend to be less viscous than their calc-alkaline
counterparts, as‘Figure,Z shows., Viscosity may be appreciably depressed by
the lower Al and higher Na, K, Fe and volatile (F, Cl) contents. Due to this
lowered viscosity, alkalic magmas may have different vesiculation histories
than calc-alkaline magmas in that volatiles can diffuse faster and it is easier
for bubbles to coalesce. A leés thoroughly vesiculated magma may result and
this may change the eruptive style towards less explosive, more effusive types.
In a study of peralkaline (F-rich) magmatic eruptions in the Azores, Self (1976)
showed that the full eruption and deposit sequence, as shown in Figure 1, is
not developed. Instead there is a tendency towards weaker (subplinian) ekploé
sive phases followed by lava extrusion or pyroclastic flows alone.

Most'magmatic pyroclastic material is glassy and consists of a wide range
of sizes (pumice to ash); Table 1 givés a summary of useful terminology. The
glassy deposits are easily devitrified and geochemically altered. In general,
alkaline magmas occur as smaller magmavbatches than calc-alkaline types.

If ground or surface water is met by the rising and vesiculating magma it
may react explosively, fragmenting the magma to a much greater degree than would

-occur by explosive vesiculation alone. . This drasticaily alters the style of the
eruption and the grain size characteristics of the resulting deposits. The
volatiles making up silicic mégmétic gas ére generally considered to be water-
dominated and contain also COp, small amounts of sulfur, and halogens. In
fluorine-rich magmas, F is dominant over Cl ana may be more abundant than S,
(Shepard, 1938; White and Wariné, 1963). 1If the magma body sits for any time

in the upper crust, there is the possibility of incorporation of meteoric water
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Figurc 1. Schematic diagram shuwing the deposits of an
explosive silicic eruption episode. An inversely graded
plinian fall bed is overlain by a surge deposit (1) of
sandwave, massive, or planar facies (Wohletz and Sheri-
dan, 1979). The basal layer of the pyroclastic flow
(24) may show inverse ‘gradlng, whereas in the fmain part
of the flow (2b) lithic inclusions (L) are concentrated
near the base, and pumice fragments (P) are concentrated
toward the top. Fumarolic pipes (FP) may be present
throughout the flow. Deposits of -fine co-ignimbrite ash
(3) occur above the flow unit. A lava flow might cap
the sequence, which reflect$ the eruption of increasing-
ly volatile-poor magma. (Modified after Sparks et al.,
1973). ' '
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method of Shaw (1972), for a calc-alkaline rhyolite ash flow
tuff and lava (curves 6 and 7) and alkaline and peralkaline
tuffs (curves 1-5), after Wolff and Wright (in press).
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TABLE 1.

GRAIN SIZE LIMITS FOR PYROCLASTIC FRAGMENTS AFTER FISHER (1961)

Gr?;2)31ze Pyrnclastic Fragmeuts
Coarse Blocks
S— 1 and
64 '
Lapilli
Coarse
— 1/16
Ash
1/256 Fine
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into the magma. The relative amounts of meteoric, as opposed to magmatic,
water in these magmas is a current'topiC'bf debate.

With the above very genéralized picture in mind we will examine the types
of pyroclastic deposits associated with uranium mineralization in F-rich silicic
volcanics énd éhow how.e;ﬁption meqhgnisms‘may be interpreted from these

deposits.

EXPLOSIVE ERUPTIONS AND THEIR DEPOSITS

The main physical factors affecting eruption mechanisms include rate of
magma erﬁption, volume of magma erupted, composition (viscosity)} of the magma,
distribution and content of volatiles, and size and shape of existing volcanic
structures (such as conduits and vents). Only a relatively few common aésécia-
tions are formed from eruptions of silicic magma: 1) late-stage domes from
central-vent volcanoes, 2) pyroclastic deposits associated with central compo-
site or strato-volcanoes, 3) isolated lava dome and pyroclastic complexeé,
unrelated to previous or subsequent volcanic structures, 4) domes and associated
pyroclastic complexe§ that are precursors to caldera formation, 5) domes and
pyroclastic debosits that form subsequent to caldera collapse, and 6) regional
pyroclastic flow (ash-flow) sheets associated with calderas (Smith, 1960a;

Ross and Smith, 1961). The erupted volume for these deposits covers seven-
orders of magnitude from 10_4 to 103 km3 (Smith, 1960a); associations are listed
above approximately in order of increasing volume. In addition, 7) rising'

magma contacting ground water will explode causing craters surrounded by tuff
rings (maar type volcanoes) and these often are later filled by lava domes in the
same eruptive sequence. |

For the purposes of this study the details of actual eruption styles are
of less importance than the thorough characterization of various pyroclastic
and lava deposits produced, and the correlation of these into a recognizable

eruption sequence. This sequence can then be related to an eruptive style.
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The types of styles discussed here are largely those within the scope of this

study, i.e. associations 3, 4, 5 and 7 above.

Explosive Eruptions

The style of eruption controls the resulting depoéits. Current physical
models of magma emplacement and eruptioﬁ are adéquateiy summarized by Williams
and McBirney (1979, p. 71-96). Basically eruptions can be divided into two
types: 1) those involving ground or surface water (phreatic, phreatomagmatic,
or hydrovolcanic¢) and 2) those driven only by internal gas pressure (magmatic).

Phreatic explosions result when meteoric water is vaparized with sufficient
pressure to rupture and eject the confining rocks. Purely phreatic explosions
expel no juvenile (magmatic) material. Phreatic explosions are generally
single bursts that produce a circular crater surrounded by a layer of unstrati-
fied breccia. Multiple explosions produce overlapping craters and breccias..
The clasts and matrix may be strongly altered prior or subsequent to eruption
through the ac¢tion of hydrothermal solutions.

Phreatomagmatic (surtseyan) eruptions are produced by the interaction of

ground or surface water and magma, and may eject much lithic material (non-
juvenile), as well as juvenile material. Explosions are repeated at regular
short intervals so that the deposits are well-stratified. Both vertical eruption
columns and pyroclastic surges (base surges) are produced by this type of explo-
sion. Around the vent the deposit has the morphology of a tuff ring or a tuff'
cone (Wohletz and Sheridan, 1979) and there is a fairly localized ash fall
blanket. Examples are the Surtsey, 1964 eruption and the Ukinrek, 1977 eruption
(Self et al., 1980). These are basaltic eruptions but silicic examples are
common, e.g. Mono Craters California (Wood, 1977); Spor Mountain Utah (Bikun,

1980). _ ,
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Vulcanian eruptions generally refer to repeated cannon-like explosions
from intermediate to silicic strato-volcanoes (Nairn and Self, 1978; Self et
al., 1979). They are generally restricted to the more viscous magmas, as
strength of the magma plays a role in allowing substantial pre-explosion
pressures to be built up. Crystal-rich magmas appear to be particularly prone
to producing vulcanian explosions. Dome growth, as evidenced by the active
dacite domes and lava flows of Santiaguito, Guatemala (Rose, 1973), is often
accompanied by both vulcanian explosions and small pyroclastic flows of dense
or partially vesiculated material (true nuees ardentes: Rose et al., 1977).
This latter type of eruption may be correctly termed Eeleén, after the 1902
eruption of Mt. Pelee, Martinique.

Plinian eruptions are powerful, continuous gas-blast eruptions that eject
tremendqus volumes of pumice (Walker and Croasdale, 1971). The turbulent -
eruption column has two components (Sparks and Wilson, 1976): 1) a lower gés-
thrust region, the high-velocity gas and ejecta jet discharged into the atmosphere,
which passes up into 2) the convective thrust zone, that rises by thermal
buéyancy. For water contents, vent radii, and initial velocities typical ;f
plinian events the top of .the gas-thrust zone is ffom 3.0 to 9.0 km high (Wilson,
1976; Sparké et al., 1978), and the top of the whole eruption column is between
20 and 50 km highi |

Sub-plinian eruptions are, as the name suggests, scaled-down plinian
eruptions. The gas blast eruption is not so continuous énd stratified deposits
(several fall units) result. The eruption column is lower and hence disperéal
of the pumice fall layer is more restricted. Sub-plinian eruptions frequently
preceed or accompany dome growth, especially in alkali-rich silicic lavas, as in
the peralkaline pumice deposits and domes of Terceira, Azores (Self, 1976).

Pyroclastic flow (also called ignimbrite-forming or ash-flow) eruptions

can occur if fallout of large clasts and ekpaﬁsion of incorporated air into a
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vertical eruption column of plinian, subplinian or vulcanian type are not
sufficient to induce buoyant uplift in the column at the end of the gas-thrust
zone. Gravitational column collapse then occurs and this produces pyroclastic
flows (Wilson, 1976; Sparks and Wilson, 1976; Sparks et al., 1978; Fig. 3).
Vent radius increase or volatile content decrease may both act to produce a
critical condition where the column density at the top of the gas-thrust zone
remains greater than that of the surrounding atmosphere and collapse ensues.

Pyroclastic flows travel down the volcanic edifice and deposit on low
ground. The resulting rock is known by various names including ignimbrite and
ash [luw Luff. There 1s no widely accepted term for this eruptive style or
phase, but pyroclastic flow, ash flow or, outside the U.S.A., ignimbrite (-form-
ing) eruption is a suitable informal term, depending on the scale of the
eruption (Wright et al., in press). The name pelean is sometimes used but is
now known to be incorrectly applied.

Some eruptions of this type terminate with lava extrusion, generally forming
domes. A sequence of plinian fall, pyroclastic flow and lava extrusion has been
interpreted for several historic silicic and intermediate evuptions, e.g. Katmai,
Alaska 1912 (Curtis, 1968), Krakatau 1883 (Self, unpublished data), Mt. Pelee
1902 (Roobol and Smith, 1975), and has been interpreted from many Quaternary
examples studied, e.g. the Bandelier Tuffs, Valles Caldera, New Mexico (Smith
and Bailey, 1966; Fisher, 1979). This commonly repeated eruptive sequence
produces deposits in a certain order (Sparks et al., 1973), as shown on Fig. 1.
The sequence as suggested in 1973 has recently heen modified by Sheridan (1979)
and Fisher (1979) to include pyroclastic surge beds. The complete sequence is
not always present. For example, the 1902 plinian eruption of Santa Maria,
Guatemala was not succeeded by a pyroclastic flow phase, but lava extrusion
(from the same magma chamber) began from the 1902 vent in 1922; the dacite

lava dome, Santiaguito, is still growing today.
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The term pyroclastic surge has been introduced into this discussionand it
is appropriate to mention here that this is a newly recognized type of pyro-
clastic deposit, of which there are so far three types known. There is not a
particular type of "pyroclastic surge:eruption", rather pyroclastic surges are
produced as accessory volcanic phenomena by three types of eruptions: phréatp-
magmatic (base-surge), plinian-pyrociastic flow (ground surge and ash-cloud
surge) and dome forming or pelean (ground‘surge and ash-cloud surge). A brief

summary of various types of explosive eruptions is given in Table 2.

Pyroclastic Deposits

Pyroclastic deposits may be grouped into a three-fold classification
(Sparks and Walker, 1973; Sheridan, 1979; Wright et al., in press): (1) fall,
(2) surge, and (3) flow. There are two a@ditional types of pyroclastic déposits
that should be mentioned: exploéion breccias and volcanic mudflow (lahars). |
Relaxation time (the time required for equilibrium to be established with the’
transport medium, load, and substance) is critical for the development of
textures in pyroclastic deposits; hence transitional types are found. In these
transitional types the'specification of a class is subjective, but it should
not affect the interpretation of the deposit as a whole.'

1) Pyroclastic”féll deposits are produced when material is explosively ejected

from the vent into the atmosphere producing an eruption column in the form of a
convective plume. The plume expands and pyroclasts fall back under the influence
ongravity at varying distances down wind from the source. The geometry and

size of the deposits reflects the eruption column height, and wind velocity and
direction. The primary feature of air-fall transport is the uninterrupted path
of individual particles that attain velocitieslcontrolled by ballistic trajec-
tory, air-drag and wind. Air-fall deposits are the best sorted of all pyroclastic

beds.  Fall deposits show mantle bedding and maintain a uniform thickness over
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TABLE 2. TYPES OF EXPLOSIVE ERUPTIONS AND DEPOSITS: SUMMARY -

1. Strombolian - Cone-forming, moderate to small fraction of fines,
inverse-graded avalanche beds on steep slopes, many superimposed

scoria beds. Generally basaltic-andesitic magma.

2. Surtseyan (phreatomagmatic) - Mildly cone-forming, abundant fines,.

stratified, associated with base surge deposits, abundant lithics,

weakly vesiculated juvenile clasts, impact sags common.

3. Vulcanian - Moderately sheet-forming, abundant fines, abundant
lithic clasts, associated with small pyroclastic (scoria and ash)

flows.

4, Plinian and Sub-plinian - Strongly sheet-forming, but mantling,

lower fraction of fines, single bed of decimeters to meters thickness,
strongly vesiculated pumice, may have inverse sizé—grading, maybe

associated with pyroclastic flow and surge deposits.

5. Ignimbrite forming (ash flow) - Sheet-forming, depression-filling,

thick (meters to 100's meters) deposits formed by collapse of plinian-

type eruption columns or weakly convective columns.

6. Peléan - Dome growth accompanied by explosive activity producing

air-fall, pyroclastic flow and surge deposits.
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restricted areas while draping all but the steepest topography (Fig. 4a).
They are generally well sorted (0¢<2.0) and sometimes show internal stratifi-
cation due to variations in eruptive column conditions. Fall deposits are
produced by plinian, sub-plinian and vulcanian eruptions and as an accessory
to some pyroclastic flow eruptions. |

2) Pyroclastic surge deposits result from a pulsating series of explosions in

" which a sequence of dilute density flows that are blasted outward from the vent
rapidl& dissipate their kinetic energy. Surge formation involves the lateral
movement of pyroclasts as expanded, turbulent, low concentration gas-solid
dispersions. Deposits do mantle topography but tend to accumulate more thickly
in depressions (Fig. 4c). Characteristically ;hey show unidirectional sedi-
mentary bedforms (cross-stratification, dunes, planar lamination, antidunes,
pinch and swell structures, and chute and pool structures) and individual
laminae are generally well-sorted (Fisher and Waters, 1970; Waters and Fisher,
1971; Crowe and Fisher, 1973; Schmincke et al., 1973; Schmincke et‘al., 1973;
Sparks, 1976; Wohletz and Sheridan, 1979).

Pyroclastic surges range from relatively low temperature basé surges to
high temperature ground surges related to vulcanian-type explosions, directed
blasts, or collapsing eruption columns. Surge.blasts often interact with
materiais of other origin by incorporating fragments or modifying ?rimary
‘textures. Vertical gradational contacts from fall through surge to flow are
common (Fig. 1). Tables 3 and 4 summarize pyroclastic surge eruption and
deposits (after Wright el al., in press).

3) Pyroclastic flow deposits involve the lateral movement of pyroclasts as a

gravity-controlled, hot, high concentration gas-solid dispersion, which may in
‘some instances be partly fluidized (Sparks, 1976). This classification in-
cludes all flows that are denser than air; ash flows (more strictly pumice and

ash flows) are the most voluminous type. Deposits are topographically controlled,
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Fall

= Surge

Figure 4. Geomorﬁhic relations of the three main types of
pyroclastic deposit overlying the same topography.



TABLE 3.

GENETIC CLASSIFICATION OF PYROCLASTIC SURGES

ESSENTIAL FRAGMENT 'ERUPTIVE MECHANISM TYFE OF SURGE

HISTORIC EXAMPLES

COMMENTS

VESICULATED
NON-VESICULATED

MAGMATIC ERUPTICN
COLUMN

VESICULATED
NON-VESICULATED

ACCOMPANYING PYRD-
CLASTIC FLOWS

.
r

GROUND SURGE

. ALSO ASSOCIATED WITH
AIR-FALL DEPOSITS BY
COLLAPSE QF AN ERUP-
TION COLUMN BUT
WITHOUT GENERATION
OF PYROCLASTIC F_OW

N

ASH CLOUD

SURGE

COLLAPSE OF A PEREATO- — BASE SURGE == TAAL, PHILIPPINES,

1965, 1966; CAPELINHOS,
FAIAL, AZORES, 1957-1958

ASSOCIATED WITE PYRO-
CLASTIC FLOWS

ASKJA, ICELAND 1875;
YVESUVIUS AD79

MT. PELEE, MARTINIQUE,
1902

Base surges result from the
explosive interaction of mag-
matic material and water and
are consequently cool. They
are often associated with maar
volcanoes and tuff rings. The
historic examples described are
both basaltic but older phono-
litic base surges are known
from the Laacher See area,
Germany (Schmincke et al.,
1973) and rhyolitic ones from
the Minoan eruption of Santo-
rini (Bond and Sparks, 1976).

Ground surge, although origin-
ally introduced by Sparks and
Walker (1973) to encompass all
pyroclastic surges, is here
used to describe those surges
found at the base of pyroclas-
flow deposits, as well as those

-produced without any accompany-

ing pyroclastic flow.

Ash cloud surges (Fisher, 1979)
are the turbulent, low density
flows derived from the overrid-
ing gas—~ash cloud of pyroclastic
flows. These may in some cases
become. detached from the parent

. pyroclastic flow and move inde-

pendently. ~
oo
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TABLE 4. DISTINCTIONS BETWEEN BASE SURGES AND GROUND SURGES,
AND THEIR DEPOSITS

BASE SURGES

formed by horizontal blast accompanying
vertical eruption column

wet, involving groundwater
range up to 10 km from source

but usually <5 km

BASE SURGE DEPOSITS:

found in deposits around maars
or tuff rings

usually associated with monogenetic
volcanoes (i.e. thosé that erupt once
only: e.g. Capelinhos, 1957)

mostly contain both juvenile (magmatic)
and accessory material but can have no

- juvenile material if produced by a true
phreatic eruption

show cross bedding, pinch and swell
(lensoid) bedding, plastering agalnst
vertical obstructions

vegetation is destroyed and'flattened
but not charred; vegetal matter may be
incorporated into deposits

are often interstratified with beds
containing accretionary lapilli

beds may show plastic deformation
under bomb sags

coarse to fine grain~-size depending on
distance from source. Poorly sorted
with some large blocks and many fines

base surge deposits often become
consolidated and indurated forming

a hyaloclastite tuff (palagonite tuff
in the case of basaltic deposits)

GROUND SURGES

formed by flow front processes at head
of pyroclastic flow or directed blast

dry, magmatic gas only
range up to many 10's km from

source

GROUND SURGE DEPOSITS

most often associated with ash flows
(ignimbrites) but also with other
pyroclastic flow deposits

found around calderas, strato-volcanoes
and domes

generally composed of juvenile material,
but ground surges of mainly lithic
(accessory) material are known to exist

cross bedding less distinct (may be less
efficiently maintained because lack
cohesiveness of wet base surge deposits)

often contains charred wood, indicating
vegetation destroyed by hot gases

may only rarely be associated with beds
containing accretionary lapilli

no bomb sags

generally poorly sorted but lack fines.
Large blocks may be transported several

kilometers 1if slope is favorable

generally non-consolidated
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filling valleys and depressions (Fig. 4b). They are poorly-sorted and some-
times show coarse-tail grading (Smith, 1960a; Sparks, 1976). Poor sorting in
flow deposits is attributed to high particle concentration and not turbulence,
with the dominant flow mechanisms probably being laminar and/or plug flow
(Sparks, 1976). Individual deposits generally lack internal stratification,
although superposition of a number of flow units (each flow unit being regarded
as the deposit of a single pyroclastic flow) can give the appearance of
stratification. They sometimes contain fossil fumarole pipes in which the fine
ash fraction has been lost making the pipes enriched in crystals, lithics or
vesicular fragments (Walker, 1971, 1972; Roobol and Smith, 1975).

There is probably a complete gradation from high concentration, high
density pyroclastic flows to low cbncentration, low density surges. Indeed,
ash-cloud surge deposits represent the lateral equivalents of pyroclastic
flows (Fisher, 1979). Of course, surges are a type of flow, but the term pyro-
clastic flow has traditionally been associated with high concentration flows
and it is appropriate here to consider the fundamentally different types of
deposits produced by flows and surges separately. Table 5 summarizes the

known types of pyroclastic flow deposits (after Wright et al., in press).

4) Explosion breccias are the result of violent bursts of energy that;fragment
magma, lava, or country rock. They are commonly produced by phreatic or
phreatomagmatic explosions. The deposits formed may sometimes be esSentially
in place, as in the case of vent or pipe breccias, but typically they form a
peel-back blanket around the vent. Emplacement of explosion breccia differs
from that of air-fall in that it is a mass turn-out of material, commonly with
an inverted stratigraphy (the effect of air drag on size sorting of fragments
being negligible). Breccia pipes, the exhumed conduits of maar-type volcanoeé,
are thought to be produced largely by phreatomagmatic eruptions and are often

sites for mineralization.



TABLE 5. TYPES OF PYROCLASTIC FLOWS

ESSENTIAL FRAGMENTS ERUPTIVE MECHANISM ' g PYROCLASTIC FLOW" DEPOSIT COMMENTS -
VESICULATED Large volume deposits formed by
continuous collapse of a plinian
ﬂ\ eruption column as envisaged by
Sparks et al. (1978). Silicic in
composition.
PUMICE FLOW =  IGNIMBRITE,
PUMICE AND

Decreasing
average density
of juvenile clasts

NON-VESICULATED

ERUPTION COLUMN COLLAPSE

SCORIA FLOW «——— SCORIA AND

EXPLOSIVE = LAVA DEBRIS FLOW__

s (NUEE ARDENTE)
LAVA/DOME COLLAPSE

\
GRAVITATIONAL == LAVA DEBRIS FLOW
(NUEE ARDENTE)

ASH DEPOSIT

ASH DEPOSIT

BLOCK AND o
ASH DEPOSIT

BLOCK AND o

“= ASH DEPOSIT

Small volume deposits probably
formed by interrupted column
collapse as in the case of scoria
flows described below. Intermed-
iate to silicic in:composition.

Small volume deposits probably
formed by interrupted column
collapse produced by short explo-
sions (see Nairnm and Self, 1978).
Basalt to andesite in composition.
Some deposits do contain large un-
vesiculated blocks e.g. those of
Ngauruhoe 1975.

Small volume deposits, usually
andesite or dacitic in composi-
tion.

Small volume deposits usually
andesitic or dacite in composi-
tion.

%71
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Deposits are commonly a single unstratified, nongraded bed that mantles
existing topography. It may be interbedded with. or gradational into inversely-
graded avalanche deposits, air fall beds, or stratified surge deposits. The
thickness is uniform at the outérop scale, exceeding a few meters only for
exceptionally large explosions. There is generally a regular decrease in
thickness and size of clasts &ith distance from the vent, yet some explosion
breccias show the inverse relatioﬁship (Self et al., 1980). Impact saés
containing blocks or bombs are present at thec base of the deposit and beyond
the continuous blanket.

5) Volcanic mud flows (lahars) are water-mobilized flows of freshly deposited

pyroclastic ejecta and may be associated with phreatic and phreatomagmatic
activity, or subsequent re-mobilization of flow or fall deposits by rainfall.
There is a gradational transition from surge and flow depusits into lahars. In
rcgions of high rain fall they may be very large and voluminous. They are
sometimes hard to distinguish from pyroclastic flow deposits in the field.
Excellent descriptions of lahars are given by Crandell (1971) and Neall (1976).
Each of the above five emplacement mechanisms produces QBposits with
variable, but distinctive, features that are generally adequate for identifica-
tion. The next major section gives further details on the main field charac-

teristics of sub-aerial pyroclastic deposits. i

Subaqueous Deposition of Pyroclastic Deposits

The depusition of pyroclastic fall material into water praduces bedded
to laminated deposits with different grain size characteristics than the equi-
valent subaerial deposit. Many factors are involved, including water depth and
typc of pyroclastic particle. One important point is that pumice generally
decreases in ‘density with increasing size and this may give an inverse size

grading in waterlain deposits. Also bigger pumice clasts float for longer.
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All things considered aqueous f311 deposits should still be recognizable by
their grain size characteristics.

'Pyroclastié surges may travel across water (e.g. Taal, 1965 eruption:
Moore et al., 1966), although recognizable of characteristics surges may be
obliterated by.intervening bodies of water.

Pyroclastic flows are generally denser than water (e;timated densities are
1.2-1.7; Sparks, 1976; Sparks et al., 1980) and may be able to enter water
virtually undisturbed. They should travel underwater and leave deposits still
recognizable as pyroclastic flows by their texture and character. Such rock
bodies have been‘described by Fiske and Matsuda (1964) and Roobol (1976), but

are in need of better documentation.

CHARACTERIZATION OF PYROCLASTIC DEPOSITS AND ERUPTION
SEQUENCES BY FIELD EXAMINATION

This section deals with useful concepts and recent developments in the
understanding of eruption mechanisms via the resulting deposits. It encom-
 passes fall (plinian,'sub—plinian‘and vulcanian), surge and pyroclastic flow
deposits of both magmatic and phreatomagmatic types.

Pyroclastic fall deposits may be classified by their dispersal pattern and
degree of fragmentafion, following Walker (1973). The dispersal (D) is defined
‘as the area in square kilometers within the isopach contour equivalent to 1% of
the maximum thickness. The degree of fragmentation (F) is defined as the
fraction less tﬁan 1 mm in the deposit along the dispersal axis where the
thickness is 0.1 of the maximum thickness. The deposit is considered cone-like
nr sheet-like depending on whether D is less than or greater than 5 km?.
Phreatomagmatic eruptions generally produce deposits with higher values of F,
except for very powerful plinian eruptions,” where fragmentation is also high.
According to Walker (1973); deposité from the common eruption types can be

separated on a diagram of F vs. D (Fig. 5).
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Due to the great variety of eruption types and initial size distributions,
there is a wide diversity in textural features of air-fall deposits. These
are briefly summarized in Table 2.

‘Primary air-fall textures are subject to modification by many factors.
Widespread inverse grading in plinian and subplinian deposits can be produced
by changing conditions in the vent and eruption column. Increasing vent size
may promote higher eruption columns which would produce an inversely-graded
bed; fluctuations in columm height may produce more than one inversely-graded
fall unit (Self, 1976; Wilson, 1976). Also, air-fall deposits may locally
occur with thick inversely graded beds where they have avalanched down steep
slopes.

Hot fragments may be soft enough to fuse on contact producing welded
scoria or welded pumice layeré near the.vent (Sparks and Wright, 1979) and
these are particularly common in alkaline and peralkaline rhyolite magmas. The
deposit may resemble a welded ignimbrite (ash-flow) but should be distinguish-
able by morphology (Fig. 4) and limited lateral extent. Surges or flows
contemporaneous with or following air-falls may incorporate their clasts to
form a complete spectrum of mixed deposits. Finally, fine-grained air-fall
deposits can easily be eroded by sheet-wash to produce lahars.

Pyroclastic surge deposits are found in several associations. Firstly,

they occur in the deposits of tuff-rings which surround flat-bottomed, dish-
shaped explosion craters called maars (Wohletz and Sheridan, 1979) and in tuff-
cones. These are base surge deposits (Moore, 1967); their occurrence is not
restricted to any particulaf composition of magma. Very freﬁuently these
cross-hedded deposits have been mistaken for water-lain ash. Sheridan and
Updike (1973) recognizéd three prominent hedding types 1) sandwave, 2) massive

and 3) planar. Studies of further examples led to a facies concept for the
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distribution of these bedforms around a source crater. Facies change reflects
the deceleration of the surge cloud. Fig. 6 shows a simple facies model for
a base surge deposit: the sandwave bedding characterizes the fastest, high-
energy flow regime, the massive beds the medium energy regime, where a large
part of the suspended load has subsided to become a bed load, and the planar
beds are produced by the slowest surge transport i.e. ground level grain-flow.
Examples of deposits produced by sequences typical of tuff ring and tuff cone-
forming eruptions are shown in Fig. 7.

Ground surges and ash cloud surges (Fisher, 1979) are produced by thc
mcchanism of pyroclastic flow and are often associated with ash flows. Ground
surges may also be produced by separate blast eruptions (Sparks and Walker,
1973). Fig. 8 shows a typical example of the occurrence of ground surge and
ash-cloud surge from the Bandelier Tuff, New Mexico.

Pyroclastic flows occur over an eight-order volume range (Smith, 1960a)

from small scoria and ash flows like those of the 1968 eruption of Mayon volcano
(Moore and Melson, 1969) to great ash flows that deposited tuff sheets like the
Bandelier Tuff (Smith and Bailey, 1966) around large calderas (Table 5). At

one extreme arc pyruclastic avalanches such as those at Ngauruhoe (Nairn and
Self, 1978) that rest with angles of repose from 6° to 25° on the flanks of
composite volcanoes. At the other extreme are large pyroclastic flows with
excessive mobility that have surmounted topographic barriers at great distances
(e.g. the Ito flow: Yokoyama, 1974),

The fundamental deposit formed by the passage of a single fliow is a
pyroclastic flow unit (ash flow of Smith, 1960a). The general characteristics
of pyroclastic flows have been reviewed by Smith (1960a) and Ross and Smith
(1961). Current models of generation and emplacement of pyroclastic flows have
been described by Sheridan (1979). The thickness of pyroclastic flow units |

ranges from 0.05 m to more than 100 m, with a mean thickness between 1 and 10 m,
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| STAGE I
"\\\ SANDWAVE BED DEPOSITION

$>0.99

$>o0.9

STAGE II
MASSIVE BED DEPOSITION

STAGE ITI
PLANAR BED DEPOSITION

Figure 6a. Diagrammatic illustration of a surge cloud at three stages of
4ts development: Stage I near the vent, Stage II at intermediate dis-
tances from the vent, and Stage III near the terminus of its flow. During
Stage I, flow is highly inflated (¢ > 0.9), and deposition of sandwave beds
results. At Stage II the cloud has deflated (0.6 < ¢ < 0.9), with massive
bed deposition resulting. Finally, at Stage III, the cloud has deflated
until it is an avalanching-type flow (0.5 < ¢ < 0.6), planar beds are de-
posited, and the flow stops (after Wohletz and Sheridan, 1979).
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The run-out may extend to more than 100 km, but it is generally much more
restricted.

A complete eruptive episode may produce numerous pyroclastic flows as well
as falls, surges, and lavas. Pyropléstic flow deposits commonly display a
"standard ignimbrite flow unit'" (Sparks et al., 1973; Sparks, 1976) (Fig. 1).
An inversely-graded plinian air-fall deposit composed of coarse-grained angular
lapilli commonly underlies ash-flow deposits. . Ground surge deposits (Fig. 1,
layer 1), at the top of the air-fall deposit may correspond to sandwave, massive
or planar facies, as defined by Wohletz and Sheridan (1979), depending on
distance from the vent. The overlying pyroclastic flow units may have a fine-
grained, inversely-graded basal layer (Fig. 1, layer 2a) due to shear (Sparks
et al., 1973). The main body of the flow unit (Fig. 1, layer 2b) may be either
uniform in texture or exhibit a normal grading of Iithic fragments and an
inverse grading of pumice (Sparks et al., 1573). Fumarolic pipes may occur
throughout flow units (Smith and Bailey, 1966; Yokoyama, 1974; Sheridan and
Ragan, 1976). Above some flow units may be a coignimbfite air-fall deposif
(Fig. }, layer 3) of fine ash depleted in lithic and crystal fragments (Sparks
et al., 1973; Sparks and Walker, 1977). Eruptivé sequences sometimes terminate
with lava extrusion. | |

Full development of the above éeduence at any ohe locality is rare. Actual
sections are generally mbre complex. In some cases a proximal co-ignimbrite
lag-fall deposit occuré beneath one or more of the pyroclastic flows (Wright
and Walker, 1977). These are composed of bloéks too heavy to be transported
by pyroclastic flows, may cpmprise very thick basal breccias neai large vents,

In distal localities, : ﬁlinian air-fall dépésit of fine grain size may
occur below flow units and extend béyond the limits of the ash flow; surge
deposits are laéking and flow units have fewer lithic clasts; concentrations

of pumice occur at the top of flow units. All the above observations on
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pyroclastic flow deposits may be fitted together as a facies model, presented
in Figure 9. Part a) shows an idealized ash flow deposit (after Wright et al.,
1980) and part b) shows idealized proximal and distal ash flow sequences (after
Sheridan, 1979). These facies models are probably applicable with slight
modification to pyroclastic flows of all sizes, especially those pumice-rich
flows such as ash-flowsi The small ash-flows such as are often associated with
eruptions df alkaline, fluorine-rich magmas, e.g. the Canary Island ignimbrites
(Schmincke and Swanson, 1967), the Terceira (Azores) ignimbrites (Sclf, 1976),
and the Acatlan ignimbrite, Mexico (T, V. Wright, personal communication) a]]?
show features interpretable by these models. Furthermore, they show several

important postemplacement features, which will be discussed below.

RHYOLITIC LAVA FLOWS AND DOMES

'The effusion of silicic lava has been mentioned in two contexts in this
study, both being common occurrences for alkaline, F-rich rhyolites. Thé.
first is extrusion of a dome into a tuff ring (maar) formed by phreatomagmatic
eruption. In this case the dome would overlie thinly-bedded surtseyan fall
deposits with interstratified base surge beds composed of poorly vesiculated
pumice, ash crystals and lithics. The second is lava extrusion following the
fall, surge, pyroclastic flow eruption sequence. Here the dome may be |
apparently disassociated in the field from the other deposits, or it may ove;lie
any of them. If the dome is intruded into the same conduit as that used for
the pyroclastic eruption, it should abut or oveflie proximél plinian or sub-
plinian air-fall deposits and proximal-type ash f16Ws (Fig. 9b).' In the case of
post-caldera domes, if a caldera collapse fol}owed the explosive eruption, the
lavas may be separated from the preceding pyroclastic deposits by faulting.

Whatever the association, viscous rhyolite iavave¥£rusions are fairly
similar in form. They form domes and thick, stubby flows, generally known as

coulees. Depolymerization of the melt by high alkali content and fluorine may
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significantly lower the viscosity of the lava (Fig.}Z), resulting in longer,
thinner lava flows in alkaline than in‘calc—alkaline flows. Many domes grow
by expansion due to new magma being intruded internally (endogenous domes:
Fig. 10), and flows form by rupturing of the dome 'skin'" followed by outflow.
Emplacement is probably very slow.‘

Several zones are develbped with domes (Fig. 10): these are, a) more or
less massive or blocky center which may be cryptocrystalline-glassy (but not
obsidian) rhyolité lava; it may have pronounced jointing and also show some
flow banding (alignment of phenocrysts and groundmass minerals) on all scales;

'b) an outer carapace gradational to a), of strongly flow-banded, layered ébsidian
and frothy lava; local flow-bandiﬁg may bear no relation to the overall ddme
structure; c) a blocky (brecciated) top and base made of rhyolite in all
different states of vesiculation, including an underlying brecciated, scoriaceous
zone which the flow overran. The high viscosity of extrusion (108-1012 poises),
and cooling at the surface, prodﬁce a very brittle material Which undergoes

much autobrecciation., Talus slopes of blocks are constructed around the domes.
These exferior, brecciated zones are favored sites for alteration. Spherulitic
lava ﬁ;y be more common in the massive center parts of domes and flows, and in
the outer zones where there are obsidian layers, lithophysae are common. Fink

(1980) has recently discussed folding features on the surfaces of rhyolite flows.

SECONDARY (POSTEMPLACEMENT)VFEATURES OF RHYOLITES
Secondary cﬁanges can occur in rhyolites regardless of their temperature
of emplacement, but are most intense in pyroclastic rocks that are emplaced
hot (ésh flows, welded air-falls) and in lavas. Although thin and cool pyro-
clastic deposits retain their glassy characteristics and preserve their primary
emplacement textures, some deposits, especially ash-flow tuffs (ignimbrites),

cool so slowly that their character is dominated by secondary textures. Smith
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(1960b) has described the main secondary features of ash-flow tuffs and many of
these are applicable to lavas and (welded) air-falls. At emplacement tempera-
tures above 550°C glassy fragments will plastically depress and fuse under

load pressure. Superimposed on the welded tuffs in a zonal pattern of secondary
crystallization that includes: devitrification, granophyric crystallization,
vapor phase crystallization, formation of fumaroles, and development of litho-
physae and miarolic cavities. After initial cooling, circulating fluids may
produce another series of zones with potassic, zeolitic, and related alterations.
All of these processes have an effect on the physical and chemical properties

of the rock mass and on resulting mineralization, if any. The two major types

of secondary changes are discussed below.

Welding in Pyroclastic Deposits

Welding is directly related to temperature at time of emplacement, thick-
ness of the unit and gas content. Within an ash-flow unit, welding is almost
always accompanied by pumice deformation due to overload. Both large clasts
and the shard matrix become oriented with their long axes perpendicular fo
the strain direétion (which is also sub-paréllel to the direction.of floW).
Compression of these juvenile clasts produces flattened elongate ffagments
which partly give welded ash flow tuffs the eutaxitic texture first recognized
by Fritsch and Reiss (1868). In strongly-welded zones, such elongate jﬁvénile
clasts may have a dense, black, glassy nature and have been described as
fiamme (Zavaritsky, 1947) or '"flames". Intensely-welded zones are also the
most dense; in some ash flows the clasts and matrix homogenize into a glassy
layer (vitrophyre).

Smith (1960b) has proposed the terms simple and compound cooling units.

A simple cooling unit is a single flow unit or a series of flow unité showing
a non-welded hase and top with the zone of most dense welding somewheré below
the middle of the deposit (Sheridan and Ragan, 1976). Zones of less dense

welding will be exhibited above and below the most intensely welded zone. Such
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simple units, comprising a number of flow units that have cooled as a single
unit, reflect post-depositional temperature equalization between flow units.

A compound cooling unit results from burial of one cooling unit by another flow
unit (or set of flow units) after sufficient time has elapsed to considerably
cool the top of the unit below. Figure 11 shows an idealized welding profile
for a simple cooling unit, as represented by a density profile. Slow cooling
in thick units and the weight of overlying material favor welding, but thick-:
ness alone is probably not the controlling factor, since welding may occur in
units of less than one meter thickness (Self, 1976), especially in peralkaline
ash flows.

The emplacement temperature of pyroclastic flows range from that of steam
for block avalanches associated with phreatic erupfions to nearly magmatic
values for densely-welded sheets. The minimum temperature for incipient wélding
in rhyolitic cooling units 10 to 40 m thick in 600° + 25°C (Riehle, 1973).
Therefore, nonwelded sheets of comparable thickness and composition must héve
been emplaced at cooler temperatures.

Evidence from the degree of welding and secnndary crystallization suggests
that many large sheets, such as the Bandelier Tuff (Smith and Bailey, 1966) and
the Bishop Tuff, show an increase in cmplacement temperature with time (Ragan
and Sheridan, 1972). The compaction profile calculations of Riehle (1973) may

prove useful in estimating increasing emplacement temperatures attributed to

—_—

lesser quantities of ambient air being mixed into the eruptive column. An
explanation is that progressively deeper and hotter levels of the magma chumber

were tapped, as in the case of the Bishop Tuff (Hildreth, 1979).

Welding in Alkaline and Peralkaline Ash-Flow Tuffs and Air-Fall Deposits

Welded peralkaline tuffs exhibit several textural features that suggest a

different mode of emplacement from their calc-alkaline counterparts (Schmincke,
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1974). Many show evidence of postdepositional flowage (rheomorphism), i.e.
the flow was so plastic upon stopping that it moved up to tens of meters by
secondary laminar creep. Vertical compaction has produced most laminar welding
fabrics in calc-alkaline welded tuffs (Ragan and Sheridan, 1972; Sheridan and
Ragan, 1976). Peralkaline ignimbrites, however, have undergone equal volume
deformation (shear strain) prior to final emplacement (Schmincke and Swanson,
1967). The important differences between calc-alkaline and peralkaline welded
tuffs are as follows (Schmincke, 1974, p. 605-607): -1) cooling units are thin
(generally less than 30 m), 2) cooling unit volumes are small (less than 5 km3),
3) round bubbles are present in a previously deformed matrix, 4)'1arge gas
cavities may be unrelated to individual claéts. Primary structures that
indicate laminar flowage include: (a) extremely defqrmed pumice lapilli with
final shape ratio up to 100:1 or more, (b) pronounced lineations on parting
planes, (c) folds and ramp structures on severalvscales, and (d) pull-apart
structures. For these tuffs the successive sfages of flowage, deflation, and
compaction welding (Sheridan and Ragan, 1976) are overlapping. Welding in such
flows is so rapid that flowage and formation uf late gas cavitics may take
place before the sheet has covled Lu ils fifiimum welding temperaturc. Donsaly
welded tuffs, especially those 'rheoignimbrites' that show evidence ot rheo-
morphism, are often difficult to distinguish from lava flows on an outcrop

scale.

Post-Emplacement Crystallization Processes

Smith (1960b) describes four types of post-emplacement crystallization:
devitrification, vapor-phase crystalliiation, granophyic crystallization, and
fumarolic alteration.

Glass fragments in ash flow tuffs are frequently devitrified to micro-
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crystalline cristobalite and alkali feldspar. This process occurs during
cooling of the tuff as a result of.glass instability at high temperatures in
the presence of volatiles, and is most complete in thick units when cooling
is slow. Devitrification proceedsAfrom pyroclast boundaries inward; axiolitic
~structure results from the alignment of crystal fibers normal to shard boundaries.
Vapor-phase crystallization may accompany the compaction of tuffs apd tends
to be more pronounced in thicker units or where units are buried Before éboling
is completed. Gas escapes from the flow units and travels upwards and outwards,
especially. from the zone of greatest welding. For this reason it is .often more
obvious in the upper parts of ash flow units. Tridymite, criétobalite, alkali
feldspar and minor amounts of other minerals are deposited in open spaces between
fragments or within the pores of incompletely collapsed pumice. Lithdphysal
and crystal-lined cavities méy occur even within the most densely-welded zones.
Vapor-phase minerals are generally coarser-grained than those resulting frém
devitrification. Vapor-phase crystallization alsb accompanies devitrification,
as volatiles are expelled from glass during devitrification (Lofgren, 1968).
Granophyric intergrowths of quartz and alkali feldspar within very thick
coqling units may result from very slow cooling (Shith, 1960b), or from léter
conversion of tridymite and cristobalite to quartz. =
Fumarolic activity may alter and cement ignimbrites, especially in non- or
poorly welded zones (Allen and Zies, 1923; Lovering, 1957; Sheridan, 1970).
Williams (1942) reports fumarolic deposits of iron oxide, kaolin and opal from
Crater Lake, Oregon ash flow deposits. Sulfafes and halides are common else-
where (Stoiber and Rose, 1974). Finally, normal weathering and alteration of
glass by percolating ground water may produce zeolites and.associated ﬁinerals
(Walton, 1975; Henry and Walton, 1978). The effectiveness of zeolitization in
mobilization of ufaniﬁm is problematical. Most uranium seems to be trapped in

place in opal and Fe-Mn oxides (Zielinski et al., 1980).
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Note by D. M. Burt

Jim Bikun left Arizona State University in June, 1980 following the
successful defense of his M,S. thesis, and has been unavailable for consul-
tation on this reporf. His figure originals went witﬁ him. This chapter has
therefore been reproduced directly from my copy of his M.S. thesis of the same

title. Page numbers (i-xv, 1-195) should run from 167 to 376.
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ABSTRACT

Two groups of topaz rhyolite flows and associated tuffs occur in
close proximity in the fhomas Range and peripheral to Spor Mountain in
wesé-central Utah. The Topaz Mountain Rhyolite of the Thomasigapge was
emplaced 6 to 7 m.y. ago in at least three eruptive episodes and forms a
flat-lying dissected volcanic plateau. The topaz rhyolitg of the Spor
Mountain Formation has been dated at 21 m.y. and has been tilted by
basin and range faulting. Eruptive episodes for each rhyolite commenced
with the emplacement of a series of ignimbrites, minor air fall sheets,
and pyroclasfic’ surge units, and were terminate@ by the effusion. of
rhyolite lavas.

Outcrops of welded cooling units have been found within the
tuffs of the Topaz Mountain Rhyolite, and thin fused zoﬁes sometimes
occur in the pyroclastiés immediately beneath the overlying rhyolite.
These pyroclastic units consist of pumice in an ashy'matrix and minor
lithics of foreign volcanic rocks. Often a flow breccia copsistipg
mostly of vitrophyric blocks is found above the tuffs. This flow
breccia grades upward with inéreasing matrix and decreasing block size
into the overlying holocrystalling gray rhyolite. Holocrystalline Topaz‘
Mountain Rhyolite ig markedly flow-banded, has a spherulitic groundmass,
and 1is widely kno&n for its lithophysae, which bear topaz, bixbyite,

pseudobrookite, and other minerals.
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The Spor Mountain Formation has been divided into two members,
the Beryllium Tuff and the capping Porphyritic Rhyolite, and was em-
placed over Paleozoic quartzites and dolomites. Unique to the Beryllium
Tuff are the great number of carbonate lithics that occur throughout
its stfatigraphic column. Fluorine, beiyllium, lithium,k niobium, tin,
and uranium mineralization occurs in the upper part of the Berylliu:ﬂ
Tuff directly under the Porphyritic Rhyolite lassociat:ed with carbonafe
lithics altered to fluorite-chalcedon}; nodules and feldspathized glass
shards. This restricted mineralization and alteration is ar.e‘ally
extensive 1n the Beryllium Tuff and apparently is not associatgd with
any permeability controls such as welding. The holocrystalline Porphy-
ritic Rhyolite has a groundmass consisting of a mosaic of subhedral
quartz and alkali feldspar (granophyric texture) with secondary topaz.
It is not @rkedly flow-banded. Dark reddish brown mafic inclusions
occur in the rhyolite around which have formed white halos containing
miarolitic cavities with topaz cry’stals.

A comparison of the vitrophyres from the .Porphyritic Rhyoilite‘
and the Topaz Mountain Rhyolite shows the former enriched by a factor
of at least five in beryllium, fl'uorine, lithium, tin, and uranium
compared to the latter. The holl'ocrystalline Porphyritic Rhyolite is
much depleted in beryllium, fluorine, and uranium with respect 4t.o iI:s. ‘
vitrophyre and has concentrations of these elements about equal to.

those in ‘the holocrystalline Topaz Mountain Rhyo-lite, which is not

significantly depleted in these elements with respect to its vitrophyre.

iv
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Evidently granophyric textures in the Porphyritic Rhyolite resulﬁ from
processes which also depleted the holocrystalline Porphyritic Rhyolite
in beryllium, fluorine, and uranium.  Both metals were probably mo-
bilized by fluids rich in fluorine. Beryllium and uranium fluoride
complexes in fluids expelled both upward and dovnward by the cool-
ing Porphyritic Rhyolite or 'in groundwaters”,which leached ‘unstable
compounds formed by these fluids in the Porphyritic Rhyolite presumably
are responsible for much of the mineralization and glteration at the top
of the Beryllium Tuff. These fluoride complexes became unstable due to
pH changes and decrease in total fluorine content brbught about by
fluorite deposition. Other elements concentrated in this zone incldée
arsenic; manganese, and tungsten, but not antimony, molybdenum, stroﬁ-
tium, or zirconium. Both rhyolites belongjto a clan of late Tértiafy
high-silica rhyolites (alkali or '"rare metal” rhyolites) recognized in
much of the western United States. The rhyolites are probably also the
extrusive equivalents of R-type or A-type grénite#. Initial depletign
of the source rock by partial fusion that produced the parent melt of
the 21 m.y. old Porphyritic Rhyolite could have resulted in lower
abundances of beryllium, fluorine, lithium, tin, and uranium in the
second partial fusion that produced the parent melt of the 6-7 m.y. old

Topaz Mountain Rhyolite.
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INTRODUCTION

Spor Mountain is located in west-central Utah apéroximately 45
miles (72 km) northwest of Delta, ﬁtah, and 100 miles (16i km) éoﬁthwes;
of Salt Lake City, Utah, The area is bounded by the lines of latitude
N39°40' and N319°50' and the lines ot longitude W113°00' and W113°15',
All of this terrain is in western Juab County and appears on tﬁe Topaz
Mountain and the Dugway Range 15 minute quadrangle shee;s.(Fig. 1.

West-central Utah lies in the Basin and Range Province, and most
ranges in this area trend northwest. Three ranges are traditionally
included in the Spor Mountain area (Fig. 2). The largest is the Thomas
Range, which covers an area of about 9 by 14 miles (14 by 22 km) and is
composed of late Tertiary topaz rhyolites., About 1 to 2 miles (1l to 3
km) west of the Thomas Range lies Spor Mountain, a northwest-trending
range, 2 by 6 miles (3 by 10 km), composed of Ordovician to Silurian
dolomites, quartzites, and shales with plugs and dikes of Tertiary topaz
rhyolite. The Black Rock Hills, located 5 miles (8 km) north of Spor
Mountain and 2 miles (3 km) west of the Thomas Range, are about 5 milas
(8 km) in diameter and are composced aof Ordovi¢ian tu Silurian sediments
with some early Tertiary rhyolites. An intermontane valley, named the
Dell, separates the Thomas Range from Spor Mountain. The valley is
floored with Quaternary Lake Bonneville gravels and alluvium, but
isolated outcrops of Paleozoic sediments and Tertiary rhyolites occur as

small hills. A north-trending fault, known as the Dell Fault, lies on
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the eastern flank of Spor Mountain in the Dell. Two broad alluvial-~
filled valleys, Fish Springs Flat and the Dugway Valley, are located to
the west and'to the east, respectively, of the Spor Mountain area.

The regional ;etting of the Spor Mountain rocks is shown in
Figure 1. The neighboring ranges will Be discussed beginning with the
Simpson Mountains and then proceeding in a clockwise'fashion arouné'Spor
Mountain (mostly from Morris,_}978). The Simpson Mountainsg, located

i

30 miles (48 km) northeast of Spor Mountain, are'a fault-block range
composed of Precambrian metasedimentar&, Palgozoic sedimentar&, and
Tertiary silici; intrusive rocks. The Sheeprock Mountains are located
40 miles (64 km) east-northeast of Spor Mountain. This range is similar
to the Simpson Mountains except for the occurrence of beryl rosettes
and wolframite greisens in some of the Tertiary silicic intrusives
(Cohenour, 1959, 1963). The Desert Mountains, located 30 miles (48 km)
east of Spor Mountain, are primarily Tertiary silicic extrusive and
intrusive rocks and small exposures of Precambrian metasedimentary
rocks. A basaltic shield volcano of Quaternary éée which locally caps
some Tertiary rhyolites is found 20 miles (32 km) southeaot of Spﬁr
Mountainv and is known as Fumarnle Butte. Immedialely south ot the
Thomas Range and extending southward some 25 miles (40 km) are the
Drum and Little Drum Mountains. These fault-block ranges are made up of
Tert;ary extrusive silicicArocés including some topaz rhyolites, Paleo-
zoic sedimentary rocks, and some small Tertiary silicic plugs. A major
arcuate fault system, known as the Joy Fault, cuts the northern Drum

Mountains. The House Range lies 20 miles (32 km) southwest of Spor

Mountain and is a fault-block of Paleozoic sedimentary rocks containing
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'a Tertiary silicic stock. Twenty miles (32 km) to the west of Spor
Mountain,‘across Fish Springs flat, lies a body of fault-blocked Paleo-
zoic sedimentary rocks known‘as the Fish Springs Range; Just to the
west of the Fish Springs Range, 25 miles (40 km) west of Spor Mountain,
are two domelike bodies of 5 m.y. old topaz rhyolite known as the

‘ Honeycomb Hills (McAnultyAand Levinson, 1964; Turley and others; 1979).
The Deep Creek Range.iies 45 miles (72 km) west of Spor ﬁountain and
is a fault-block of Paleozoic sedimentary rocks overlying Precambrian
granitic and metasedimentary rocks with séme Tertiary‘ silicic stocks
‘(§ick, 1966). Immediately north of the Thomas Range and extending

15 miles (24 km) north is a fault-block of Paleozoic sedimentary rocks
and some topaz rhyolite extrusives known as the Dugway Range. The
Granit; Mountains, 30 miles (48 km) north of Spor Mountain; are Pre-
caﬁSrian granites cut by Tertiary lithophile;element-rich pegmatites
wiph a minor amount of metasedimentary rocks (Park, 1968; Moore and
Sorensen, 19?8).

In this report, the berylliuﬁ, fluorspar, and uranium deposits
near Spor Mountain Qill be informally grouped into the Spor Mountain
Mining District (Sﬁawe; 1568). fhe Thomas Range District (Bullock,
1976) and the Topaz District (Trover, 1961) have also been used to refer
to this group of deposits. North of the Spor Mountain District, in the
Dugway Range, the Dugw;y District has.deposits of lead, zinc, copper,
and ;ilver (Staatz and Carr, 1964). The 6etroit District, in the Drum

Mountains, has deposits of manganese, copper, and gold (Lindsey, 1979a).
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PURPOSE AND SCOPE OF STUDY

This study was undertaken to investigate the two topaz rhyolites
and their associated tuffs of the Spor Mountain District. Only one of
these tuffs, the Beryllium Tuff, is known to Bé mineralized. The object
of investigation was to elucidate différences in the t%o topaz rhyolite
and their tuffs that might be related to the genesis of mineralization
in the Beryllium Tuff.

This study involved three aspects of investigation. Field work
was undertaken in the spring and summer of 1979 and was directed toward
the first phase of investigation, theA description of stratigraphic
sections in the two tuff-topaz rhyolite sequences in the Spor Mouhtain
District. During this period, the collection of camples fur fhe second
aud third phases of this study was also éccomplished. This work wa;
greatly assisted in the spring of 1979 by M. F. Sheridan, D. M. Burt,.
E. H. Christiansen, B. P. Correa, and B. A. Murphy, and in the summer of
1979 ByHR. Cole while at Bendix Field Engineering Corporation f#cili—
ties at Grand Junction, Colorado, working with drill core from the Spor
Mountain area.

The second phase of investigation, .during the fall of 1979,
required the study of 85 petrographic thin sections in order to de-
scribe the petrography of the two topaz rhyolites in the Spér Mountain

District.
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During the fall of 1979"and the - winter ‘of 1980, geochemical
studies of the two tdff;topéz rhyolite sequences were carried out
aé part of the third phase §f investigation. Twenty-six whole rock
analyses were determined in part by X-ray fluorescence (XRF) and atomic
absorption (AA) techniques at .Arizona State University‘at ‘Tempe.
Fluorine analyses were performed by a épecific ion probe technique
at Arizona State University with E. H. Christiansen and by ‘Skyline
Labs of Tucson, Arizona, on 15 rock samples. Two rocks were analyzed
fof léhlorine by K. Evans by an induction furnace—ion chromatograph
technique.

Minor element analyses were also performed. The beryllium
contents of 12 samples were determined by AA techniques at Arizona State
University with B. P. Correa and Skyline Labs of Tucson, Arizona.
Skyline Labs of Tucson also performed eight lithium and two tin analyses
by AA techniques. Strontium and rubidium contents of three samples were
determined courtesy of CONOCO Iﬁc. by XRF metﬁods. Fifteen samples were
determined for uranium by delayed neutron analyses by G. Goles at the
University of Oregon at Corvallis. Finally, an instrumental neutron
activation analysis (I.N.A.A.) for Sc¢, 2zr, Hf, Ta, Th, U, Ba, Rb, Cs,
La, Ce, Nd,'Sm, Eu, Tb, Yb, and Lu on six samples was performed at the
UniQersity of Oregon by G. Goles.

Microprobe anélyses on selected feldspars and a hornblende in
seven polished thin sections were performed on 35 crystals by E. H.
Christiansen, B. P. Correa, and B. A. Murphy at Arizona State University

at Tempe and at the University of Arizona at Tucson.
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B. C. Morrison of Bendix Field Engineering Corporation provided
information on and. geochemical analyses of};hree.dr@ll cores from the
Spor Mountain District whigh had penetrated the two tuff-topaz rhyolites
of interest (Morrison, 1980). Interpretation of this information in
conjunction with my descriptions of these three drill cores was accom- -
plished during the winter of 1980 and proved to be an cosential part of

this report.
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LITERATURE REVIEW

. The extensive literacUrg published before 1949 on the Thomas

Range rhyolites deals mostly wifﬁ the mineralogy of thé lithophysae.
"This report will concern itself with the fluorine-enriched volcanic
rocks and the beryllium, fluorine, and uranimm mineralizati&n of the
.Spor Mountain Diétt?ct. Hence, only articles published beginning with
those which deal with the fluorsp#t pipes will be considered. Earlier
literature is surveyed by Staatz (1963) and Staatz and Carr (1964).
The Spor Mountain District will be discussed beginniﬁg with the
volcanic geology.- Ngxt, the mineralization wili be considered, in the
sequence of fluorspar, uranium, and beryllium. This sequence reflects
the order of initial discovery, exploration, and aeveiopment for eacﬁ
type of deposit; and the increaged understanding of the local geology as

models for each type of mineralization were proposed.

Volcanic Geology

The volcanic rocks of the Spor Mountain ﬁistrict can be divided,
for purposes of this discussion, into two group#, the younger being
topaz rhyoliteg and the older being silicic rocks without topaz. These
two groups of rocks can be found in the Thomas Range, Spui Mountain, the
Black Rock Hilys, the Dugway Range, the Keg Mountéins, and the Drum.

Mountains.
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The older volcanic rocks were first recognized and mapped as
units of latite, tuff, and rhyolite around Spor Mountain and in the Dell
(Staatz and Osterwald, 1959). These units were included in the Keg
Mountain Ignimbrite Tuff, whose source area and type locality lay in the
Keg Mountains (Erickson, 1963). The Kég Mountain Ignimbrité Tuff
included all of the older volcanic focks at Spor Mountain and the Thomas
Range. Later, on the basis of detailed'mapping, eight.major volcanic
unito were recogﬁized.in the Thomas Range, Spor Mountain, and the Dugwéy
Range area, but the stratigraphic relationship»betweed these latites and
tuffs was unclear}(Staatz and Carr, 1964).

Understanding of the volcanic geology of the Spor Mountaiﬁ
District was advanced by radiometric age determinations and ideas
concerning volcanic structures. The Dell and Joy fault systems Qére
first recognized as the western margin of a caldera (Shawe, 1972). The
eastern margin of this calde;a was proposed to lie in the Keg MOQuLéinn,
anq(its collapse was the proposed source of the ash-flow tuffs compris-
ing the older volcanic rocks in the Spor Mountain District. Latitic
flows were recognized as precaldera lavas.. Age determinations and
- geochemical analysis of the tuffs in the area first indicated a group of
38 m.y. old rhyodacitic to latitic tuffs and flows and a large awount of
32 m.y. old rhyolitir tuffs, which were attributed to the collapse of
the Thomas Caldera (Lindsey and others, 1975). Further mapping aﬁd age
determinations revealed a very large aﬁount of 38 m.,y. old fhyodacitié
tuff and gave the precollapge'la;itic flows an age of'al m.y. (Lindsey,

1978a).
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The most recent study of the area (Lindsey, 1979a,b) clarifies
the relationship of vélcénism to tectonism and formally proposes new
names for the older volcanicluniﬁs.(Fig. 3). Latitic to fhyodacitic
precaldera flow rocks are dated at 41.8 m.y. and have been named the
Drﬁm Mountains Rhyodacite. The f§tmation of the Thomas Caldera is now
thought to have occurred 39 m.y. ago wit§ the eruption of the rhyoda-
citic Mt. Laird Tuff. Following the formation of the Thomas Caldera,
the collapse of the nested Dugway Valley Caldera emplaced the Joy
Tuff, a rhyolitic ash—floy tuff. The western margin of the Dugway
Valley Caldera lies 2.5 miles east‘of the bell-Joy fault syéégm.
Eruptions of the Joy Tuff and possible piecemeal collapse of the Dugway
Valley Caldera continued for several million‘years. Most of thetﬁuff
remained ponded within the Thomas Caldera. A second period of rhyolitic
tuff eruption around 32 m.y. ago emplaced the Dell Tuff. No source for
this tuff has been identified. Chalcophile and siderophile mineral-
ization in the Detroit District is aséociaged with thé latifes énd
rhyodacites 41.8 m.y. to 39 m.y. old, and the 38 m.y. to 32 m.y. old
rhyolites lack any associated mineralization (Lindsey, 1979a, p. 60).

After a period of volcanic quiescence lasting 11 m.y., the
first of two periods of topaz rhyolitic volcanism occurred. This 21.5
m.y. old episode was followed by another long hiatus which ended with
the emplacements of a second topaz rhyolite 6.3 m.f. ago (Armstrong,
1970; Lindsey, 1979a). The composition of both of these topaz rhyolites
fall on the borderline beween rhyolite and alkali-rhyolite fields, ac-
cording to Rittmann (1952) (Lindsey, 1979a, p. 36, 40). No interﬁediate‘

rocks that are compositionally or temporally transitional between the



Figure 3. Suggested correlation of vclcanic rcck units in the Spor Mountain District, Utah
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caldera rhyolites and the topaz rhyolites occur in the Spor Mountain
District. The topaz rhyolites contain greater soda and potash and less
lime and titania than the eaflier‘rhyolites (Lindsey, 1979a). Barium
contents can be used to distinguish the topaz rhyolites from earlier
rhyolites and rhyodacites. The topaz rhyolites have barium contents of
less than 200 ppm, whereas the rhyolites and the rhyodacites have barium
contents of 500-1,000 ppm and 1,000-2,500 ppm, respectively (Lindsey,
1979a, p. 58). Both topaz rhyolites are anomalous in their trace
amounts of Li, Be, U, Th, Nb, Sn, and Rb compared to other rhyolites in
the western United States (Lindsey, 1979a; Tufley and others, 1979).
| The 21.5 m.y. old topaz rhyolites comprise part of the Spor
Mountain Formation which includes two members: the Porphyritic Rhyolite,
maximum thickness 500 m; and the Beryllium Tuff, maximum thickness 60 m
(Lindsey, 1979b). Both members are found peripheral to Spor Mountain
where flows and domes of Porphyritiﬁ Rhyolite overlie the Beryllium
Tuff. Numerous small plugs and dikes of the Porphyritic Rhyolite are .
found on Spor Mountain cutting the Paleozoic sedimentary rocks (Lindsey
1979a,b). Where the.Porphyritic Rhyolite is in contact with the Beryl-
lium Tuff, the base of the rhyolite is commonly brecciated and stained
reddish-brown (Park, 1968, p. 16). Vents have been mapped in the
nnrthern Dell, the east-central Dell, and the souﬁhwestern part of Spor
Mountain (Lindsey, 1979b). Spot'Mountain has been interpreted as a
thin-skinned trap door structure over a subvolcanic massif (Fitch and
others, 1949; Lindsey, 1979a, p. 50). The Porphyritic Rhyolite can be
geochemically distinguished from the 6.3 m.y. old topaz rhyolites by its

greater Ga, Li, Nb, Sr, Y, and Yb trace element content (Lindsey, 1979%a,
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p. 58). The Beryllium Tuff will be discussed in detail in the section
on the beryllium deposits.

The 6.3 m.y. old topaz rhyolités are known as the Topaz Mountain
Rhyolite (Erickson, 1963; Lindsey, 1979a, p. 7). The type section is
located in ﬁhe Thomas-Rangé, and included in the unit are interbedded
tuffs, vitrophyres, breccias, and flow-banded rhyolites (Lindsey, 1979%a,
pP. 38). The rhyolite makes up most of the Thomas Range and extendé into
the sourhern Dugway Rauge and the mnorthern Drum Mountains (Staatz and
Carr, 1964; Newell, 1971; Lindsey, 1979b). A slightly older topaz
rhyolite, 10 m.y., outcrops in the Keg Mountains (Lindsey and others,
1975). The rhyolite was emplaced as domes and flows locally over
cogenetic tuffs. Twelve vents have been mapped in the southern Thomas
Range and northern Drum Mountains. Often at the base of rthe flow-
layered rhyolite a btecci;, a vitrophyre, or both can occur (Lindsey,
1979a, p. 38).. At least three tuff-breccia—vitruphyre—finw-layerad
rhyolite sequences occur in stratigraphic succession in the Thomas Range
(Lindsey, 1979a,b). The maximum stratigraphic thickness of the Topaz
Mouﬁtain Rhyolite is 700 m, and the total volume of material erupted has
_been estimated to be 50 km3 (Lindsey, 1979b; Turley and others, 1979).

The Topaz Mountain Rhyolite is richer in molybdenum and uranium
than the Porphyritic Rhyolite (T.indsey, 1979a, p. 38).

The Stratified Tuff of the Topaz Mountain Rhyolite has a maximum
thickness of 30 m in low areas of the paleotopography over which it
was deposited (Lindsey, 1979a, p. 40). The stratified nature of the
tuff apparently resulted from its deposition by sheetwash, air fall,

and small ash flows (Lindsey, 1979a, p. 41). The shards and pumice
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fragments are glassy to =zeolitized, and the zeolitized fuff is not
depleted in uranium or thorium compared to the. glassy tuff (Lindsey,
1979a, ﬁ. 76). The upper conﬁact of the tuff is sometimes fused by the
overlying rhyolite (Lindsey, 1979a, p. 41). The major element chemistry
of the tuffs is similar to - that of the overlying rhyolites (Lindsey,
1979a, p. 41).

Early workers concerned with the fluorspar pipes recognized
topaz as an accessory mineral in the rhyolitic plugs and dikes of
Spor Mountain (Fitch and others, 1949; Thurston and others, 1954; Staatz
and Osterwald, 1959). A single magmatic episode was postulated to
produce the topaz rhyolites on Spor Mountain and in the Thomas Range.
Faulting on Spor Mountain was recognized to occur before and after the
emplacement of these plugs and dikes (Staatz and Osterwald, 1959). The
rhyolite on Spor Mountain and some petrographically similar outcrops in
the Dell were first named the Porphyritic Rhyolite by Staatz and Carr
(1964). This unit was assigned an age predaging basin and range fault-
ing and thus was distinctly earlier than the topaz rhyolites of the
Thomas Range which‘are not cut by most basin and raﬁge faults. As
recent mapping shows, many outcrops of Porphyritic Rhyolite on earlier -
maps were misidentified and other outcrops were not recognized, notice-
ably southwest of Spor Mountain (Lindsey, 1979b; Staatz and Carr, 1964).
The areal extent of this unit was therefore poorly defined.

Early workers in the beryllium deposits southwest of Spor Moun-
tain correlated the mineralized ‘host rocks with the tuffs exposed in
the Thomas Range, and the beryllium mineralization was thoughﬁ to be‘

related to late magmatic fluids derived from the source of the Topaz
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Mountain Rhyolite (Staatz and Griffits, 1961; Staatz, 1963, p. 34;
Trover, 1961). As originally defined, the Topaz Mountain Rhyolite
included the rhyolite-tuff sequences that host the beryllium mineral-
ization on the southwest side of Spor Mountain (Erickson, 1963). Park .
(1968, p. 14) noted that many faults cut the topaz rhyolite-tuff se-
quences southwest of Spor Mountain and stated that these sequences could
not be correlative with the Topaz Mountain Rhyolite, but the author did
not correlate these sequences with the Porphyritic Rhyolite. Before
accurate age determinations of the topaz rhyolites, emplacement of the
Beryllium Tuff was thought to have been coeval with the tuffs of tﬂe
Thomas Range (Shawe, 1972; Lindsey and others, 1973; Lindsey, 1975;
Lindsey and others, 1975).

Glassy volcanic rocks rich in beryllium have been demonstrated
to be also enrichéd in the other lithophile elements B, W, Nb, Ta, Sn,
Th, U, Cs, REE, Li, and Rb (Coats and others, 1962). Befyllium in over-
saturated rocks has a positive correlation with both silica and fluorine
{Coats and others, 1963; Griffiths and Powers, 1963; Shawe and Bermnold,
1966). Volcanic rocks in the western Ilinited States hava a provincial
distribution of beryllium (Coate and:- otlhiers, 1962; Cohenour, 1963;
Shawe, 1966). An east-west belt of beryllium anomalies exists from the
Duep Creek Range to the ‘Sheeprock Mountains (Cohenour, 1963; Shawe,
1966).

The topaz rhyolites of thc Spor Mountain District were emplaced
after the completion of the earlier caldera cycle; ring fractures near
the Dell provided a favorable structural framework for the intrusions of

the topaz rhyolite magmas (Shawe, 1972). Basalt and alkali-rhyolite
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magmatism is associated with the extensional basin and range fectonism
after 21 m.y. ago (Lindsey, 1979a, p. 64). Because no young basalts are
associated with the topaz rhyblites in the Spor Mountain District, ex-
cept for Fumarole Butte, genesis of these topaz rhyolites by differenti-
ation from a basaltic parent magma is unlikely (Lindsey, 1979a, p. 63).
Crustal fusion, produced by high heat flow and periodic intrusions of
basalt related to the extensional tectonics of the basin and range, fol-
lowed by a long magma chamber residence time to allow a high degree of
chemical evolution, is a possible model for the petrogenesis of the Spor
Mountain District topaz rhyolites (Lindsey, 1979a; Turley and others,
1979). The Precambrian granite terrain, cut by 20 m.y. old beryllium-
rich pegmafites in the Granite Mountains, is rich in lithophile elements
-and would be a good crustal source material for the two topaz rhyolite
magmas (Moore and Sorensen, 1978; Park, 1968; Lindsey, 1979a).

Heat flow in the Topaz Mountain Rhyolite tuff has been measured
and found to be anomalously high at 3.0 :_0.3 ucal/cm?sec (Costain énd
Wright, 1973). The anomalously high heat flow also in the Keg Mountains
and in the Sheeprock Mountains defines a region named the South Bonne-

ville Anomaly (Darling and Chapman, 1979).

The Fluorspar Pipes

The fluorspar pipes on Spor Mountain were the first deposits to
be found and exploited in the district. In 1936, the first fiuorspar
find was made by the Spor brothers, who staked the deposit in 1941.
They began production from their claims in 1944. A major prospecting

effort took place in 1948-49. Presently, there -are approximately 28
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fluorspar prospects and mines on Spor Mountain (Bullock, 1976). As of
1975, 225,000 tons (204,000 megric tons) of fluorite ore with grades of
60-95 percent have been shipped from the Spor Mountain District. The
Lost Sheep Mine has produced 90,000 tons (82,000 metric tons) of ore and
has been the largest producer in the district, followed by the Fluorite
Queen Mine (36,000 tons, 32,600 metric tons) and the Bell Hill Mine
(26,194 tons, 23,758 metric tons) (Bullock, 1976).

The cuuntry rock for the fluorspar pipes is a thick sequence of
dolomites underlain by a quartzite and minor shale unit beneath which
occurs another dolomite sequence (Thurston and others, 1954).: These
Ofdovician to Silurian rocks have been tilted approximately 35 degrees
northwest by basin and range faulting primarily along the Dell fault;
but num?rous minor faults are found on Spor Mountain (Staatz and
Osterwald, 1959). Many plugs and dikes of Porphyritic Rhyolite have
ﬁeen intruded into the Paleozoic oecdiments of Spor Mountain; and Lhe
rhyolite is found both to cut and to be displaced by faults on Spor
Mountain (Staatz and Osterwald, 1959, p. 43). Bodies consisting of
shattered and unaltered fragments of dolomite, quartzite, rhyodacite,
.and Porphyritic Rhyolite in various proportions with a matrix of roék
powder or Porphyritic Rhyolite have been termed Intrusive Breccia
(Staatz, 1963, p, 17; Staatz and Osterwald, 1959, p. 37). These de-
posits have been interpreted as gaseous explosion features (Staatz and
Osterwald, 1959, p.-3§). Some outcrops previously mapped as Intrusive
Breccia are now construed to be landslide deposits related to caldera
wall collapse near the present east flank of Spor Mountain and in the

Dell (Lindsey, 1979a,b; Staatz and Carr, 1964).
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The fluorspar occur$ as soft friable masses or as resistant
boxworks with fine quartz veining énd is white, blue, purple, or mixed
in color (Staatz and Ostervald, 19595. Relict bedding which cAn be
traced into the dolomite occurs in some deposits, and fluorite is found
replacing fossiis (Staatz and Carr, 1964). Gangue minerals include
calcium-magnesium montmorillonite, quartz, chalcedony, and dolomite
(Staatz and Carr, 1964). Most fluorspar is found in breccia pipes from
1 foot (‘0.3 m) in diameter to 155 by 105 feet (47 by 32 m) (Staatz and
Carr, 1964). Less than 1 percent of the commercially minable deposits
are in veins associated with fault breccias (Bullock, 1976). All
fluorspar pipes discovered to date occur in the dolomites above the
quartzite and shale unit. The lower dolomites appear barrenm at Spor
Mountain (Bullock, 1976). The fluorspar pipes narrow with depth,
and the amount of gangue increases (Staatz and Carr; 1964). At the
quartzite—-dolomite contact, the fluorite disappears as thin stringers
into the quartzite (Staatz and Carr, 1964)‘. Presently, the deepest
proven fluorspar is 425 feet (130 m) below the surface (Bullock, 1976).
Many pipes are spatially related to fault intersections, Porphyritic
Rhyolite plugs, or Intrusive Breccia bodies (Staatz and Carr, 1964;
Fitch and others, 1949). there fluorspar pipes occur next to Porphy-
ritic Rhyolite plugs or Intrusive Breccia bodies, thin stringers of
fluorite are found in them, but in the Bell Hill Mine a topaz-bearing
tuff cuts the fluorspar mineralization (Staatz and Carr, 1964; Bullock,
1976). Beryllium concentrations ranging from 4 to 20 ppm have been
observed in the fluorspar (Staatz, 1963, p. 25). The uranium in the

fluorspar pipes will be discussed in the section on uranium deposits.
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Descriptions of individual deposits can be found in Thurston and others
(1954), Staatz and Osterwald (1959), Staatz ana Carr (1964), and Bullock
(1976).

The fluorspar deposits have -been classed as epithermal pipes
and veins, because of the low-temperature origin indicated by the-
gangue mineralogy and the fine grain size of the fluorite (Staatz and
Osterwald, 1959, p. 61). Since the early workers on the fluorspar pipes
were nul awaré that two episodes of topaz rhyolite emplacement had
occurfed, the deposits were related to fluorine-rich gases of solutions
which were derived from a magma body related to the topaz rhyolites of
the Thomas Range. The association between fluorspar pipes and fault
intersections (Staatz and Osterwald, 1959, p. 48) and between fluorspar
pipes and Porphyritic Rhyolite plugs (Fitch and others, 19/9) have been
given genetic importance. The direction of mineralization is primarily
vertical, and mineralizing fluids could either havé mnved downward from
a crystallizing Porphyritic Rhyolite mass ér have moved upward from a
solidifying magma body below (Staatz and Osterwald, 1959, p. 61). *
Upward-migrating fluids have been preferred because pressure release is

-usually upward and the numerous plugs of Porphyritic Rhyolite seem €o
indicate a shallow pluton below Spor Mountain\ (Staatz and Osterwald,’

1959, p. 61).

Uranium Geology

Discovery of uranium in the Spor Mountain District led to the

second major exploration effort in the vicinity from 1952 to 1954
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(Staatz, 1963). Four types of uranium occurrences have been identified

in the area. Each type of deposit will be considered separately.

Sandstone Uranium

The only production of uranium in the Spor Mountain District as
of 1979 has been from the Yellow Chief Mine. 1In 1954, the Yellow Chief
~ and the Goodwill discoveries were made on the present site of the Yellow
Chief Mine in the Dell. The mine was developed from 1959 to 1962 as an
open pit which reached hori;ontal dimensions of 1,200 by 300-500 feet
(366 by 91~152 m) and a depth of 100-150 feet (30-46 m). Approximately
100,000 tons (90,700 metric tons) of 0.20-0.23 percent uranium ore ‘was
produced from the deposit (Bowyer, 1963).

The host rock for the uranium deposits is primarily a tuffaceous
clastic rock, abgut 118 ft thick, and an overlying limestone congloﬁ-
erate that ranges in thickness from 1 inch (2.5 cm) to 10 feet (3 m)
(Bowyer, 1953; Lindsey, 1978a). This sedimentary sequence rests on .the
Dell Tuff and is faulted down against tﬁe Dell Tuff by a north-trending
fault on the west side of the mine (Lindsey, 1979a, p. 34, 71). Two
facies of the tuffaceous clastic rock exist in the mine, both of which
are primarily derived from the Dell Tuff (Lindsey, 1979a, p. 34). The
lower facies is a conglomerate with cobles of Drum Mountain Rhyodacite,
and the upper facies is a sandstone (Lindsey, 1978a). Both facies have
carbonate cement (Bowyer, 1963; Staatz and Carr, 1964). The overlying
limestone conglomerate is ; channel deposit (Bowyer, 1963). Conformably
overlying the clastic sequence is a bentonite bed, about 49 feet (15 m)

thick, which has relect pumice fragments and crystals of quartz and
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sanidine (Bowyer, 1963; Lindsey, 1979a, p. 33). The entire sequence
exposed in the Yellow Chief Mine above the Dell Tuff is included in the
Beryllium Tuff (Lindsey, 1979a).

In the tuffaceous clastic rocks, the ore is in lenses, partially-
concordant to bedding, that are about 20 by 300 feet (6 by 91 m) in
sectioﬂ, and the ore is found throughout the vertical extent of the
conglomerates and sandstones (Bowyer, 1963; Lindsey, }978b). Ore in the
limestone éonglomerate is associated with altered clasts (Lindsey,
1979a). The two uranium minerals mined as ore in the deposit are
beta-uranbphane, in the tuffaceous clastic rocks, and weeksite, in
1/4-inch (6 mm) rinds on altered clasts in the limestone conglomerate.
All uranium minerals described from the deposit have uranium in the plus
six oxidation state, and no organic matter or pyrite has been found in
the host rock (Lindsey, 1979a). Traverses across the ore lenses in
tuffaceous clastic rocks show no Cu, V, Cr, PB, Ag, or Mo associated
with the uranium as is commonly the case in the Colorado Plateau de-
posits (Lindsey, 1979a, p. 72). The traverses also show no F, Be, or Li
anomalies in the ore lenses (Lindsey, 1979a, p. 72).

The origin of the wranium “n the Yellow Chief is in dispute.
Hydrothermal fluids asssociated with the fluorspar deposits have been
Acited as the source of the deposit (Staatz and Carr, 1964). The hydro;
thermal fluids are considered'to have moved up major faults and then
spread laterally into the more permeable ’tuffaceous clastic rocks.
Later oxidation produced the plus six uranium minerals (Staatz and Carr,

1964). Bowyer (1963) considers the faults to be post-ore and not part

of a hydrothermal system. Erosion of the fluorspar pipes on Spor
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Mountain has been proposed as the source for the uranium (Bowyer, 1963).
The lack of any beryllium or fluorine anomélies associated with the
uranium canAbe evidence against a hydrothermal origin, because these
elements are all enriched in the beryllium and fluorspar deposits
(Lindsey, 1979a, p. 72). A mechanism whereby tuff-derived uranium
traveled complexed with carbonate ions in the plus six state in ground-
waters and was precipitated when carbonate cement formed in theAtuffa-
ceous clastic rocks of the Yellow Chief Mine has been proposed to

explain the origin of this deposit (Lindsey, 1979a, p. 75).

Opal Veinlets

The first reported discovery of uranium in the Spor Mountain
District ‘was at the Autunite No. 8 Prospect ip 1950. At this prospect
and at the Buena No. 1 Prospect (1954) the uranium is in opal ‘which
occurs as swarms of 1/32 to 1/2 inch (0.8-13 mm) fracture filling
(Staatz and Carr, 1964; Lindsey, 1978a). Opalized fracture fillings ére
very common in the Spor Mountain District and can be found in neafly
all the volcanic rock types (Lin&sey, 1978a). At the. Autunite No. 8
Prospect, the veinlets are found in the Joy Tuff (Lindsey, 1979a, p.
'75). The veinlets are 75 to 100 percent opal, and accessory minerals
include calcite, fluorite, and weeksite (Staatz and Carr,ll964).
Detailed investigation of the opal shows that the uranium is zoned
parallel to the walls of the fractures (Zielinski, 1977). Geochronology
by uranium-lead isotope analysis gives ages of 3.4 to 4.9 m;y. old for
the opalized veinlets at the Autunite No. 8 Prospect (Ludwig and others,.

1980).
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The opalized veinlets in the Spor Mountain District have been
considered to be hydrothermal in origin (Staatz and Carr, 1964). Recent
workers maintain that the opal is related to hot spring activity after
the emplacement of the Topaz Mountain Rhyolite (Henry, 1978; Ludwig and-

others, 1980).

Uranium in Fluorspar Pipes

The radicactivity of the fluorspar pipes.was firet noted by
prospectors searching for tluorspar om Spor'ﬁountain (Fitch and others,
1949). Analysis of the éipes showed uranium to vary fr;m 0.005 to 0.33
percent, and the uranium content of the pipes decreased with depth
(Staatz and Osterwald, 1959; Bullock, 1976). Pipes at the south end of
Spor Mountain have been reported to be four times:richer in uranium than
those at the north end (Sharp, 1963).

The uranium is primarily substituting for calcium in the fluo-
rite matrix, although some carnotite coatings have been observed (Sharp,
1963; Staatz and Carr, 1964). Slow leaching of uranium by rainwaters
and reprecipitation by evaporation has producéd a secondary concentra-
tion of uranium near the surface and is thought responsible for the
verticai zonation of uranium in the pipes (Staatz ana:dsterwald, 1959,

p. 58).

Uranium in the Beryllium Tuff

The occurrence of uranium in the Beryllimﬁ Tuff will be dis-

cussed in the following section.
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The Beryllium Deposits.

The Beryllium Tuff southwest of Spor Mountain was fifst recog~
nized simply ag a disseminated fluorite occurrence in an unnamed tuff
unit (Staafz and Osterwald, 1959, p. 90). These deposits attracted the
attention of rockhounds because of the purple fluorite nédules that
could be found in the area, and one collector, who for some reason was
intrigued to know the beryllium content of a nodule, diséerred the
beryllium potential of the Spor Mountain District (Staatz, 1963). A
major beryllium exploration effort took place from 1960 to mid-196l1 in
the area (Staatz, 1963). The beryllium was recognized to be primafily
in the mineral bertrandite (Staatz ;nd Griffitfs, 1961; Montoya and
others, 1962). Mining of the deposit had to await the perfection of a
new beryllium éxtraction prbcess’and on the construction of a mill in
Lynndyl, near Deita, Utah. Mine pr;duction began in the late sixties
(Davis, 1978). All ore is presenfly mined by open-pit methods (Davis,
1978).

The stratigraphic position of the mineralized tuffs was not
recognizéd until recently. Some early workers felt that a nﬁmbef of
tuff units of different ages in the district had been mineralized
(Staatz and Griffitts, 1961; Staatz, 1963, p. 33). Later workers
correlated the mineralized tuff-topaz rhyolite sequences with the topaz
rhyolites exposed in the Thomas Range (Ericksoﬁ, 1963; Shawe, 1968;
Lindsey, 1973; Lindsey and others, 1975; Lindsey, 1975). Park (1968, p.
14) recognized that the mineralized tuff soufhwest of Spor Mountain was

cut by numerous basin and range faults, and thought this unit was
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emplaced before basin and range faulting occurred in the area. Thus,
the mineralized tuff and the Thomas Range tuffs were not correlative,
because the tuffs in the Thomas Range are not cut by most basin and
range faults.  Geochronology by K-Ar and fission track methods and
detailed mapping has shown that all known beryllium deposits found to
date are in the 21.5 m.y. old Beryllium Tuff, and this tuff is not
correlative with the Stratified Tuffs of the Topaz Mountain Rhyolite
emplaced 6.) m.y. ago (Armstrong, 1970; Lindsey, 1978a; Lindsey,
1979a,b). The Beryllium Tuff southwest of Spor Mountain has been
divided into three members. The bottom member, comprising about 2/3 of
the thickness of the tuff, is generally unaltered and coﬂtains numerous
dolomite lithics; the middle member, present only where the tuff is
thickest, has been interpreted as a welded tuyff; and the top membef is
mineralized with altered dolomite lithics (Williams, 1963). Later
interpretation has divided the Beryllium Tuff intn 5 facics, which are
exposed at various localities in the Spor Mountain District (Lindsey,
1979a, p. 33). From top to bottom, these facies are: tuffaceous brec-
cia, thinly stratified tuff, bedded massive ash flow tuff, bentoni;e,
and tutfaceous sandstone and conglomerate. The last two facies are
exposed in the Yellow Chief Mine. Detailed mapping hag shown the
Beryllium Tuff to be 20 to 60 m thick and €o occur in the Dgll, south-
west of Spor Mountain, and westward into Fish Springs Flat (Lindsey,
1979b).

The mode of emplacement of the Beryllium Tuff is in dispute.
An explosive origin of emplacement in the form of ash flows and air

falls has been recognized for the deposits southwest of Spor Mountain
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(Erickson, 1963; Williams, 1963). - The term water-laid tuff has been

applied to the Beryllium Tuff and to the Stratified Tuff of the Topaz
Mountain Rhyolite when the t&o tuffs were thﬁught to be coeval (Shawe,
1968). The emplacement of the water-laid tuff was attributed to torren-
tial streams and mudflows in order to account for the poor sorting,
crude stratification, and heterogeneous density mixtures found in the
deposits (Lindsey, 1977). - Epiclastic, air fall, and ash flow components
all have been ;sed together to explain the origin of the Beryllium Tuff
(Lindsey, 1979a).

There is general agreemeﬁt that high beryllium concentrations
occur at the top of the Beryllium Tuff somewhat below the overl}ing
Porphyritic Rhyolite and that the beryllium mineralization is tabular in
. shape (Griffitts and Rader, 1963; Staatz, 1963, p. 26; Williams, 1963;
Park, 1968, p. 32; Shawe, 1968; Lindsey and others, 1973, p. 9; Lindsey,

1977; Lindsey, 1979a). Associated with the high beryllium concentra-
tions at the top of the tuff are anomaloﬁs F, Fe, Mn, Zn, Pb, Mg,
Li, and REE concentrations (Griffitts and Rader, 1963;. Park, 1968,
p. 32-35). The degree of dqlomite alteration increases upward from
dolomite 1lithics at the base of the tuff through a zonme of calcite
nodules to fluorite nodules at the top of the tuff (Park, 1968, p. 19;
‘Lindsey and others, 1973). Alteration of the ash in the Beryllium
Tuff is most intense at the top where a feldspathi¢ zone occurs and
decreases downward into an argillic alteration zone (Lindsey and others,
1973). The high beryllium concentration coincides with the occurrence
of fluorite nodules and the feldspathic zone at the top of the tuff

(Lindsey, 1977). Uranium is found in concentrations up to 2,000 ppm in
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the tuff and is localized below the beryllium mineralization in . the
calcite nodule zone (Lindsey, 1978a; Lindsey, 1979a, p. 68).

The origin of the beryllium deposits has been attributed to
solutions moving up faults near Spor Mountain into the Beryllium Tuff
(staatz, 1963, p. 34; Park, 1968, p. 45; Shawe, 1968; Lindsey and
others, 1973, p. &4; Lindsey, 1977; Lindsey, 1979a, p. 77). The fluor-
spar pipes have been considered to be exposed conduits for these
solutions (Williams, 1963; Park, 1968, p. 44), although Lindsey (1979a,
P. 52) maintains that Spbr Mountain was a high area 21.5 m.y. ago and
was never extensively covered by the Porphyritic Rhyolite or the Beryl-
lium Tuff. The beryllium and other metals are ﬁhought to have traveled
as fluoride complexes, and deposition of the metals occurred when the
ore-bearing solutions reacted with the dolomite lithics in the Béryllium
Tuff (Staatz, 1963, p. 34; Williams, 1963; Shawe, 1968; Lindsey and
others, 1973, p. 17; Lindsey, 1977; Lindsey, 1979a, p. 77). These
fluids, which rose via caldera and basin and range faults, spread out
laterally through the porous Beryllium Tuff, which is situated between -
the relatively impermeable underlying Paleozoic sediments and the
overlying Porphyritic Rhyolite (Staats, 1963, p. 35; Lindsey, 1978a).
The mineralizing fluids have been considered to be magmatic-hydrothermal
waters derived from or groundwaters which leached a pluton associated
with the extrusive Spor Mountain Formation (Lindsey, 1978a). Because
the Stratified Tuffs of the Topaz Mountain Rhyolite are barren, the age
of the beryllium mineralization is thought to be between 21.5 m.y. and
6.3 m.y. old (Lindsey, 1979a). Park (1968, p. 45) notes that faults in

the Beryllium Tuff cut the beryllium mineralization and have not been
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found to be mineralized. Groundwater leaching of the overlying Porphy-
ritic Rhyolite has also been proposed as a source of the beryllium in

the tuff (Park, 1968, p. 49).
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PRESENT WORK

Introduction

The nature of the two topaz rhyolite-tuff sequences in the Spor
Mountain District will bhe examined and then compared in the following
sections from three aspects, (1) emplacement, (2) mineralization and
chemical anomalies, and (3) geochemistry and petrography. From consid-
eration of these three aspects, differences in the petrogenesis of the
Spor Mountain District's two topaz rhyolites will be specified and the
relation of these differences to the mineralization in the district will
be hypothesized.

Emplacement of the Beryllium Tuff
and PorphyyilLit Rhyolite B

The Beryllium Tuff and the overlying Porphyritic Rhyolite have
been recognized as nearly coeval units and have been ranked as members
of the Spor Mountain Formation (Lindsey, 1977a,b). Also included in
'the Beryllium Tuff Member by Lindsey (1979a) are the uranium-bearing
sediments exposed in the Yellow Chief Mine. The style vf emplacement of
the Beryllium Tuff is in dispute, as previous workers have considered
~ the tuff both to be volcanogenic in origin (Erickson, 1963; Williams,
1963) and an epiclastic volcanic sediment (Shawe, 1968; Lindsey, 1977;
Ludwig and others, 1980). Workers who attributed the deposition of

the tuff to secondary processes have characterized it as having poor
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sorting, crude stratification, and heterogeneous density mixtures and
have emphasized emplacement by torrential streams, mudflows, and
sheetwaéh to account for thése features. Workers who hypothesized
a pyroclastic origin for the tuff published their findings before later
investigators had established criteria for the recognition of pyro-
clastic surge units, ignimbrites, and air fall units (Sparks and others,

1973; Sheridan, 1979; Wohletz and Sheridan, 1979).

New Data

In order to evaluate what processes were important in the
emplacement of the Beryllium Tuff, five sections were measured in
detail through the Spor Mountain Formation and observations pertaining
to its emplacement were made at three additional sites. Three sections
were measpred from cuts in the Blue Chalk, North Fluoro, and North
Roadside open-pif beryllium mines of the Brush-Wellman Corporation
southwest of Spor Mountain (Fig. 2). Two additional sections through
the Spor Mountain Formation were described from drill cores of the
Bendix Field Engineering Corporation in Grand Junction, Colorado. These
drill sites were also located southwest of Spor Mountain (Fig. 2).
Observations of the Spor Mountain Formation were made southwest of Spor
Mountain in Brush-Wellmann's Taurus Pit and in the Dell at the Hogsback
Prospect and at the Yellow Chief Mine (Fig. 2).

From the drill core, two types of units were described from the
Beryllium Tuff (Figs. 4 and 5). Both types of units are characterized
by pumice and rock fragments supported in an indurated ash matrix with.

dipyramidal smoky quartz and biotite. The most numerous type of unit
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Figure 4.

Measured Section Spor Mountain Formation, Bendix Field
Engineering Corporation Spor Mountain Drilling Project Hole

Number 6, Southwest Spor Mountain.
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Hole Elavation 4462ft. / NEXSW¢,sec36,T12S,R13W

Porphyricic Rhyolite Flow Breccia

Altered Ignimbrites: ash with black manganese stain;
pumice altered to pink clay; and purple and white mot-
tled nodules.

Altered Ignimbrites: pumice altered to pink clay and
calcite nodules with purple fluorite rims.

Altered Ignimbrites: dolomite lithics altered to white
calcite nodules.

Ignimbrites: greenish whice indurated ash with broken
biotites, <0.lin, and dipyramidal smoky quartz, O.lin.;
light pink vesicular pumice Eragients tu l.sia. with
<0.1in. biotite; dark to light gray angular dolomite
lithics to 1.2in.; and minor dark red rhyodacite (Drum
Mtan. Rhyodacite) lithics; individual flow units recog-
nized by lithic rich base and pumice rich top, 6in.

ashy intervals ac base of some flow units, flow units-in
section 2 to l0ft. thick; some core intervals poorly pre-
served and lack sufficient criteria to distinguish in-
dividual flow units.

Terra Rosa: yellowish white to red, very fine grainmed,
laminaced, calcareous silts.

Dolomite: dark, massive, sparry calcite vainlers.
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Figure 5. Measured Section Spor Mountain Formation, Bendix Field

Engineering Corporation Spor Mountain Drilling Project Hole

t

Number 18, Southwest Spor Mountain,
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Hole Elevation 4506ft. / NEXSWX,secl,T13S,R13W
Porphyritié Rhyolite Flow Breccia
Altered Ignimbrites: ash with black manganese stain;

Pumice altered to pink clay; and purple and white mot-
tled nodules. .

Altered Ignimbrites: pumice altered to pink clay and

calcite nodules wich purple fluorice rims.

Altered Ignimbrites: dolomite lithics altered to white
calcite nodules.

Altered Block Flow Unit: calcite nodules to 3ft.

Altered Ignimbrites: dolomite lithics altered to white
calcite nodules.

Fault: opal replacement.

Ignimbrite

Block Flow Unit: dolomite lithics to 2.5ft. and sparse
rhyodacite lichics co 3.24n.

Ignimbrites: greenish white {ndurated ash with broken
biotites, 0.lin. and dipyramidal smoky quartz. 0.liin.;
light pink vesicular pumice fragments to l.4in. with
<0.lin. biotite; dark cto light gray angular dolomite
lichics to l.2in.: and winor dack red rhyodacite (Drum
Mtn. Rhyodacite) lithics: individual flow units recog-
nized by lithic rich base and pumice rich top, 6inm.

ashy inctervals at base of some flow units, flow units in
section 2 to lOft. thick; some core intervals poorly pre-
served and lack sufficient criteria to distinguish in-
dividual flow units.

Bloel #low Unit: dolomite lithics to 6in.

Ignimbrites

Block Flow Unit: light pink to white indurated ash
with broken smoky quartz, 0.lin. and biotite, <0.lin.;
white vesicular pumice fragments to 2.4in. with sparse .
quartz and biotite; dark to light gray angular dolomite
lithics to 8in.; and sparse lithics of Dell Tuff.

Dell Tuff(?): grayish white, quartz and feldspar abun-
dant with ainor. biotite, sparse pumice.

217

- 36 ~



218
—37 -

was recognized by inversely graded subrounded veéicular pumice fragments
and normally graded angular rock fragments. This grading results in
units with pumice-rich tops and rock fragment-rich bases. A second type
of bed was recognized that is similar to the first except for the
presence of distinctly larger rock fragments. 1In both types of beds,
the pumice and rock fragments are poorly sorted, and fine-grained bases
below the zone of highest rock fragment concentration sometimés occur.
The rock fragments are neariy 90 percent dolomific, and the remainder
are quartzite and rhyodacite. Faults and fractures with opal are
common in the drill core.

The measured section from the Blue Chalk pit (Fig. 6) differs
from the drill core in that the individual units are much thinner and,
unlike the exposures in the'North Rnadside and the North Fluoro pits,
are not very continuous laterally. 1In addition to the units found in
the drill core, two nhew types occur in the Blue Chalk pit. A pumice=
rich unit, which is moderately well-sorted and into which blocks of
Porphyritic Rhyolite sag (Fig. 7), outcrops at the top of the Beryllium
Tuff. The second new type of unit is characterized by ash, fine rock
- fragments, and small well-rounded prmice in a sandwavée bed form. A
thick brecciated zone is found at the base of the Porphyritic Rhyolite
in the Blue Chalk pie¢ and is undoubtedly similar to that described by
Park (1968). Sparse, small blocks of vitrophyre are found in this
breccia zone.

The North Roadside pit section evidently lacks the capping Por-
phyritic Rhyoli;e\dqe go erosion (Fig. 8), because of the proximity of

the Porphyritic Rhyolite to the west (Lindsey, 1979b). Graded units
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Figure 6. Measured Section Spor Mountain Formation, Blue Chalk Pit,

Brush-Wellman Beryllium Mihes, Southwest Spor Mountain.
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Porphyritic Rhyolite:  dark red mafic {nclusions to
5in. with 0.5in feldspars; surrounded by white halos
with topaz.

Coarse Breccia Zone: blocks of Porphyritic Rhyolite
to 12ft., average 4ft.; dark red mafic inclusions to
5in. with 0.5in. feldspar.

Sreccia Zone: blocks of angular black vicruplivre and
Poronyrictic ‘Rhyolicte, 4in. to 3fc.

Altered Air Fall Unic: black manganiferous stained
ash aud pumlce.

Altered Ignimbrite: oink ro vellow indurated ash;
black nodules with purple fluorice rims; and solid
purple fluorite nodules.

Altered Ignimbrice: pluk Luduraced ash wich black
manganiferous scained calcite nodules.

Altered Ground Surge Unit: pink indurated ash, sand-
wave bed form, dipyramidal quartz.

Base of Section 5030ft. / Szhﬂﬁk.saclO.TXJS.RIZU
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Bomb sag in Blue Chalk Pit. Note bomb immediately left of

lens cap,
bomb .

and darkly altered air fall unit sagged below
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Figure 8.

Measured Section Spor Mountain Formation, North Roadside

Pit, Brush-Wellman Beryllium Mines, Southwest Spor Mountain.
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85
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18

Soil Cover

Altered Ignimbrites: stratified flow units 1.6 to 3.0
ft. thick; lichics to 2in.; fluorite nodules.

Altered Ignimbrite: fine grained base.

Altered Ignimbrite
Altered Ignimbrite

Ground Surge Unit: planar bed forms.
Ground Surge Unit: Incerbedded massive and sandwave

bed forms.

Altered Ignimbrite: lithic rich,

Altered Block Flow: lichics to 8in.
Altered Ignimbrite

Alcered Block Flow Unit: lithics co 4in.

Altered Ignimbrite: light brown ash.

Altered Block Flow Unit: calcite nodules to i2in.,
some completely replaced by purple fluorite.

Altered B8lock Flow Unit: Grayish white indurated ash
with quartz and biotite; pumice to 6in.; calcite nodules
to 8in. with purple fluorite rims; rnvodacice lichics;
and vicrophyre llchifcs.

Faulc: with opal replacemenc.

Altered Ignimbrite: grayish white induraced ash wich
abundant smoky quartz; white pumice; and calcite nodules
to 4in. with rims of purple fluorite.

Base of Section 4820ft. / SE%SE%,sec5,T13S,R12W

2783
-4 —



224

2R

with large rock fragments and pumice in this section are more numerous
and generally thicker than similar beds found in the drill core sec-
tions. Beds with ash, fine rock fragments, and small, rounded pumice
occur in sandwave bed forms but are also found in planar and massive
bed forms. The top of this section has numerous thin, poorly sorted
graded units.

In the North Fluoro pit, the measured section has only one
poorly sorted graded unit (Fig. 9). Most of the section consists of the
type of poorly sorted graded units with large rock fragments described
earlier and beds with bases that are very block-rich that grade upward
into poorly sorted pumice-rich graded units (Fig. 10). A sandwave bed
form unit with ash, fine rock fragments, and small, rounded pumice also
occurs in this section. The base of the Porphyritic Rhyolite again is
brecciated, but a thin zone with flattened clasts occurs beneath the
massive rhyolite. This section of Beryllium Tuff is much coarser than
the other sections measured in the Spor Mountain Formation.

Observations of the Spor Mountain Formation were made at two
localities in the Dell. The Hogsback Prospect is very similar to the
occurrences of the Spor Mountain Formation southwest of Spor Mountain
in that Porphyritic Rhyolite overlies Beryllium Tuff rich in dolomitic
rock fragments. At the Yellow Chief Mine pit (Fig. 11), cuts expose a
sequence which has been interpreted as the lowest facies of the Beryl-
lium Tuff (Lindsey, 1979a). This facies is a sedimentary rock (Bowyer,
1963; Lindsey, 1978b). The lower tuffaceous sandstone and conglomerate
lacks cobbles of the Porphyritic Rhyolite and of the dolomite exposed

at Spor Mountain. Dolomite clasts are found in the upper limestone
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Figure 9. Measured Section Spor Mountain Formation, North Fluoro Pit,

Brush-Wellman Beryllium Mines, Southwest Spor Mountain.
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Porphyritic Rhyolite: dark red mafic inclusions to 3
in. wich 0.4in. feldspar; surrounded by white halos
with topaz.

Fused Breecia: flattened cobbles of Porphyritic
Rhyvolite.

Breccia: angular cobbles of Porphyritic Rhyolite

-with some dark red mafic llchics.

Co-lgnimbrite Lag-rall Unit: Somé dark red mafle in-
clusions with 0.4in. feldspar.

Ignimbrite

Ground Surge Units: poorly vesicular pumice to 0.3in.
with sandwave bed forms; lithics to 2in.

Block Flow Unit

Block Flow Unit

Co-Ignimbrite Lag-Fall Unit

Co-Ignimbrite Lag-Fall Unit: base with 8in. angular
lithics grading upward into a pumice rich ignimbrite.

Block Flow Unit

Base of Section Covered

Base of Section 4770ft. / NW)NE%,sec8,T13S,R12W
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Co-ignimbrite lag—-fall unit exposed in North Roadside Pit.
Behind the meter stick, a lithic-rich base, overlying an
ignimbrite, grades upward with increasing pumice and matrix
into a lithic-rich ignimbrite.
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Figure 11.

North tace of Yellow Chief Mine. Tilted toward the left,
white bentonitic Beryllium Tuff conformably(?) overlies gray
uraniferous epiclastic volcanic sediment.
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conglomerate at the mine. Cobbles of Dell Tuff and of Drum Mountain
Rhyodacite found in the tuffaceous sediments are rounded to subrounded
and suspended in a sand-sized matrix.

An unusual feature of the Beryllium Tuff exposed in the Taurus
pit southwest of Spor Mountain is a conformable 7 feet (2.1 m) thick
vitrophyre bed found on the north wall (Fig. 12). 1In the tuff, both
above and below the vitrophyric bed, are matrix-supported blocks of
vitrophyre up to 2 feet (0.6 m) across (Fig. 13). The vitrophyre bed

is oriented N 34°E 45°NW.

Interpretation

The textures described in the Beryllium Tuff in the five mea-
sured sections are all typical primary pyroclastic textures. Beds with
lithic-rich bases and pumice-rich tops that are poorly sorted and have
rounded to subrbunded pumice fragments are typical ignimbrites or
pyroclastic flow units (Sparks and others, 1973; Sheridan, 1979). The
fine-grained bases found in beds represent the development of thin shear
zones at the base of some pyroclastic flows (Sparks and others, 1973).
Beds similar to the ignimbrites, but having large lithics and pumice,
are block-flow units (Ross and Smith, 1961). Beds characterized by
moderate sorting and angular pumice are air fall units (Ross and Smith,
1961; Sparks and others, 1973). The ashy beds with fine lithics and
small, rounded pumice and sandwave and planar bed forms are pyroclastic
surge units (Fisher, 1979; Wohletz and Sheridan, 1979).

Lithics in the Beryllium Tuff originated from country rock

through which the parent magma vented. The Spor Mountain Formation is



Figure 12.

Black vitrophyre bed on north face of Taurus Pit
left. Bench levels are on 10 feet spacings.
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Matrix supported vitrophyre blocks in the Beryllium Tuff.
This outcrop is immediately below vitrophyre bed in Fig. 12
on the second bench from base of photograph.
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Figure 13 (Continued).

Matrix supported vitrophyre blocks in the Beryl-
lium Tuff. This outcrop is immediately above

vitrophyre bed in Fig. 12 on the second bench
from base of photograph.
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known to overlie both Paleozoic sedimentary rocks and Drum Mountain
Rhyodacite from surface and subsurface data (Williams, 1963; Lindsey,
1979b). Near-surface explosive activity during the emplacement of the
Beryllium Tuff entrained foreign lithics from the immediate country rock
into juvenile pyroclastic material moving through the vent.

Water-reworked tuffaceous sediment has textures which distin-
guish it from pyroclastic beds. Large volcanic mudflows or debris flows
differ from ignimbrites in that pumice and glass shards are nearly
always absent; the coarsest rock fragments occur in the centers of flow
units (Fig. 14) and pumice framents when present are well rounded and
often permeated with mud (Schmincke, 1967; Parsons, 1969; Neall, 1976).
Epiclastic volcanic breccias, from their fluvial origin, have rounded
to subrounded clasts, moderate sorting, good stratification, and often
are interbedded with volcanic sandstone (Parsomns, 1969). No textures
indicative of an epiclastic origin were recognized in the measured
sections of the Beryllium Tuff.

Rhyolitic domes and flows overlying consanguineous pyroclastic
rocks are a common association (Williams, 1932). 1In the literature,
such sequences have been described for example from Mono Craters,
California (Loney, 1968; Smith, 1973), John Kerr Peak dome complex,
New Mexico (Smith, 1976), Tarawara, New Zealand (Cole, 1970), and
Santiaguito vnlcanic dome, Guatemala (Rose, 1973).

The North Fluoro section is distinctive in that it is the
coarsest section measured in the Beryllium Tuff. Stratigraphically, the
standard ignimbrite forms only a minor part of the column. The units

described with coarse lithic-rich bases grading up into an ignimbrite
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L ONE FLOW

UNIT

GROUND SURGE
DEPOSIT

Comparison of a standard ignimbrite section (left)
with a section measured through an epiclastic
volcanic debris flow (right). Note the absence
of pumice and the lack of normally graded lithics
in the debris flow (a and b). A fine-grained

base (a and 2a) is common to both sections.
Cross-bedded fluvial tuffaceous sediment coutain-
ing rounded pumice (c) is commonly associated
with epiclastic volcanic debris flows. P
pumice, L = lithics (Modified from Schmincke,
1967 and Sparks and others, 1973).
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have been termed co-ignimbrite lag-fall units (Wright and Walker, 1977).
These units are interpreted as a near-vent facies of an ignimbrite (Fig.
15). This interpretation at this locality is consistent with the
general coarse nature of the section.

The black vitrophyre of the Taurus Pit (Fig. 12) is probably an
exposed portion of the discontinuous middle welded zone of the Beryllium
Tuff recognized by Williams (1963) from subsurface data. Above and
below the vitrophyre, the occurrence of matrix—-supported blocks of
vitrophyre (Fig. 13) cannot be explained by a compaction welding model.
If these blocks represent bombs, this vitrophyre can be interpreted as a
vitrophyric bomb bed within the Beryllium Tuff.

Since the Spor Mountain Formation at the Hogsback Prospect is
similar to those sections measured southwest of Spor Mountain, and
Lindsey (1979b) has recognized similar sections in the northern Dell,
the distribution of the tuff and the overlying rhyolite included areas
east and west of Spor Mountain. Drilling north of Spor Mountain by
Bendix Field Engineering Corporation has encountered the Porphyritic
Rhyolite and the Beryllium Tuff in contact (Morrison, 1980), and mapping
by Lindsey (1979b) has shown both members of the Spor Mountain Formation
in contact south of Spor Mountain. Hence, the distribution of the 21
m.y. old tuff and overlying rhyolite was widespread peripheral to Spor
Mountain.

The tuffaceous sandstone and conglomerate of the Yellow Chief
Mine (Lindsey, 1978b) appears to be an epiclastic volcanic sediment
(Parsons, 1969). If so, this gives the Yellow Chief facies of the Spor

Mountain Formation a distinctly different origin than the Beryllium Tuff
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welded

co-ignimbrite
lag-fall units

Figure 15. Co-ignimbrite lag-fall units. Note lithic rich
bases overlain by ignimbrites. (Modified from
Wright and Walker, 1975)
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exposed beneath the Porphyritic Rhyolite in the measured sections.
Because the sediments include debris from the Dell Tuff, lack fragments
of the Porphyritic Rhyolite, and are overlain by pyroclastics of the
Spor Mountain Formation, they were deposited between 32 m.y. and 21 m.y.
ago. The limestone conglomerate, which is a channel fill deposit
overlying the tuffaceous sandstone and conglomerate, may represent
debris shed from a rising (magmatically domed?) paleo-Spor Mountain
shortly before the eruption and emplacement of the pyroclastics of the
Beryllium Tuff.

The stratigraphic section measured across the rhyolite-tuff
contact in the Blue Chalk Pit (Fig. 6) has several interesting rela-
tions. The thin localized units in the Beryllium Tuff may have been
derived from nuees ardentes and associated air falls produced from the
advancing flow front of the Porphyritic Rhyolite (Richards, 1959). At
the North Roadside Pit (Fig. 8), the thin ignimbrites at the top of the
column may be in a stratigraphic position similar to that of the pyro-
clastic units in the Blue Chalk section. Above the Beryllium Tuff, a
breccia zone is well exposed at the base of the Porphyritic Rhyolite in
the Blue Chalk Pit (Fig. 6). This breccia can be interpreted as an
overridden talus apron. These aprons commonly form at the front of
advancing rhyolitic lava flows and are well exposed around the coulees
or steep—-fronted flows of Mono Craters, California (Loney, 1968; Cole,
1970; Fink, 1980). Only a small percentage of the clasts in the breccia
are vitrophyric blocks; the great majority of clasts are microcrystal-

line Porphyritic Rhyolite.
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Emplacement of the Topaz Mountain
Rhyolite-Tuff Sequences

The 6 to 7 m.y. old Topaz Mountain Rhyolite-Tuff sequences are
well-exposed on steep escarpments in the Thomas Range (Fig. 2). Strati-
graphically, at least three rhyolite-tuff sequences occur in the Thomas
Range (Lindsey, 1979b). The rhyolites were emplaced as domes and flows
over the tuffs and are termed the Alkali Rhyolite of the Topaz Mountain
Rhyonlite (Lindsey, 1979a). Lindsey (1979a) has concluded that these
tuffs were emplaced as air falls, small ash flows, and sheetwashes
(restricted to the northern Thomas Range), and in his stratigraphic
nomenclature includes all tuff horizons collectively in the Stratified
Tuff of the Topaz Mountain Rhyolite. Some previous workers have consid-
ered the Stratified Tuff to be entirely waterlaid (Shawe, 1968, 1972).
Generally the tuff is overlain by a breccia and the rhyolite is under-
lain by a vitrophyre, but a complete sequence of Stratified Tuff,
breccia, vitrophyre, and rhyolite does not occur everywhere in the
Thomas Range (Lindsey, 1979a). Some exposures have fused tuff beneath

rhyolite (Lindsey, 1979a).

New Data

Five sections of the Topaz Mountain Rhyolite were measured in
order to elucidate the emplacement of the Stratified Tuff and the origin
of the breccia and vitrophyre at the base of the Alkali Rhyolite (Fig.
2). One section was described from drill core obtained by Bendix Field
Engineering Corporation from the southwestern Thomas Range (Fig. 16).

Other sections were measured from outcrops in the Thomas Range. On the



Figure 16.

Measured Section Topaz Mountain Rhyolite-Tuff, Bendix Field
Engineering Corporation Spor Mountain Drilling Project Hole

Number 1, Southwest Thomas Range.
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Hole Elevation 5350ft. / NW'NEk,sec13,T13S,R12W

132

139 Spherulitic Topaz Mountain Rhyolite
Fused Ignimbrite: flattened black glass pumice.

140

145

148

161
Ignimbrites

174

181

192
Air Fall Unit: pumice to 2.8in.

200

212

226

235
Ignimbrites

251
Air Fall Unit: pinkish white indurated ash with very
sparse quartz and biotite; grayish white to white,
angular, vesicular pumice ranging in size from 0.6 to
2in. with quartz and biotite; sparse lithics.

266
Ignimbrictes: pinkish to grayish white indurated ash
with broken smoky quartz, U.lin. and black biotite,
<0.1lin.; white vesicular pumice fragments with quartz,
0.1ia. and biotite, (0.lin,; volecanic lithic fragmeants
to 0.6in., average 0.2in.; and obsidian fragments to
0.6in., average 0.21in.; individual flow units recog-
nized by ashy intervala ar hase, 6in., by lirhics near
base, and pumice at top; flow units 3 to 15ft. thick;
some core intervals poorly preserved and lack guffi-

314 cient criteria to distinguish individual flow units.

333

345

Paleosol: light reddish brown silt with weathered
volcanic cobbles.

352¢f¢.
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southeastern side of the Thomas Range, near the Autunite No. 8 Prospect,
a section was measured through the Topaz Mountain Rhyolite (Fig. 17).
Near Wildhorse Spring, on the west-central side of the Thomas Range, a
third section was measured (Fig. 18). Two additional sections were
described from the northwestern and the southwestern margins of the
Thomas Range (Figs. 19 and 20).

The measured section from drill hole number 1 was broken into
numerous units with lithic-rich bases and pumice-rich tops (Fig. 16).
Both the pumice and the lithics are matrix-supported, and the units
can be characterized as poorly sorted. The lithics are mostly older
volcanic rock fragments and various amounts of obsidian fragments.
No carbonate lithics were observed, The pumice are subrounded and
vesicular. Other units were characterized by high proportions ot
angular pumice and few lithics. These units are moderately sorted
and contain some vitrophyre fragments. At the top of the section
flow-banded alkali rhyolite overlies a thin bed with lensoidal black
glass.

In addition to beds similar to those described from drill hole
number 1, the section measured near the Autunite No. 8 Prospect contains
several additional types of units (Fig. 17). Ashy beds with fine
lithics and small, rounded pumice that have sandwave and planar bed
forms are found near the base of the section. Near the top of the
Stratified Tuff, graded units are found with black lensoidal glass in a
reddish-white matrix in place of pumice at the tops of units (Fig. 21).
Immediately below the vitrophyre in the Autunite No. 8 column is a bed

with large flattened spheroids of obsidian in a gray matrix (Fig. 22),



Figure 17.

Measured Section Topaz Mountain Rhyolite-Tuff, near Autunite

No. 8 Prospect, Southeast Thomas Range.
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Section Continued

[

N\

120ft.
115

108
105

Ignimbrite

Ignimbrice

Partially Covered Interval: ignimbrites 2 to 3 ft.
thick.

Ignimbrite: lithics at base to 20in.

Ignimbrite

Ignimbrite: pumice to lin., aphyric; lichics act base
gar 3in.

Ignimbrites: 16 to 20in. chick units with 0.8in.
pumice.

Ground Surge Unit: sandwave bed forms
Ignimbrite

Covered Interval

Ground Surge Unit: planar bed forms, 0.6in. thick.
Ignimbrite

Base Covered

Base of Section 5680ft. / NE%SE%,sec3,T13S,R1IW
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Figure 17 (Continued).

Measured Section Topaz Mountain Rhyolite-Tuff,
near Autunite No. 8 Prospect, Southeast Thomas

Range.
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Top of Section Not Measured
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Section Continued

Spherulitic Rhyolite

Altered 3reccia: similar to below with spherulitic
devitrification increasing upward.

Breccia: 1lighe gray rhyolite clasts to !2in. in red=-
dish brown mactrix.

Altered Ignimbrite: inctense vapor phase alteration
with some 4in. lithics.

Vitrophyre: massive grading downward to welded
bomb bed with 6in. black glass bombs in gray macrix.

Partially Welded Ignimbrite: reddish white matrix
with slighcly flattened black glass relict pumice
wich many 0.8in. lithics.

Partially Welded Ignimbrite: raddish white mactrix
with slightly flattened black glass relict pumice.

Ignimbrite: 16ia. thick ashy base.

Ignimbrite
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Figure 18.

Measured Section Topaz Mountain Rhyolite-Tuff,

horse Spring, West—-Central Thomas Range.

near Wild-

246



Top of Section Not Measured
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Base of Section Not Measured

Topaz Mounctain Rhyolice

Partially Crystalline Glass: contorted banding of
felsite and glass.

Spherulitic Glass: intense spherulite formation.

Partially Devitrified GClass: minor spherulite form=-
ation.

V%crophyra: chilled base of Topaz Mountain Rhvolite
with 0.4in. lichophysae. ’

Breccia: randomly oriented blocks of vitrophvre to
2ft. in an indurated ashy matrix.

Covered Interval

Ignimbrice: white pumice in pink macrix

Partially Welded Tgnimbrite

Densely Welded Ignimbrite: a least two flow units wich
lichic rich bases and pumice rich tops.

Pareially Welded Tgmimhrire

Ignimbrite: white pumice in pink matrix.
Base of Section 5640ft. / SE%SEX,secl0,T12S,R12W
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Figure 19.

Measured Section Topaz Mountain Rhyolite-Tuff,

Thomas Range.

Northwest
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Top of Section Not Measured
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Topaz Mountain Rhyolite

Breccia: partially spherulitically devitrified gzlassy
blocks to 4.9ft., average l.6ft., 3grading upward with
increasing proportion of felsic clasts, decreasing
clast size, and increasing felsitic matrix; clasts
floating in felsitic matrix near top.

Block Flow.Unit: grayish white indurated ash with
slightly rounded, modarately vesicular pumice to 5in.
and black glass fragments to 0.5in.

Ignimbrice: black glass fragments rn lin

Partially Covered Interval: ignimbrites and air fall
units.

Air Fall Unic

Ignimbrite

Air Fall Unit: black glass fragments co 0.8in.

Ignimbrite: light pink indurated ash with 0.8in.
pumice, l.2in. volcanic lithics, and 0.2ian. black
glass fragments.

Air Fall Unit: light pink indurated ash with grayish
white angular pumice to 3in.

Base of Section 5000ft. / SWXxSE%,sec33,T11S,R12W
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Figure 20.

Measured Section Topaz Mountain Rhyolite-Tuff,

Thomas Range.

Southwest
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Top of Section Not Measured

— 25£¢C.,

s o 20

Breccia: 1.2 to 3.0ft. partially spherulitically de-
vicrified vitrophyric blocks.

Ignimbrite: 0.8in. pumice rich top and 0.2 to 0.4in.
lithic rich base.

Al: Fall Unit: 0.4 te l.2in. pumice.

Ignimbrite: grayish white indurated ash with volcanic
lithic concentration at base.

Air Fall Unit: grayish white induraced ash with 1.8 to
2.81in. angular pumice.

Base of Section 5240ft. / NE%SWk,secll,T13S,R12W
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Figure 21.
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Black, glassy, flattened, relict pumice occurring in a
welded ignimbrite of the Stratified Tuff near the Autunite
No. 8 Prospect.



Figure 22.
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Densely welded bomb bed outcropping near the Autunite No. 8
Prospect. Note the welded ignimbrite exposed to the left
and at the base of the meter stick.
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which disappears into the overlying massive vitrophyre. An altered
rock, which has sparse lithics, overlies the vitrophyre and appears to
have lost its original texture. Below the flow-banded spherulitic
alkali rhyolite at the top of the section, a breccia of light gray
rhyolite in a reddish-brown matrix occurs. The breccia grades upward
with increasing spherulitic alteration and matrix into the overlying
rhyolite.

At Wildhorse Spring (Fig. 18), two units with normally graded
lithics and very flattened lensoidal glass occur in a red glassy matrix
(Fig. 23). Overlying these units is a bed with a lithic-rich base and a
pumice-rich top. Below the vitrophyre is a matrix-supported breccia of
vitrophyre blocks. The vitrophyre has small lithophysae and grades
uﬁward with increasing spherulites into a spherulitic glass. At the top
of the section is an alkali rhyolite with a microcrystalline texture
that grades downward into the spherulitic glass.

Both of the sections measured on the northwestern (Fig. 19) and
southwestern (Fig. 20) flanks of the Thomas Range have excellent expa-
sures of vitrophyre breccia, The breccia in these localities rests
directly on the stratified tuff (Fig. 24). Grading of this breccia up
into the overlying rhyolite is nicely exposed in the column described
from the northwestern Thomas Range. The breccia becomes less coarse
upward and gray microcrystalline rhyolite occurs as interstitial matrix
(Fig. 25). Upward through the section, the blocks become smaller with
more spherulitic alteration and are supported by the gray microcrystal-
line groundmass (Fig. 26). The breccia eventually grades upward with an

increasing percentage of matrix into alkali rhyolite. 1In the section
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Figure 23.

Densely welded ignimbrites near Wildhorse Spring.
two flow units have been welded,

meter stick was a pumice-rich zone,
flow units.

At least
as the ledge above the
typical of the tops of



Figure 24,
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Vitrophyre block breccia resting on pyroclastic beds of the
Stratified Tuff behind the meter stick and outcropping near
Fig. 19.



Figure 25.
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Vitrophyre breccia containing interstitial rhyolite matrix,
stratigraphically above Fig. 24.



Figure 26,

Rhyolitic groundmass supported vitrophyric breccia,
graphically above Fig. 25.

258

strati-
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measured on the northwestern face of the Thomas Range, a bed occurs
below the breccia zone which is distinctive due to the great abundance
of subrounded pumice and the many fine obsidian fragments in the unit

(Fig. 27).

Interpretation

Consistent with the discussion of Lindsey (1979a), many of the
beds in the measured sections are ignimbrites and air fall units. The
ignimbrites characteristically have inverse grading of pumice and normal
grading of lithics, and the air fall units consist of angular pumice
with moderate sorting (Sparks and others, 1973). At the Autunite No. 8
Prospect section (Fig. 17), the ashy units with small, rounded pumi;e
and fine lithics in planar and sandwave bed forms are pyroclastic
surge units (Fisher, 1979; Wohletz and Sheridan, 1979). Also at this
locality, near the contact of two ignimbrites, paleofumaroles are found
(Fig. 28) (Sheridan, 1970). This evidence can be interpreted as indi-
cating that trapped gases escaped after the deposition of the host unit.
This is a common process after the emplacement of ignimbrites (Sheridan,
1970).

The lensoidal black glass in units described from the Autunite
No. 8 Prospect (Fig. 17) and from Wildhorse Spring (Fig. 18) are dis-
tinctive features which occur in partially to densely welded ignim-
brites (Ross and Smith, 1961). At the section measured near Wildhorse
Spring, the heat required to weld the ignimbrites cannot have been
derived from the overlying rhyolite flow, as a nonwelded ignimbrite

outcrops above the welded units (Fig. 18). Hence, the ignimbrites must
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Figure 27.

Close-up of block flow unit behind meter stick in Fig. 24.



Figure 28.
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An ignimbrite contact
Autunite No. 8 Prospect
slightly above the meter

in the Stratified Tuff near the
with a paleofumarole. Contact 1is
stick.
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Figure 28 (Continued).

An ignimbrite contact in the Stratified Tuff
near the Autunite No. 8 Prospect with a palco-
fumarole. Paleofumarole, left of lens cap, near
the ignimbrite contact iu Fig. 28a4.
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have been emplaced hot and fairly rapidly to form a single cooling unit
(Fig. 23) (Ross and Smith, 1961). The unusually large, flattened
spheroids found below the vitrophyre in the section near the Autunite
No. 8 Prospect (Fig. 22)”appear to be flattened bombs in a welded
matrix. Above the vitrophyre in this column aﬁ intensely vapor-phase-
altered zone occurs which, from the lithics found in the unit, may be a
pyroclastic unit (Fig. 17). V;por-phase alteration is commogly found
above.vitrophyres (Ross and Smith, i961).

Except for the drill core section, breccia zones are found at
thg base of the alkali rhyolite in the measured sections. These brec-
cias originated as talus apromns that commonly form around rhyolite flows
(Loney, 1968). As the flow advanced, the lava overrode part of the
talus apron, and much of the breccia talus became mixed to varying
degrees with the base of the lava flow (Cole, 1970; Fink, 1980). The
cohtact of the alkali rhyolite and the Stratified Tuff in the drill
section (Fig. 16) differs from the other sections in that the top of
the Stratified Tuff is fused. uThis difference may be related to the
temperature or the thickness, or both, of the overlying lava flows. The
present escarpments of ‘the Thomas Range, where the'other sections were
measured, may not have been eroded back significantly from the original
escarpments of the domes and flows that existed 6 m.y. ago and are
where cooler and thinner facies of a flow might be expected. Spheru-
litic devitrification is found in the alkali rhyolite, the vitrophyre,
and the breccia clasts to varying degrees at the tops ot all of the

sections.
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Mineralization in the Beryllium Tuff
and in the Stratified Tuff

The Beryllium Tuff

The beryllium mineralization in the Beryilium Tuff was recog-
nized by previous workers to be tabular in shape and td occur somewhat
below the overlying Porphyritic Rhyolite (Griffitts and Radef, 1963;
Staatz, 1963; Williams, 1963; Park, 1968; Shawe, 1968). Associated
with the beryilium mineralization at thé top of the tuff, anomalous
concentrations of F, Li, Mn, Pb, REE's, U, and Zn habe beeh described
(Griffitts and Rader, 1963; Park, 1968; Lindsey, 1979a). High uranium
concentrations apparentlyAdo not coincide with high beryllium concentra-
tions, and these data have been used in part to show that the highest
uranium values are displaced downward from the highest beryllium values
in the tuff (Lindsey, 1979a).

Two Bendix Field Engineering Corporation drill holes, number 6
and number 18, penetrate the Beryllium Tuff and have been analyzed for a
wide variety of eleménts (Morrison, 1980). Elements were analyzed for
from splits usually obtained from core intervale 10 feet (3.05 w) long
-and thus represeul averages. In order to illustrate elemental varia-
tions with deéth in the Béryllium Tuff, elemental concentrations at
midpoints of individual analyzed intervals were plotted against depth in
the following graphs. These graphs confirm.the existence of Be, f, Li,
Mn, Pb, U, and Zn anomalies at the top of the Beryllium Tuff in the
drill holes. The tuff in hole number 18 occurs from 497 to 689 feet
(151 to 210 m) and has anomalous beryllium (Fig. 29), fluorine (Fig.

30), lithium (Fig. 31), manganese (Fig. 32), lead (Fig. 33), U30g
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Figure 30. | ' Concentration of F (ppm) versus depth (feet)
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Concentration of Li (ppm) versus depth (feet)
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Figure 32. Concentration of Mn (ppm) vefsus depth (feet)
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Figure 33.0 Concentration of Pb (ppm) versus depth (feet)
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(Fig. 34), equivalent uranium, estimated concéptfation from séec;ro-
graphic gamma-ray measurements (Fig. 35), and zinc (Fig. 36) near the
top of the unit. Hole number 6 also has anomalous beryllium (Fig. 37),

fluorine (Fig. 38), U30g (Fig. 39), and equivalent uranium (Fig. 40) in
the upper part of the Beryllium Tuff, which was cored from 733 to 914
feet (223 to 279 m) in the hole. In both holes, equivalent uranium and

U30g anomalies are not displaced downward from the beryllium anomalies.

Park (1968) came to a similar conclusion from an analysis of five

sections. Equivalent uranium measurements made in hole number 6 every
6 inches (15 cm) from an in-hole gamma ray spectrometer by Bendix
Field Engineering Corporation shows a regular variation in uranium
content with a cycle of 5 to 7 feet (1.5 to 2.1 m) at the top of the
Beryllium Tuff from 726 to 756 feet (221 to 230 m) (Fig. 41)., Duc to
inaccuracies in depth measurements, the readings of the geophysical logs

aie displaced approximately 4 feet (1.2 m) upward from the drill core
(La Point, personal communication, 1980).

Further analysis of the data presented by Morrison (1980) re-
veals several additional elemental anomalies at the top of the Beryllium
Tuff pr;viously not described in the literature. Elemental depth
profiles for hole number 18 show arsenic (Fig. 42), niobium (Fig. 43),
tin (Fig. 44), and tungsten (Fig. 45) anomalies in the upper part of the
tuff. Niobium (Fig. 46) and tin (Fig. 47) are also anomalous at the top
of the Beryllium Tuff in hole number 6.

Some elements show no enrichment above background stratigraphic-
ally through the Beryllium-fruff. These include antimony (Fig. 48),

copper (Fig. 49), lanthanum (Fig. 50), molybdenum (Fig. 51), strontium
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Figure 34. r Concentration of U,O, (ppm) versus depth (feet)
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Figure 35. Concentration of eU (ppm) versus depth (feet)
Beryllium Tuff .
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Figure 36. Concentration of Zn (ppm) versus depth (feet)
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Figure 37.T Concentration of Be (ppm) versus depth (feet)
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Figure 38. _ Concentration of F (ppm) versus depth (feet) -94 —
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Figure 39. Concentration of U O8 (ppm) versus depth (feet)
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Figure 40 A, . Concentration of eU (ppm). versus depth -(feet)
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Figure 41. - C(mceni:tatibn of 'eU (ppm) versus depth (feet)
! from in-hole gamma-ray spectrometer measurements '
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Figure 42.] - -Concentration of As (ppm) versus depth (feet)
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Figure 43.T Concentration of Nb (ppm) versus depth (feet)
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Figure 44. Concentrétioﬁ of Sn (ppm) versus depth (feet)
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Figure 45. ) Concentration of W (ppm) versus depth (feet)
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Figure 46. Concentration of Nb' (ppm) versus depth (feet)
Beryllium Tuff :

, Drill hole number 6
=2 7 . ‘
IS 7T

->
g T
(ppm) ¢
= 1
= T

+
e
‘B = R f T d g N g 2
R T & & & & 1 e 5 F
i > p N T g i i T A o



284

-103 -
T
Figure 47. Concentration of Sn (ppm) versus depth (feet)
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Figure 48.}| .. . Concentration of Sb (ppm) versus depth (feet)
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Figure 49.r Concentration of Cu (ppm)' versus depth (feet)
Beryllium Tuff
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Figure 50. | . - Concentration of La (ppm) versus depth (feet) o
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Figure 51. Concentration of Mo (ppm) versus depth (feet)
Beryllium Tuff
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(Fig. 52), equivalent thorium (Fig. 53), and zirconium (Fig. 54) "as’

shown for hole number 18.

The Stratified Tuff

Until age dating of the Porphyritic Rhyolite by Lindsey (1978a),
tbe Spor Mountain Formation and the Topaz Mountain Rhyolite were consid-
ered to be coeval and the Beryllium Tuff and the Stratified Tuff were
not distinguished.. The Stratified Tuff has been recognized ‘as being
unmineralized, but no diagrams illustrating elemental concentration
variation with depth are in the literature.

For drill hole number 1 (Fig. 16), antimony (Fié. 55), beryllium
(Fig. 56), lead (Fig. 57), lithium (Fig. 58), manganese (Fig. 59),
niobium (Fig. 60), equivalent uranium (Fig. 61), and U30g (Fig. 62) show
no enrichment at thé top of the Stratified Tuff, as they do at the top
of the Beryllium Tuff. Zinc (Fig. 63) concentrations fluctuate widely
but show no enrichment at the top of the tuff. Fluorine shows a slight
enrichment at the top of the tuff (Fig. 64). Equivalent thorium,
estimated concentrgtion from spectrographic gamma-ray measurements (Fig.
65), and zirconium (Fig. 66), which show no enrichment at the top of the

Beryllium Tuff, also are not enriched at the top of the Stratified Tuff.

Conclusions

The topaz rhyolites associated with both tuffs, the numerous
.fluorspat mines in the Spor Mountain District, and the high concentra-
tion of fluurine at the top ot the Beryllium Tuff have directed previous
workers to:regard flgorihe as an important mineralizer in the Beryllium -

Tuff (Staatz, 1963, p. 34; Williams, 1963; Lindsey and others, 1973,
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Concentration of Sr (ppm) versus depth (feet)
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Figure 53. Concentration of eTh (ppm) versus depth (feet)
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Figure 54. Concentration of Zr (ppm) versus depth (feet)
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Figure 55. | Concentration of Sb (ppm) versus. depth (feet)
Topaz Mountain Rhyolite Tuff
Drill hole number .1
2 1 |
IEE. P !
lm -
(ppm) +
E‘Z. - F'S
w7
]

4
+
T
-+
L.
-
T
.
-

gﬁ

(feet)

IR,

s 1 S S

(N
LEYY
SIEIT
=1
A4,
FIFIA,
SICA
17313
peca §
A-tEY

I

-
-,
-



294

-113 -
Figure 56. Concentration of Be (ppm) versus depth (feet)
Topaz Mountain Rhyolite Tuff
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Figure 57.| @ Concentration of Pb (ppm) versus depth (feet)
Topaz Mountain Rhyolite Tuff
i Drill hole number 1
228,
1= 4
!m - A
(ppm) ¢ ' Y X /\\
AN A
m L} ’
L X
b t + } —- —+ + +——t —+ i
' (feet)
E - - K i i 5 5 W B
I i a B R J i B B N iy
- - - Y & ® 8 ) R f



296

~ 115 -~
Figure 58. Concentration of Li (ppm) versus depth (feet)
Topaz Mountain Rhyolite Tuff :
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Figure 59. "Concentration of Mn (ppm) versus depth (feet)
Topaz Mountain Rhyolite Tuff
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Figure 61. Concentration of eU (ppm) versus depth (feet)
Topaz Mountain Rhyolite Tuff :
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Figure 62. Concentration of U308 (ppm) versus depth (feet)
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Figure 63.. Concentration of 2Zn (ppm) versus depth (feet)
Topaz Mountain Rhyolite Tuff
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Figure 64. Concentration of F (ppm) versus depth (feet)
Topaz Mountain Rhyolite Tuff
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Figure 65. + Concéntration of eTh (ppm) versus depth (feet)
Topaz Mountain Rhyolite Tuff
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Figure 66. Concentration of Zr (ppm) versus depth (feet)
Topaz Mountain Rhyolite Tuff .
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é. 17; Lindséy, 1979a; p. 77). Fluoride complexes are thbught‘to have
formed with beryllium and other metals in solutions which moved through
the Beryllium Tuff. A change in . pH and fluoride ion activity in these
solutions, brought about by the carbonate lithics of the Beryllium Tuff
reacting with fluorine to produce fluorite, is geﬁerally accepted asA
the mechanism for the formation.of the beryllium deposits in the tuff
(Staatz, 1963; Williams, 1963; Shawe, 1968; Lindsey, 1979a).

The secondary processes which have acted to alter and mineral-
ize the Beryllium Tuff failed to take place in the Stratified Tuff.
Both tuffs are associated with topaz rhyolites and were emplaced by
similar mechanisms. The lack of dolomite lithiés in the Stratified Tuff
is perhaps the most significant primary difference between the two
tuffs. Any fluorine-enriched mineralizing solutions moving through the
Stratified Tuff would probably not be greatly altered in pH, and the
mechanism proposed for ore genesis in the Beryllium Tuff could not
occur. The slight fluorine anomaly at the top of the Stratified Tuff in
hole number 1 (Fig. 64) is probably associated with the fused tuff also
feCOgnizeq at tﬁe top of the tuff (Fig. 16).

The small-scale cyclic variations in equivalent uranium (Fig.
41) may represent lithié concentrations in the bases of thin ignimbrites
not recognized due to poor preservation at the top of hole number 6
(Fig. 4). It is significant that the maximum concentration of equiva-
lent uranium occurs in the uppermost cycle, because this mirrors on
a small 4sca1e the elemental anomalies recognized at the top of the
Beryllium Tuff in Figures 34, 35, 39, and 40 for U308 and equivalent

uranium. These dé;a differ are inconsistent with interpretation of
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Lindsey (1979a) in'tha§ uranium is not displaced from beryllium (Figs.
29 and 37). Apparently the process (or processes) which displaced
uranium from beryllium did .not :;u:t' equally everywhere in the tuff.
Whether this displacive process (or processes) was associated with a
primar& mineralizing episode in the Beryllium Tuff of with later second-
ary groundwater mobilization is not clear from this study.

The restriction of elemental anomalies to the top of the Beryl-
lium Tuff constrains the location of the fluid migration which mineral-
ized the tuff. From the measu;ed sections, ignimbrites with carbonate
lithics are common through the stratigraphic thickness of the‘ tuff
(Figs. 4 and 5), and although its concentration varies, calcium is also
abundant through the stratigraphic thickness of the tuff in drill holes
6 and 18 (Figs. 67 and 68), The amount of calcium in the Beryllium Tuff
reflects the original calcium carbonate abundance, because the lime
content of the Porphyritic Rhyolite is low, less than one percent
(Appendix 4). Except for the welded bomb bed in the Taurus Pit, second-
ary compactio; welding processes seem not to have affected the Beryllium
Tuff. So, no apparent permeability or porosity controls for fluid
migration and no calcium concentration variations exist in the Beryllium
Tuff that would restrict the mineralization to the top of the tuff.

Petrography and Petrology of the Porphyritic
Rhyolite and the Alkali Rhyolite

Glassy Rocks

The Alkali Rhyolite vitrophyres commonly have 10 to 20 percent

phenocrysts, although the alkali rhyolite of Antelope Ridge contains 37
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Figufe 67. Concentration of Ca (pet) versus depth (feet)
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percent phenocrysts (Lindsey, 1979a; Turley and others, 1579). The most
abundant phenocrysts are the alkali feldspars (Ab340rg3-AbsgOrsy)
(Turley and others, 1979). .After quartz, unzoned plagioclase is the
next most abundant phenocryst and has an average composition of Abj4Any7
(Turley and others, 1979). Both feldspars are low in barium, no more
than 0.04 percent (Turley and oﬁhers, 1979). Red-brown biotites are
the least abundant major mineral (Lindsey, 1979a). Accessory‘éphene
and zircon occur in the vitrophyres (Turley and others, 1979)L. Ferro-
hastingsité is also an accessory phase in the vitfophyres (Appendik.l).
The plagioclase are commonly mantled by alkali feldspars. The glassy
matrix is flow-banded, and smali ac;cular crystallites define the
flow-banding. Feldspar thermometry after Stormer (1975) indicates a
mean equilibrium temperature of 720°C at 100 bars (Turley and others,
1979).

The Porpﬁyritic Rhyoiite contains approximately 40 percent
phenocrysts (Lindsey, 1979a). Subhedral alkali feldspars are the most
common phenocrysts in the vitrophyre of the Porphyritic Rhyolite and
range in composition ‘from Ab42An)0rg7 to AbgieAn]Ors5s (Appendix 2).
The next most abundant phenocrists are embayed quartz.A Anhedral to
subhedral unzoned plagioclases that have an average compositiqn of
Abg1AngOr]] are the third most abundant phenocrysts in the vitrophyre
(Appendix 2). The feldspars have low barium contents (< 0.04 percent).
The least abundant major phenocryst is dark brown subhedral to euhedral
biotite. Minor amounts of zircon are also found. Plagioclase mantles
biétife and alkali feldspar mantles plagioclasé in the vitrophyres.

Flow-banding 1is poorly developed in the vitrophyres and is defined by
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acicular crystallites. Figure 69 shows microprobe analyses of the
feldspars plotted on a ab-or-an diagram., Two-feldspar geothermometry of
the Porphyritic Rhyolite gives a mean equilibrium temperature of 681°C
at 100 bars (approximately 0.3 km) and increases 12°C if an equilibrium

\

pressure of 1 kbar is assumed (Fig. 70).

Crystalline Rhyolites

The holocrystalline porphyritic facies of the Alkali Rhyolite
and the Porphyritic Rhyolite are quite distinct petrographically and in
outcrop. Outcrops of crystalline Alkali Rhyolite in the Thomas Range
have a characteristic honeycomb weathering pattern, whereas the Porphy-
ritic Rhyolite is massive appearing in outcrop.

The felsophyric or holocrystalline porphyritic facies of the
Alkali Rhyolite in thin section has phenocrysts similar to those of the
vitrophyric facies except that some biotites are ragged in outline.
Spherulites and lithophysae are common in the groundmass and are often
surrounded by anhedral crystals of quartz and alkali feldspar (20 um)
with an allotriomorphic-granular texture. Topaz, garnet, and beryl are
mainly restricted to the lithophysae, but groundmass topaz does occur.
Acicular crystallites and oxi?es persist in the microcrystalline ground-
mass and sometimes define flow-banding. Some light green chlorite is
found in the groundmass. Argillization of the groundmass is evident in
some thin sections. The felsophyric facies of the Alkali Rhyolite is
dominated by spherulites or lithophysae or both, and varying amounts
of allotriomorphic-granular texture quartz and alkali feldspar occur

between these features.
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CaAl,Si, 0O

NaAlSi308 I ‘ KAlSi308

Figure 69, Ternary composition of phenocryét feldspars
in the Porphyritic Rhyolite.
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Figure 70. Two-feldspar geothermometry of the Pbrphyritic Rhyolite

(after Stormer, 1975).
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The felsophyric facies of the Porphyritic Rhyolite has a
hypidiomorphic-granular to microphenocrystic texture and is formed of
quartz, alkali feldspar; and ubiquitous biotite, all 20 to 40 ym in
diameter. Phenocrysts in the felsophyres are similar to those found in
the vitrophyres except that biotites are typically altered to oxides and
rimmed by secondary biotites similar to those found in the groundmass,
and that the phenocrysts occasionally have scalloped borders. The
groundmass lacks spherulitic and lithophysal textures, but miarolitic
cavities occur. No crystallites are present in the groundmass. Dark
red inclusions, up to 6 inches (15 cm), surrounded by white haloes which
contain megascopic topaz in cavities, are common in the felsophyric
facies of the Porphyritic Rhyolite (Fig. 71). Occasionally these
inclusions are elongate, but usually they are subrounded in outline.
A distinctive feature of these inclusions is their large plagioclase
phenocrysts (Appéndix o) Topaz is common in the groundmass of the
Porphyritic Rhyolite and occurs both as rosettes, in which individual
crystals reach 0.1 mm, projecting into miarolitic cavities, and as
spongy inclusion-rich crystals. The miarolitic topaz appears to be a
result of vapor-phase processes. The groundmass texture of the Porphy-
ritic Rhyolite has been classified as a granophyric texture in other
rhyolite lava flows (Henry and Tyner, 1978), and is distinctly different
from the dominantly spherulitic and lithophysal textured groundmass of

the Alkali Rhyolite.
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Figure 71. Mafic inclusion 1n Lhe Purphyritic Rhyolite expésed at the
Blue Chalk Pit. Note white halo around inclusion and large
phenocryts within the inclusion.
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Major Element Geochemistry

Major element geochemistry of the Porphyritic Rhyolite and the
Alkali Rhyolite (Appendices 3"4’ and 5) shows them to belong to the
high-silica rhyolite class of the western United States (Christiansen
and Lipmann, 1972; Evans and Nash, 1978; Elston énd Bornhorst, 1979).
Typical of this class afe silicé values greater than 72 percent, high
total alkalis, low 1ime,<low magﬁesia, and low titania. For the Porphy-
ritic Rhyolite, the mean and standard deviation for silica 73;93 (0.82)
percent, total alkalis 8.82 (0.46) percent, lime, 0.61 (0.27) percent,
magnesia 0.11 (0.06) percent, and titania 0.05 (0.01) percent of the
analyses are representative of the high-silica rhyolite class. Simi-
larly, for analyses of the Alkali Rhyolite, the mean and standard
deviation for silica 75.60 (0.71) percent, total alkalis 8.79 (0.22)
percent, lime 0.83 (0;37) percent, magnesia 0.15 (0.07) percent,
and titania 0.14 (0.09) percent are typical of those for the high-
silica rhyolite class. These have been called rare metal rhyolites by
R. Wilson (personal communication, 1980). Both the Porphyritic Rhyolite
and the Alkali Rhyolite are classified as borderline between alkali-sod;-
rhyolite an& rhyolite from the scheme of Rittmann (i952). Because of
the topaz in the mode of both rhyolites, these rocks also belong to a
little-sﬁudied suite of topaz rhyolites that occur in the western United
States and Mexico (Shawe, 1976; Burt and Sheridan, 1980).

Vitrophyres of the two rhyolites can be distinguished from their
‘major element geochemistries. Silica, alumina, titania, magnesia, and
fluorine contents of the vitrophyres are distinct and characterize each.

rhyolite. The Alkali Rhyolite has greater silica, magnesia, and titania
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than the Porphyritic Rhyolite with comparative mean values.at 75.89
(0.53) percent and 73.12 (0.86) percent for silica, respectively, 0.10
(0.04) percent and 0.06 (0.02) percent for magnesia, respectively, and
0.14 (0.07) percent and 0.05 (0.01) percent for titania, respectively
(with some data from Turley and others, 1979). The Porphyritic Rhyolite
has greater alumina and fluorine than the Alkaﬁi Rhyolite, with com-
parative values at 13.39 <0.42) percent and 12.53 (0.41) percent for
alumina, respectively, and 1.19 (0.31) percent and 0.23 (0.08) percent
for fluorine, respectively (with some data from Turley and others,
1979). The fluorine content of the vitrophyre from the well-known 28
m.y. old topaz rhyolite at Nathrop, Colorado, is-only 0.17 percent (Van:
Alstine, 1969, Zielinski and others, 1977), and the average for all
high-silica rhyolites (alkali rhyolites) in the western United States is
0.22 percent (Shawe, 1976).

Normative determinations from the geochemical analyses of both
rhyolites also distinguish them. When fluorine is considered in the
norms, all of the fluorine is first combined with the calcium to produce
fluorite, and for these low-calcium rocks diopside and often anorthite
disappear from the norm and all rocks become corundum-normative (Appen-—
dix 6). Because anorthite is a component in the feldspars from both
rhyolites (Appendix 2) (Turley and others, 1979) and fluorite has not
been idéntified in the mode of either vitrophyre, it would seem that
fluorine does not combine with calcium, at least early in the crystal-
lization of a melt, and it seems justified to compare the norms of the
rhyolites on a fluorine-free basis (Appendix &4 and 5). Following

this procedure, the norms from the Porphyritic Rhyolite are mostly
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corundum-normative, and the norms from tﬁe Alkali Rhyolite are mostly
diopside-normative. Obviously, this reflects differences in the lime
and alumina contents of both rocks. Plots of norﬁative qt—-ab-or for the
Porphyritic Rhyolite (Fig. 72) and for the Alkali Rhyolite (Fig. 73)

fall near the water-saturated granite minimum at 1 kbar.

Minor Element Geochemistry

The beryllium, lithium, rubidium, tin, and uranium abundances in
the vitrophyres of the Porphyritic Rhyolite and of the Alkali Rhyolite
a;;‘éistinctive and fall intovseparate groups (Appendices 7 and 8) (some
data from Turley and others, 1979). A comparison of the vitrophyres\
of the Porphyritic Rhyolite and of the Alkali Rhyolite shows that the'
former is enriched in beryllium 63 (17) ppm versus 7 (3) ppm, lithium 90
(14) ppm versus 33 (16) ppm, rubidium 1,015 ppm versus 376 (170) ppm,
tin 30 ppm versus 2 ppm, cesium 56 ppm versus 10 (4.8) ppm, tangalum.
25 ppm versus 4 (1.6) ppm, thorium 66 ppm versus 48 (12) ppm, zirconium
775 ppm versus 577 (65) ppm, gnd uranium. 37 ppm versus 16 (6.7) ppm,
compared to the latter. Strontium in both vitrophyreé is about 5 ppm.
Chondrite-normalized ratios of lanthanum to ytterbium for two analyzed
samples of the Porphyritic Rhyolite differ slightly, being 2.46 and
2.52, whereés for the Alkali Rhyolite ;his ratio varies from 1.24 to
12.1 (Appendices 7 and 8). The heavy rare-earth elements are enriched
in the Porphyritic Rhyolite witﬁ respect to the Alkali Rhyolite (Appen-
dices 7 and 8). |

When only the felsophyres of the Alkali Rhyolite and of the

Porphyritic Rhyolite are compared, the relationship between beryllium,
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Figure 72.

CIPW normative qt-ab-or composition of the
Porphyritic Rhyolite on a fluorine free basis.
Dashed line is 1 kbar water-saturated equilibrium
curve (Tuttle and Bowen, 1958).
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CIPVW normative qt-ab-or composition of the

Alkali Rhyolite on a fluorine free basis.

Dashed line is 1 kbar water-saturated equilibrium
curve (Tuttle and Bowen, 1958). .
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fluorine, and uranium in the two rhyolites is changed (some data from
Lindsey, 1979a, and Turley and others, 1977). The magnitude of the
difference between beryllium 12 (é) ppm versus 8 (3) ppm, and fluorine
0.61 (0.17) percent versus 0.19 (0.07) percent, in the Porphyritic
Rhyolite and the Alkali Rhyolite, respectively, is smaller. Uranium
in felsophyres from tt_:é Alkali Rhyolite, 16 (4) ppm, is greater than
in felsophyres from the Porphyritic Rhyolite, 14 (3) ppm, and this

relationship is reversed from that in the vitrophyres.
Conclusions

Origin of the Beryllium and Uranium
Mineralization in the Spor
Mountain District

If the vitrophyres of the Porphyritic Rhyolite aund the Alkali
Rhyolite can be construed to be similar in composition to the parent
lava, then differences in elemental concentrations between respective
vitrophyres "and felsophyres may represent losses or gains upoﬁ for-
mation of a crystalline matrix. A comparison of vitrophyres and
felsophyres from the Porphyritic Rhyolite exhibits changes of 51 ppm
beryllium, 0.58 percent fluorine, and 23 ppm uranium. In the Alkali
Rhyolite, the vitrophyres and felsophyres have differences of O ppm
in beryllium, 4 ppm in fluorine, and 6 ppm in uranium,. In volcanic
complexes with large elemental differences between vitrophyres and
felsophyres, ore deposits are sometimes formed (Shatkov and others,
1970).

Whether or not uranium is lost from a rhyolite crystallizing on

the surface is dependent upon what crystallization mechanisms operated
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during solidification. Two high-temperature surface crystallizétion
phenomena - in rhyolites have been fecognized: high-temperature glass
devitrification forming spherulitic textures, and granophyric-crystal-
lization forming hypidiomorphic-granular textures (Henry and Tyner,
1978). Spberulitic textures are favored by undercooling and low nuclea-
tion densities (Henry and Tyner, 1978). Little or no uranium loss is
associated with spherulitic crystallization, whereas granophjric tex-
tures ‘are found in rhyolites which have lost uranium (Henry and Tyner,
1978). Uranium can be trapped in a crystallizing rhyolite by accessory
minerals (Shatkov and others, 1970); however, granophyric crystalliza-
tion may be associated with the separation of a fluid phase rich in -
volatile uranium complexes, and the loss of such complexes from the melt
could prevent the incorporation of uranium into accessory minerals. Be-
sides uranium loss ﬁpon surface crystallization, fluorine and beryllium
have been shown to be depleted in some crystalline rocks compared to
their related vitrophyres (Noble and others, 1967; Shatkov and others,
1970; Zielinski and others, 1977).

The telvttures‘and the elemental differences found bet&een the
felsophyres and the vitrophyres of the Porphyritic Rhyolite and of the
Alkali Rhyolite are consistent with the preceding discussion. The
Porphyritic . Rhyolite with a granophyric texture has high elemental
differences compared to its vitrophyre, and the Alkali Rhyolite with a
spherulit{c texture has very low elemental differences compared to its
vitrophyre. |

Large differences in beryllium, £luorine, and wranium in the’

felsophyric facies Pbrphytitic Rhyolite may ultimately be related to
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the chemistry of the lava. Fluorine and hydroxyl ions both lower
viscosity, but hydroxyl ioms, which are charged into a vapor phase at
higher temperatures than fluorine ions in granitic melts (Bailey, 1977),
are rapidly lost on eruption. Persisting lowered viscosity would favor
a higher nucleation density in the more fluorine-enriched lava, because
diffusion would be increased. Water and fluorine are also known to
depress the melting point of gramitic composition, and a loss of water
to the vapor phase in a flﬁorine-enriched lava probably would not
increase the temperature of thé solidus enough to cause undercooling.
These factors, high nucleation densities and persisting lowered solidus’
temperatures, presumably promoted granophyric textures over spherulitic
textures in the Porphyritic Rhyolite. The high fluorine concentration
very likely promoted the formation of complex flunride ions of uranium
and beryllium which may have prevented their entry into accessory
minerals (Shatkov and others, 1970; Rosholt and others, 1971). These
fluoride complexes may have escaped in a fluid phase as crystallization
occurred. Even under anhydrous conditions, wminimum melting in the
system BeF,-UF4~NaF occurs at temperatures as low as 339°C (Eichelberger
and others, 1963).

The lithophysal and spherulitic textures found in the Alkali
Rhyolite are probably related to the apparent lower fluorine content of
its lava. The two-feldspar equilibrium temperatures of the Alkali
Rhyolite and the Porphyritic Rhyolite indicates that the Alkali Rhyo-
lite's parent melt equilibrated at a higher temperature, 720°C, than the
Porphyritic Rhyolite's parent melt, 680°C. This is consistent with its

apparently lower fluorine content compared to the Porphyritic Rhyolite,
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as fluorine is known to lower the melting temperatures of granitic melts
(Bailey, - 1977). ‘A higher equilibrium temperature may indicate a higher
temperature of extrusion for the Alkali Rhyolite. Although water is
known to lower viscosities of‘granitic magmas, lithophysae found even in
the vitrophyres of the Alkali Rhyolite indicate that the water was lost
rapidly upon cooling. Lithophysae can result from high vapor pressures
of water in a lava, because they represent a frozem sequence of inter-
mittent bubble expansion. When water loss occurred .from the Alkali
Rhyolite lava, the apparently lower fluorine content of the lava re-
sulted in a rapid increase in both the viscosity and the temperature of
the solidus of the‘rhyolitic lava. These rapid changes in the lava'g
physical properties proﬁoted the formation of spherulitic undercooling
textures. Without the separation of a fluid phase, thought associated
with the formation of granophyric textures, the acicular ctystallites
and oxides found in the felsophyres of the Alkali Rhyolite may have
trapped much of the original uranium in the lava.

In a tuff-rhyolite sequence such as the Spor Mountain Formation,
mineralizing fluids have been postulated to move laterally through the
tuff and to be restricted to the top of the tuff, because the capping
rhyolite could have acted as a heat source, which would have elongated
circulation cells formed around the cooling vent complex of these rocks
(Burt and Sheridan, 1980). The present stratigraphic thickness of the
Beryllium Tuff, 20 to 60 m, and of the Pofphyritic Rhyolite, up to
500 m, indicates that this tuff-rhyolite sequence probably was an
imposing constructionai feature on the landscape 21 m.y. ago, soméwhat'

similar to the moderately dissected Thomas Range of today in both areal
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extent and stratigraphic height. For any circulation cell model to work
in this sequence, such as postulated by Burt and Sheridan (1980) for
some tuff-rhyolite sequences, the water table would have had to rise to
the top of the Beryllium Tuff before significant cooling had occurred in
the Porphyritic Rhyolite. The only outcrop of the Beryllium Tuff which
is suggestive of subaqueoﬁs deposition is exposed in the Yellow Chief
Mine, where the beﬁtonite facies (Lindsey, 1979a, p. 33) overlies an
epiclastic volcanic sediment. Fluid migration up into the Beryllium
Tuff via fault conduits as proposed by Staatz (1963) and Shawe (1968)
lacks evidence such as mineralized faults in the Beryllium Tuff (Park,
1968) and a mechanism whereby mineralization would be restricted to the
top of the tuff, as no apparent mineralization controls exist in the
tuff itself,

Because the Porphyritic Rhyolite was emplaced over a permeable
and porous unaltered Beryllium Tuff, there is no reason to require that
all fluids expelled from the Porphyritic Rhyolite need to have migrated
upward, as is proposed for fluids which commonly produce vapor phase
alteration in tuffs above densely welded ignimbrites. The type of fluid
with fluorine-complexed ﬁetal ions postulated to be mobile during
surface crystallization of rhyolites (Shatkov and others, 1970; Rosholt
and others, 1971) is very similar to the type of fluid suspected of
mineralizing‘the Beryllium Tuff. Alternately, the formation of a fluid
phase charged with fluorine-complexed metal ions may have prevented the
entry of these metals into insoluble accessory minerals in the Porphy-
ritic Rhyolite and instead placed them into readily leachable compounds.

Ground waters percolating down through the Porphyritic Rhyolite into the
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Beryllium Tuff and leaching these compounds may then be responsible for
thé mineralization at the top of the tuff. Mass balance calculations
show that, assuming 51 ppm loss of beryllium from the 548 feet (167 m)
of Porphyritic Rhyolite presently existing above the'Béryllium Tuff in
hole number 6 (Fig. 4), sufficient beryllium is derivgd to mineralize
the top of the tuff to an average grade of i,154 ppm be{yllium as
calculated from drill hole information (Fig. 37) (Appendix 9). This
model neglects lateral fluid migration and the amount of eroded Porphy-
ritic Rhyolite, so these conclusions give a minimum estimate of the
amount of beryllium avaiiable for mineralization. Analogous calcula-
tions for fluorine and uranium demonstrate -that more than adequate
quantigies of these elements were available to mineralize the tuff
(Appendix 9). The excess uranium and fluorine produced by the surface
crystallization of the Porphyritic Rhyolite may have mixed with ground-
water and mineralized the Yellow Chief sediments. Although Lindsey
(1979a) reports no fluorine anomalies associated with the ore lenses of
the Yellow Chief Mine, flﬁorite has been identified as an accessory
mineral (Bowyer, 1963). Alternately, wéathering of local voleanic rocks
may have released uranium into the groundwaters which mineralized these
sediments,

The unmineralized Stratified Tuff lacks carbonate clasts and
is pverlain by Alkali Rhyolite which is spherulitié and lithophysal.
Hence, the surface mechanisms which produced the mineralization in
the Spor Mountain formation did not occur in the Topaz Mountain Rhyo-

lite. Of course, the Alkali. Rhyolite, although'anomalous in beryllium,’
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fluorine, and uranium, is much depleted in these elements compared to
the Porphyritic Rhyolite.
Petrogenesis of the High-Silica

Rhyolites at the Spor
Mountain District

In the regional volcanic and tectonic syntheses of Christiansen
and Lipman (1972), Eaton (1979), and Elston and Bornhorst (1979), the
generation of the high-silica rhyolite clan in the western United States
has been related to regional extension. Regional extension 1is now
thought to have oqcurred in two episodes. From 30 to 20 m.y. ago,
crustal rifting was associated only with extension behind a calc-alkalic
volcanic arc, but for the past 20 m.y. crustal extension has been
related both to transform shearing spreading northward associated with
movement along the San Andreas Fault, which produced a pronounced
episode of block faulting between 7 and 4 m.y. ago, and with waning
back-arc rifting (Eaton, 1979). High=-silica rhyolites were emplaced
during both periods of crustal extension (Elston and Bornhorst, 1979).
These rhyoiites are thought to be produced by hot mafic magmas rising
into the crust in response to extensional faulting that induced partial
melting of the lower crust (Elston and Bornhorst, 1979).

The Spor Mountain District is located in an area identified by
Prodehl (f979) in west-central Utah as a semicircular region of anoma-
lously thin crust and in a region of anomalously high heat flow (Darling
and Chapman, 1979). These two conditions are favorable for relatively
shallow crustal fusion, although the age of these anomalies is not

known.
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Some constraints on the possible source region for the Porphy-
ritic Rhyolite and the Alkali Rhyolite can be gained from their major
element geochemistries. The Porphyritic Rhyolite is peraluminous
because of the corundum that appears in its fluorine-free norms, and the
alkali rhyolite is metaluminous because of the diopside that appears in
its fluorine-free norms. Carmichael and others (1974, p. 265) maintain
that it is difficult to generate a'peraluﬁinous melt by normal crystal
fractionation in a granitic melt and that peraluminous granitic melts
afé the products of the partial fusion of aluminum-rich source regions!
The two-mica granites, granite gneisses, metaquartzites, and mige
séhists that outcrop in the Precambrian of Granite Mountain have been
pfoposed as a possible source for Fhe Porphyritic and Alkali Rhyolites
because of Tertiar§ lithopﬂile element-rich pegmatifes which cut these
Precambrian rocks (Moore and Sorensen, 1978). These mica-rich Precam-
brian rocks and similar rocks exposed in the Simpson, Sheeprock, and
Dé;ert Mountains would have been. ideal source type material for the
21 m.y. old and the 6 to 7 m.y. old topaz rhyolites also because of
their aluminum—fich nature.

The F/OH ratios of micas in the parent material for the topaz
rhyolites very likely were increased when they were heated by thermal
events associated with the generation of the Drum Mountains Rhyodacite,
the Mt, Laird Tuff, the Joy Tuff, and the Dell Tuff. Experimental
evidénce has shown that the fluoride ion is partitioned into par-
gasite over the hydroxyl ion relative to a basaltic melt (Holloway
and Ford, 1975). The partitioning of fluoride and hydroxyl iomns into’

micas relative to a granitic melt may be analogous to the pargasite
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determinations, as it has been demoﬂstra;ed that fluoride is parti-
tioned into micas over hydroxyl and chloride relative to a fluid phase
(Carmichael and others, 1974, p. 315; Fuge, 1977). Thus, successive
melt-biotite equilibriums in the source rocks for the Spor Mountain
District's pretopaz rhyolite volcanic rocks may have increased the F/OH
ratios of the residual micas.

When rising isotherms and thinning crust 21+ m.y. agn allowed a
mafic magma to entér these fluorine—rich'micaceous rocks, a peralumi-
nous, fluorine-rich melt was generated that was the parent of the
Porphyritic Rhyolite. A second thermal event associated with the
generation of the parent melt of the Alkali Rhyolite may have partially
remelted the same source rocks, due to the close spatial association of
the two rocks. If so, the 21+ m.y. old partial melting event probably.
depleted the source material in modal mica, and the second partial
melting event, around 6 to 7 m.y. ago, produced a metaluminous melt
poorer in fluorine than the first. Alternatively, melting of crustal
material originally poorer in micas and richer in feldspars may have
occurred when the parent melt of the Alkali Rhyolite was generated.
Because HF is known to both lower the melting temperature and decrease
the viscosity of granitic melts, high temperatures or large quantities
of melt need not be required to generate these melts (Bailey, 1977).
Although the volatile-rich magma chamber caps, which produced the
pyroclastics beneath these two rhyolite lavas, may have been generated
by the interaction of the magma with groundwater, the possibility also
exists that volatilgs were concentrated in the upper part of the magma

chamber by liquid-state differentiation (Hildreth, 1979).
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The high rubidium contents of both vitrophyres is consistent
with their derivation from a source region rich in micas and alkali
feldspars, and the low barium and strontium concentrations probably
reflect the melts' equilibrium with alkali feldspars in the magmas'
source rocks. The large europium anomalies of the Alkali Rhyolite and
of the Porphyriti'c Rhyolite (Appendices 7 and 8) (Figs. 76 and 77) may
be interpreted as a result of both rhyolitic magmas having been in
equilibriﬁm with feldspars. Because of the common interrelationship in
micas of high fluorine and high lithium values, the residual fluorine-
enriched micas postulated in the source region of the rhyolites may
have also been enriched in 1lithium. As the Precambrian granite and
metasedimentary terrain of Granite Mountain is anomalous in other
lithophile elements, the postulated fluorine-enriched micas and other
phases such as beryl and zircons may have been host in the source rock
for the other anomalous elements such as- beryllium, tin, and uranium
found in the two rhyolite lavas.

The effects of crystal fractionation and liquid-state differen-
tiation on the parent magmas of the Porphyritic and Alkali Rhyolites
are difficult to evaluate. The Alkali Rhyolite's geoci’xemistry seems to
i.ndicate magmatic evolution by a liquid-state differentiation process
(Hildreth, 1979). As evidence, a comparison of the chondrite-normalized
rare-earth patterns kl"ig. 77) and the major element geochemistries
(Appendix 5) of a stratigraphically older(?), 6la, to a stratigraphic-
ally younger(?), 42, vitrophyre (Lindsey, 1979a) shows a respective: (1)
flattening of the rare-earth patterns and an increase in the e'uropium-

anomalies, (2) increase in the Na/K ratios and manganese concentrations,
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and (3) decrease in the phosphorus and magnesium concentrations. These
factors are considered diagnostic of liquid-state differentiation by
thermogravitational diffusion (Hildreth, 1979, p. 71). The change in
geochemistry of the various flows and domes of Alkali Rhyolite m;y have
been related to the periodic leaking of a differentiating magma chamber.
Simply from a consideration of incompatible trace elements such as
beryllium, cesium, lithium; rubidium, uranium, and zirconium in the twn
topaz rhyolites, the greater abundance of these elements in the Porphy-
ritic Rhyolite with respect to the Alkali Rhyolite implies that the
Porphyritic Rhyolite has undergone a much greater degree of liquid-state
differentiation or crystal fractionation, or both, than the Alkali
Rhyolite. The relative amounts of fluorine, magnesia, and titamia in
the two rhyolites are consistant with this interpretation. But the
greater amount of silica in.the Alkali Rhyolite than in the Porphyritic
Rhyolite is difficult to evaluate because both mechanisms would be
expected to increase silica. Silica may be depleted from an acid melt
by partitioning into a fluid phase such as SiF,; according to the reac-
tion 4NaF + S8i0g = SiF4 + 2Nag0 (Kogarko and others, i968; Lamarre and
Hodder, 1978). These considerations lead me to believe that, although
crystal fractionation and liquid-state differentiation may have modified
each of the two melts, the much greater enrichment of the Porphy;itic
Rhyolite in beryllium, fluorine, lithium, tin, and uranium relative to
the Alkali Rhyolite cannot be attributed entirely to these mechanisms
and must reflect differences in source regions.

The tectonic setting and the geochemistry of the two topaz rhyo-

lites in the Spor Mountain District place them in a suite of gramitic
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rocks termed R-type granites (White, 1979) due to their proposed origin
from a residual source ?ock (A-type in the terminology of some authors:
Loiseile and Wones, 1979). The following discussion is taken largely
from White (1979). R-ﬁype granites are formed late in the history of
orogenic belts, and thus the tectonic setting of the Porphyritic Rhyo-
lite and the Alkali Rhyolite is consistent with this characteristic in
that they are associated with extension that occurred in the waning
stages of‘or ;ftef the early Tertiary Andean style orogeny in the
western United St;tes. The major element geochemistries of R-type
granites are characterized by low calciuﬁ, high total alkalis; higﬁ
fluorine, and high silica. A.ploﬁ of gallium versus alumina (Fig. 74)
and a plot of soda versus potash (Fig. 75) characterize R-type granites
and include the topa; rhyolites of the Spor Mountain District. Like the
Porphyritic Rhyolite and the Alkali Rhyolite, R-type granites are also
characterized by an abundance of ‘lithophile elements (Loiselle and
Wones, 1979). Chondrite-normalized rare-earth elemeng patterns for tﬁe
Porphyritic'Rhyolite (Fig. 76) aﬁd the Alkali Rhyolite (Fig. 77) have
large europium anomalies but are enriched in the remaininé lanthanide
series elements. = This pattern is typical of R-type granites. Accord-
ing to White (1979), the volcanic equivalents of R-type granites are

commonly glassy and form lava flows as well as ash flows.



332

- 151 -~

60
[
50 ¢ ,
PR
s ¢ 1
=2
& 307 [
o
4] d
ALK .
——
20 ¢
[R-type] L
10 + P
JUPRS - ’ .\'lft\]?e\ —————— -
12 14 16 18
Al
203 (pcrt)
Figure 74. Gallium versus alumina in R-type and I-type

granites (modified from White, 1979; with

some data from Lindsey, 1979a). PR = Por-
phyritic Rhyolite Mean Composition, ALK =

Alkali Rhyolite Mean Composition, Error Bars
= 1 std. dev.



Nazo (pct)

PR

[R-type]

o [s-type]

PR = Porphyritic Rkyolite Mean Composition
ALK = Alkali Rhyolite Mean Composition
Error Bars = 1 std. dev.

......

ALK

4

3 4

24

1 4
Figure 75.

1 2 3 4 5
K20 (pect)

L o
-

Soda versus potash in various granite .types. (modified from White, 1979;

with some data from Staatz and Carr, 1964)

- 761 -

gee



Element/Chondrites*

334

- 153 -
300 + 3

1001+

E _ e
35

10
- 3] ~—~—— -

_

1T
3 { ] ] ] 1 1 { |
La Ce Nd Sm Fu Th Yh Lun

Figure 76. Chondrite-normalized rare-earth concen-
trations for the Porphyritic Rhyolite.
*Normalized to 0.833 X Leedey chandrite
- - values (Masuda and others, 1973; G. Goles

personal communication, 1980)



Element/Chondrites*

1004

—
o
i

LRI

LEE LR L

T

Vv iTd

L1

335
-154 -

(%)

La Ce

Figure 77.

Nd Sm Eu Tb Yb

Chondrite-normalized rare-earth con-
centrations for the Alkali Rhyolite.
*Normalized to 0.833 X Leedey chondrite
values (Masuda and others, 1973; G. Goles

personal communication, 1980)



336

SUGGESTIONS FOR FURTHER RESEARCH

Much insight into the genesis of the topaz rhyolites and the ore
deposits of the Spor Mountain District might be gained if additional
investigations were directed at understanding some of the fundamental
problems related to fluorine-enriched volcanic rocks. The paucity of
information available on the behavior and effects of fluorine in silicic
melts points toward the great need for more researéh in this area.
Fluorine's properties as a mineralizer certainly warrant furthe; ex—
perimental attention. Perhaps related to fluofine's properties as a
mineralizer is how different fhyolitic lava solidification processes,
such as granophyric crystallization and spherulitic devitrification,
bear upon the release of uranium and other elements. The distribution
of topaz rhyolites, their ages,'and their geochemistries may shed some
light on how this suite of rocks fits into the volcanic and tectonic
evolution of the western United States. Recognition of the intrusive
equivalents of topaz rhyolites and tﬁeir related mineralization would
aid both in the understanding of fluorine-enriched magmatism and in
evaluating the potential of topaz rhyolites as ore deposit exploration
guides.

Further studies of the Spor Mountain District would certainly
include mapping of the Thomas Range in great detail. Once a detailedA
stratigraphy was worked out, temporal geochemical and mineralogical

changes could be investigated in the Topaz Mountain Rhyolite. An
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investigation of choride, fluoride, and hydroxyl ion substitution
in hydrous minerals of the varioué volcanié upfts recognized in the
district in addition to fluarine and chlorine determinations of these
rocks c@uld be a caseAstudy for the evolution of volatiles in a suite
of spatially related volcanic'rocks; Perhaps a scanning electron
microscopé study of the ash from the cogenetic pyroclastics of the
21 and 6-7 m.y. old topaz rhyolites could evaluate the role of hydro-

magmatic processes in the formation of these tuffs.
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Appendix 1. Microprobe analysis of a ferrohastingsite from the Alkali
Rhyolite.
Analyst - B. Correa
ARL-SEMQ Electron Microprobe, University of Arizona,

Tucson, Arizona



MICROPROBE ANALYSIS OF FERROHASTINGSITE

TOPAZ MOUNTAIN RHYQLITE

Sample No. 29-206
si0, 61140
T10, . ‘1.26
Al,03 7.91
FeO 26.87
MnO 1.16
Mg0 4.86
cao 10.31
Na,0 1.67
K20 1.14
TOTAL . 96.567

Number of atoms on the basis of 24 oxygens

si ' 6.4529
Al 1.4522

" AL ———ne-
Fe " 3.5026
Mg 1.1257
Ma 0.1532
1 0.1478
Na 0.5042
ca 1.7218

K 0.2262

7.9051

4.9293

2,4522
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Miéroprobe analyses of feldspars from the Porphyritic
Rhyolite.
Samples - 19A, 19B, 19C, 254, 31A', 31B2', 31cC'

Analysts - E. Christiansen, B. Murphy

Cameca MS-46 Electron Microprobe, Arizona State University,

Tempe, Arizona

Samples - 31A, 31B, 31cC, 31E, 35B, 35BB, 35Cl, 35C2, 35cCC2,
35p, 67A, 67B, 67C, 67D, 67E, TOA, 70E, TOF

Analyst - RB. Correa

ARL?SEMQ Electron Microprobae, University of Arizona,

Tuéson, Arizoena

(n.d. - not determined)



MICROPROBE ANALYSES OF ALKALI FELDSPARS - PORPHYRITIC RHYOLITE

Sample No. 194 ' 198
SiO2 ' 65.59 - 66.95
Tioz n.d. n.d.
A1203 18.66 18.16
Fe203 . 0.02 0.06
Mno n.d. n.d.
MgO n.d. a.d.
Ca0 0.04 0.03
Nazo 4.99 4.86
KZO . 9.66 9.64
BaO. a.d. n.d.

Total : 98.96% 99.70%

6

1

9

Number of atoms on the basis of 32 oxygens

51 11.9774 12.1066
a1 4.0159 - 3.8710
Fe*? 0.0027 0.0079
T1

Mn

Mg -

ca 0.0088 0.0051
Na 1.7670 1.7027
K 2.2501 2.22%7
Ba ' »

For the formula x4216032, where X = Ca, Na,

Z 15.9933 15.9777
X 4.0259 3.9315

Récaiculated mole percenc

Ab - 43.89 43.31
An A 0.22 0.13
or 55.89 56.56

12.1210 12,
3.8630 3.
0.0072
0.0227 0
2.3020 1
1.5652 2
0
X and Z = S{, ¢
15.9840 15.
3.8899 3.
59.18 44
0.58 0
40.24 54.

25A . 3
7.75 66.
a.d. , a.
8.32 18.
0.05 a
n.d. ‘a.
n.d. a.
0.12 0.
6.64

6.86

n.d.

9.72% 99.

O v wun

1A

57

a

752

0336
9541

L0352
L7712
.1574
.0022

9877
9637

.69
.89

3
66

2w

100.

N - O O O O O &

43
0
55
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1a’
.57
.02
.35
.08
.00
.00
.18
.79~
.46
.d.
47%

.9642
L0919
.0114
.0022
.0000 -
.0000
.0358
.6666
. 1656

.0361
.868

.09
.92
.99
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MICROPROBE ANALYSES OF ALKALI FELDSPARS - PORPHYRITIC RHYOLITE
Sample No. 3182° 3ic’ 358 35C1 35¢C2
SLO2 65.97 66.51 65.85 . 65.31 65.14
T10, 0.00 0.02 0.00 0.00 0.0l
AlzoJ 10. 63 19.50 19.24 19.22 19.11
Fe.,O3 0.08 0.08 0.03 0.06 0.13
¥nO 0.02 0.04 0.04 0.00 0.03
MgO 0.00 0.01 0.02 0.00 0.00
Ca0 0.20 0.20 0.19 0.18 0.23
Nazo 5.02 4.84 4.86 4.86 4.95
Kzo 9.61 9.61 9.92 9.98 9.85
Total 100.542 100.81% 100.182 99.62% 99.47%
Number of atoms on the basis of 32 oxygens
L33 11.8617 11.9100 11.89a5 11.8778 11.8717
Al 4.1605 4,1161 4.1007 4.1200 4.1038
Fe+3 0.0108 0.0114 0.0042 0.0085 0.0183
TL 0.0000 0.0022 0.0005 0.0000 0.001L7
Mn 0.0037 0.0060 0.0068 0.0000 0.0053.
Mg 3.0000 0.0019 0.0055 0.0010 0.0000
Ca 0.0383 0.0377 0.0361 0.0359 0.0444
Na 1.7497 1.6806 1.7039 1.7136 1.7504
K 2.2049 2.1959 2.2877 2.3153 2.2893
For the formula X4216032, where X = Ca Na, K and 2 = S{, A)
z 16.0222 16.0261 15.9992 15.9978 15.9755
X 3.993 3.914 4.028 ~ 4.065 4.084
Recalculated mole percent
aAb 43.82 42.94 42.30 42.16 42,86
An Nn.96 0.96 0.90 0.38 1.09 .

Oor 55.22 56.10 56.80 36.96 56.05



MICROPROBE ANALYSES OF ALKALI FELDSPARS - PORPRYRITIC RHYOLITE

Sample No. 3iscc2 350 70D
5192 66.12 66.13 65.58
TiOz 0.04 0.07 0.04
A1203 19.03 19.16 19.18
Fe203 0.15 0.08 0.12
MnO 0.00 0.00 0.03
Mg0 0.00 0.00 0.00
Ca0 0.23 0.20 0.13
NaZO 5.07 4.92 5.02
KZO 9.69 9.96 8.93
Total 100.33% 100.52% 99.064%

Number of atoms on the basis of 32 oxygens

70E

66.93

0.02
19.65
.00
.00
.00
.11
.11
.06

w v O O O o

100.88%

.9328
.1295
. 0000
.0022
.0000
.0000
.0217
.7673
.0602

N - O O O O O &

16.0623

Si 11.9234 11.9108 [1.9243
Al 4.0436 4.0680 4.1104
“Fet? 0.0205 0.0108 0.0158
TL 0.0056 0.0090 0.0051
Mn 0.0000 0.0000 0.0068
Mg 0.0000 0.0000 0.0000
Ca 0.0436 0.0387 0.0249
Na 1.7733 1.7169 1.7683
K 2.2299 2,2890 2.0709
For the formula xézl6032. where X = Ca, Na, K and Z = 5{, Al
4 15.9670 15.9788 16.0347
X 4.047 4.045 3.864

Recalculated mole percent

Ab 43.82 42.45 45.76
An 1.08 0.96 0.64
or 55.10 56.39 53.59

3.949

45.91
0.56
53.32

351
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70F

66.28
0.03
19.39
0.02
0.01
0.03
0.09
4.86
9.35 .

100.07%

.9332
.1149
.0024
.0039
.0022
.0070
.0179
.6976
1469

N o~ O O O 0 O & -

16.0481
3.862

43.95
0.46
35,38

—~—



MICROPROBE ANALYSES OF PLAGIOCLASE FELDSPARS - PORPHYRITIC RHYOLITE

Sample No.

SiO2
1102

A1203

Fe203
MnO
MgO
CaO
Na20
xzo
BaO
Total

19C

64.91
n.d.

20.89
0.03
n.d.
n.d.
1.50
9.40
1.50
n.d.

98.24%

31A

66.72

n.d.
20.10
.d.

.59
.25
.31
n.d.
199.47%

— o = 3 o g

318

67.61

n.d.
20.64
.d.

=]

- 0 = 89 9
u
o

n.d.
101.20%

Number of atoms on the basis of 32 oxygens

Si
al
Fe+3
Ti
Mn
Mg
Ca
Na

K

" Ba

11.6385

4.4154
0.0039

0.2878
3.3693
0.3431

11.8083
4.1938

0.3013
3.1748
0.4080

11.7734
4.2354

0.2913
3.1802
0.4373

31C

67.28
n.d.
20.38

.48
.44
.92
.04
100.53%

O = w = 23 9 9

11.7926
4.2103

0.2779
3.2090
0.4283
0.0028

For the formula X4216032, where X = Ca, Na, K and 2 = 81, Al

A

X

Recalculated mole percent

Ab
An
Or

16.0539

3.9002

83.82
7.38
8.80

16.0021
3.8841

81.74
7.76
10.50

16.0088
3.9088

81.36
7.435
11.19

16.0029
3.9152

81.96
7.10
10.94
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31E

68.08

20.50

.4}
.53
.58
.88
.06
101.62%

O = W — 3 9 3

11.8031
4.1892

0.2848
3.2212
0.4152
0.0069

15.9933
3.9212

82.15
7.26
10.59



MICROPROBE ANALYSES OF PLAGIOCLASE FELDSPARS - PORPHYRITIC RHYOLITE

Sample'%o: 31A°

51024 66.46 66
140, . 0.00 - 0.
A1203 : 21.39 20.
Fe203 0.07 0
MnO 0.00 0
Mg0 0.00 0
Ca0 1.78 1
Na 0 9.25 9
K25 1.77 1

Total 100.987% 99.

31c’

.01
00
96"
.07
.02
.00
.56
.05
.95
63%

358

65.58
0.00
20.87
.07
.00
.05
.93
.36
.70
99.56%

- v -~ O O O

Number of atoms on the basis of 32 oxygens

K

Si 11.6422 11.
Al 4.4031 4.
Fe™? 0.0093 0.
T1 0.0000 0.
Mn 0.0000 0.
Mg 0.0000 0.
Ca 0.3324 - 0.
Na 3.1345 3.
U. 3939 0.
For the formula X4216032, where X = Ca, Na,
i6.0453 16.
X ‘ 3.821 3.

Recalculated mole percent

Ab 81.82 80
An 7.90 7
Or 10.28 11

6796
3706
0089
0000
0037
0000

2955

1035
4404

0402
839

.83
.00
.47

11.6308
L3614
.0095
. 0005
.0000
.0100
.3669
L2174

.3856

O W o O 0 O O & ~

15.9922
3.970

81.04
9.24
9.71

35BB

66. 64
0.05
20.70
0.13
£ 0.00
0.01
1.78
9.18
1.77
100.08%

.7036
2977
L0177
0071
.0000
.0020
.3359
.1355
.3986

O W O O O O O & r

K and Z = Si, Al

16.0013
3.870

81.02
8.68
10.30

353
- 172 -

35C1

66.38

20.30
.03
.00
.01
.58
.31
.04
100.15%

N W —- O O O

11.6970
4.3196
0.0041
0.0000
0.0000
0.0025
0.2983
3.1795
0.4591

16.0166
3.937

80.76
7.58
11.66



MICROPROBE ANALYSES OF PLAGIOCLASE FELDSPARS - PORPHYRITIC RHYOLITE

Sample No.

SiO2
1102
al,0

273
Fez 3
MnO
Mgo
Cao
Nazo
KZO

Total

Number of atoms

st
Al
Fe+3
Ti
Mn
Mg
Ca
Na
K

35¢C2

65.26
0.02
20.95
.21
.00
.00
.01
9.28
1.85
99.57%

N O O O

11.3930

4.38587
0.0274
0.0022
0.0000
0.0010

Q.3819-

3.1949
0.4187

35D

65.28
0.04
20.96
0.18
0.01
0.03
1.67
9.40
1.92
99.49%

11.4013
4.0680
0.0244
0.0055
0.0014
0.0091
0.3186
3.2382
0.4333

3SE

66.16
Q.06

20.42
0.11
0.0l
0.00
1.62
9.42
.10

99.90%

on the basis of 32 oxygens

1i.70868
4.2588
0.0124
0.0077
0.0022
0.0000
Q.3065
3.2303
0.4744

35EE

65.38
v.02
20.88
.11
.01
.02
.66
.15
.03
99.26%

P W —~ O O O

—

L.bibl
4.3790
0.0143
0.0027
0.0015
0.0050
N.3163
3.1582
0.4599

For the formula 34316932,‘where K= Ca, Na, K and Z = 51, Al

4
X

Recalculated mole percent

Ab
An
Or

15.9787

3.99¢6

79.96
9.56
10.48

15.9788
3.992

81.12
7.98
10.90

15;2636
4.011

80.53
7.64
11.83

16.0151
3.934

80.27
8.04
11.89

354
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MICROPROBE ANALYSES OF FELDSPARS OF A MAFIC INCLUSION
IN THE PORPHYRITIC RHYOLITE

Sample'No.

SLO2
‘rio2
AL,0,
FeZO3
MnO

Mg0
.CaO

Nazo

KZO

Total

67A

58.86
0.05

25.15
0.27
0.03
0.02
6.29
6.37
2.15

99.207

678

58.02
0.00
25.59
0.37
0.00
0.01
6.99
6.32
1.78
99.07%

67C

59.04
0.00
25.20
0.3
©0.00
0.00

6.91
6.53
1.86

99.38%

Number of atoms on the basis of 32 oxygens

Si
Al
Fe
Ti
Mn

+3

Mg

Ca

Na
%

10.6472

5.3620
0.0364
0.0062

0.0045

0.0061
1.2198
2.2335
0.4957

10.5216
5.4690
0.0510
0.0005
0.0000
0.0015
1.3571
2.2215

0.4116

10.6188
5.3405

0.0458

0.0000
0.0000
0.0000
1.3306

2.2771

0.4271

67D

58.62
0.03

25.57
0.44
0.00
0.05
6.97
5.46
1.79

99.94%

10.5417

5.4196

0.0597
0.0039
0.0000
0.0142
1.3437
2.2527
0.4106

For the formula X4216032, where X = Ca, Na, K and Z = Si, Al

A
X

Recalculated mole percent

Ab
An
or

16.0092

3.9490

30.89
36.56
12.55

15.9906
3.9902

-34.04
55.67
10.32

15.9593
4.0348

32.98
56,44
10.59

15.9513
4,0070

355
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67E

59.56
0.01

24.86
0.38
0.00
0.00
6.42
6.638
2.0f

99.98%

10.6967
5.2611
0.0512
0.0011
0.0000
0.0000
1.2348
2.3274
0.4740

15.9578
4.0362

30.359
57.66
11.74
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Appendix 3. Lithologic key for the geochemically analyzed samples.
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ALK = Alkali Rhyolite

PR ='Porphyritic Rhyolite

See Fig. 2 for sample locations.

Sample No. ‘Lithology

31 . . . . .+ ¢+ s+ .+ - PR; vitrophyre

34 . . . . ¢ .+ ¢« v e+« .« o PR; felsophyre

‘35 c e e e e e e e e w o ... PRy vitrophyre, hydrated

37 . . ¢ ¢ ¢ &« 4 4« « + « « . PR; felsophyre

42 . . . o o v o s v . e e . . ALK vitrophyré

43 . . . . . ¢ ¢+ <+« .+ « . Densely welded Stratified Tuff

47 . . . . . .« +« +« +« .+« + . . PR; felsophyre

58 . .. ... .+ . .. . ALK; lithophysal & spherulitic felsophyte

59 . .'. &« « « « + + « « « . . ALK; vitrophyre

éla c e e e e e o oo .. . ALK vitrophyre

61 . ... . .. .. ... . ALK; spherulitic vitrophyre

15 0 .l. ALK; felsophyre

622 . . . 4 . « 4« +« +« + « « « ALK; vitrophyre

62b . . . ; e o« « o« + « « « o« ALK; spherulitic felsophyre

63 . . . . . . <. ..« . . PR; felsophyre

67 © v vt e e e e e e e e e forphyritic mafic inclusion in PR

70 . . . .« . . . . . <. .+ . . PR; vitrophyre

- 71 .-; &« + « 4 + ¢ « + 4« o« + o PR; argillically altered vitrophyre

1-63 . . . . . . ...« . . ALK; partly devitrified lithophysal &
spherulitic vitrophyre \

e ALK; felsophyre

6-358 . . . . ... .. .. . PR; felsophyre



Sample

8-938

18-113

26-112

29-124

29-206 .

358

-177 -

Lithology

. ALK; lithophysal felsophyre

. PR; felsophyre

. PR; felsophyre

. ALK; partly devitrified lithophysal &
spherulitic vitrophyre

. ALK; perlitic vitrophyre



Appendix 4.
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Whole rock major element analyses on an ignited basis and
fluorine-free normative computations of the Porphyritic

Rhyolite.

$i0y, TiOz, Al03, Fes03, MnO, MgO, Ca0, P05
Analyst - J. Bikun
Phillips Model PW 1410 XRF, Arizona State University,

Tempe, Arizona

Naj0, K,0
Analyst - J. Bikun
Varian Techtron Model 1250 AA, Arizonma State University,

Tempe, Arizona

F

Analysts - J. Bikun, E. Christiansen

Coleman Specific Ion Probe, Arizona State University,

Tempe, Arizona

Analyst = Skyline Labs, Tucson, Arizona

Specific Ion Probe

Note: For normative computations, ratio of FeO to total Fe
used is 0.52 (from Turley and others, 1979).

(n.d. - not determined)



Sample No.

Al,0,

Sum
-0=F
Total

L.0.T.

Fluorine free CIPW rorms

or
ab
an
q

hy
di
ap
il
[

(14

31

73.33
0.06
13.19
1.43
o0.o0r
0.05
0.€1
4.02
4.S9
0.¢8
0.€:
98.€.
0.14
98.271
2.9

29.4%
34.C)

3.az
29,12

I
R

*lotal Fe as l"ez(]3

3

74.73
0.05
13.29
1.50
0.04
0.07
0.69
3.7
4.8.
0.08
0.6m
99.59
.28
99.3.1

0.58

28.4:
31.8¢
2.9
32.81
0.8
0.00
0.0C¢
0.11
0.81
1.0€

35
73.86
0.06
13.11
1.43
.06
0.08
1.27
4.33
3.65
0.00
1.80
99.05
0.51
98.54%

31.55

21.57
36.64
5.56
31.72
0. 54
0.64
0.00
0.11
0.00
1.00

37

75.24
0.0?

12.7.
1.0:
0.0
0.0"
0.7¢
3.85
4.8w
0.0m
an.d

98.6.

98.6.%
2.5]

28.7.
32.5¢&
3.0t
32.5:
0.4¢
0.33
0.0C
0.17%
0.0C
0.7C

47

74,49
0.05
4,42
0.81

ESGU\NOOC
o
w1

98.592

35.16
2.25
). 69
86
.53
.00
.00
.09
.40
.56

w oWy W

63

71.68
Q.04
131.83
L1z
Q.05
a.21
Q.45
3.83
4.9
.00
0.42
98.59
0.18
9841
0.9l

29,02
2.41
23
.u8
.09
00
00
.08
.40
81

L4
~

-

S = O O = = N

67

65.37
0.94
14.62
6.35
0.09
0.36
2.87
3.15
4.95
0.00
n.d.
98.85

98.85%
2.30

29,25
26.65
1.1
21.59
1.54
1.80
0.35

0.00
4.42

70

72.18
0.04
13.88
1.19
0.06
0.06
0.58
4.90
4.98
0.01
1.50
99.38
0.63
98.75%

3.00

to
o

.43
.45
i7
.40
0l
.42
02
08
00
83

S 0O O O = O W = -

71

73.73
0.06
13.32
1.33
0.05
0.07
0.70
4.39
4.7%
0.01
0.88
99.28
0.37
98.91%

2.98

28.01
37.15
2.64
28.37
0.44
0.60
0.02
0.11
0.00
0.93

6-358

74.04
0.06
13.52
1.63
0.07
0.23
0.41
3.92
4.88
0.0a
0.65
99.41
0.27
99.16X

0.77

28.84
3ar
2.13
30.95
1.36
0.00
0.00
0.11
1.01
1.13

18-113

74.35
0.06
13.37
1.48
0.06
0.11
0.59
4.01
4.8)
0.00
n.d.
98.86

98.86%

0.57

28.54
33.93
2.93
30.80
0.97
0.00
0.00
0.11
0.47
1.03

26-112

73.49
0.03
13.99
1.19
0.06
0.14
0.63
3.94
4.85
0.00
a.d.
98.32

98.322

0.70

28.66
33.34
3.13
30.18
0.96
0.00
0.00
0.06
L. 1l
0.83

-6L1-

09¢



361

Appendix 5. Whole rock major element analyses on an ignited basis
and fluorine-free normative computations of the Alkali

. Rhyolite.

$i09, TiOz, Al,03, Fes03, MnO, MgO, Ca0O, P05
. 14
-Analyst - J. Bikun
Phillips Model PW 1410 XRF, Arizona State University,

Tempe, Arizona

Najs0, K30

)

Analyst - J. Bikun

Varian Techtron Model 1250 AA, Arizona State University,

Tempe, Arizona

F

Anal&sts - J. Bikun, E. Christiansen

.Coleman Specific Ion Probe, Arizona State University,

Tempe, Arizona

Analyst - Skyline Labs, Tucson, Arizona

Specific Ion Probe

Note: For normative computations, ratio of FeQ to total Fe
- used is 0.52 (from Turley and others, 1979).

(n.d. - not determined)



Sample No.

SIOZ
'l‘lO2

AIZOJ

[
Fe203

Mn0
Mg0
Ca0
N320
K,0
l‘;l)s
¥
Sum
-0=F
Total

L.O0.1.

Fluorine free CIPW norms

or
ab
an
q

hy
di
ap
i1
<

mt

*Total Fe as Pe20

42

75.93
G.09
12.86
1.09
.08
a. 09
0.24
4.11
4.69
0. 00
n.d.
99. 68

99. 68X

.1

27.72
34.78

2.719
32,32
35
75
00
1
.00
76

N -

3

43

75.93

0.16
12.70
1.17
0.06
0.13
0.74
3.45
5.32
0.00
0.25
99.93
0.11

99.822

2.66

31.44
29.19
3.46
33.62
0.62
0.34
0.00
0.30
0.00
0.81

58

75.83
0.08
12.90
0.99
0.05
0.17
.99
12
82
00
12
1€0.07
Q.05

so s 0

100. 022

0.79

28.48

2.47

70
00
15
00
69

eseoopor-p®

59

76.60

—
~n
~
L 4

corwoo00o0
o
~t

100. 18
0.15

100.03%

3.%

27.30
33.68
3.32
34.04
0.60
0.00
0.00
0.1}
0.02
0.68

6la

-~
&~
3
-]

28
12
26

19
82
48
51
.02
.20

cowweoeoorboe

-3
o
°
©

0.08
99.82%
2.97

32.56
29.45
3.9
31.59
0.66
0.03
0.05
0.53
0.00
0.88

.27
No
.33
L4

<
o3

05

.C5
.53
.CO
. €7

6lc

99.

32,
29.

3o.

L T I i

® 8 ® &5 b ©

.13

b
&

62a

76.
0.
12.
.04
.06
.12
.76
.35.
.40
.00

99.
.07
99.
.83

3.
28,
.93
.17

D 0 v w O 0o o

© ©o o c o ¢

11
14
43

16
57

Sox

91
35

3
70
00
27
00
72

62b

75.41
0.14
12.49
1.00
0.05
0.30
1.97
3.58
5.15
0.00
n.d.
100.09
100.092
1.66

30.43
36.29

31.57
{1.76w0 ]

.00
.27
.00
.70

[=—2 =T~ I~ |

1-63

715.46
0.10°
12.74
1.02
0.06
0.14
0.46
4.11
5.02
0.00
n.d.
99.11
99.11%
0.16

29.67
34.78
1.49
31.13
0.44
0.66
0.00
0.19
0.00
0.71

1-93

5.89
0.07
12.77
1.61
0.08
0.13
0.39
3.76
4.83
0.00
n.d.
$9.53
$9.53%
0.33

26.54
1,81
1.93
34.16
1.10
G.00
G.00
a.13
g.65
L.12

8-938

75.82
0.08
12.62

0.93

0.07
0.13
0.69
3.92
4.72
0.00
0.30
99.28
0.13
99.152
0.34

27.89
33.17
2.90
33.21
0.53
0.44
0.00
0.15
0.00
0.65

29-124

75.86
0.07

12.98

1.00
0.07
0.18
0.72
3.65
4.71
0.00
n.d.
99.24
99.24%
2.16

27.83
30.88
3.57
34.58
0.93
0.00
0.00
0.13
0.57
0.70

29-206

76.20
0.07
12.66
0.99
0.07
0.05
0.72
1.7
4.80
0.00
0.32
99.65
0.13
99.52%
2.84

28.54
31.65
3.49
34.15
0.56
0.07
0.00
0.13
0.00
0.69

- I8T -

c9¢
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Appendix 6. Normative computations making use of available fluorine
determinations.
Note: For normative computations, ratio of FeQ to total Fe

used is 0.52 (from Turley and others, 1979).

P



Samplz No. 3l
CIPW norms

or 29.49
ab 28.54
an 0.00
q 34,22
hy 0.84
di 0.00
ap 0.00
11 0.11
¢ 2.2
13 1.03
fr 1.66
ne 1.11
ce -1.04
Sample No. «3
CIPW morws

or 31.44
ab 29.19
an 1.84
q 34.36
hy .71
df 0.00
ap 0.00
11 0.30
c 0.59
mt 0.8%
fr 0.51
no 0.00
ce 0.00

34

28.42
28.32
0.00
36. 50
0.85
0.00
0.00
0. 11
2.58
1.06
1.36
0.71
-0.67

28.48
34.86
2.47
31.58
0.20
1.29
0.00
0.15
0.00
0.69
0.25
0.00
0.00

35

21.57
31.95
0.00
37.50
0.87
0.00
0.00
0.11
2.95
1.00
2.47
0.95
-0.89

59

27.30
33.68
0.76
35.15
0.60
0.00
0.00
0.13
0.96
0.68
0.72
0.00
0.00

63

29.0z
30.82
0.0C
33.14
1.0¢
0.00
0.00
0. 0t
2.5
0.81
0.8
0.32
-0.38

6la

32.5€
29.4¢
2.4¢
32,21
0.6,
0.00
0.0%
0.53
0.52
0.88
0.4:
0.00
G.08

70

29.43
26.07
0.00
34.84
0.75
0.00
0.02
0.08
3.42
0.83
3.08
3.1
-2.94

6lc

32.86
29.78
3.06
30.66
0.76
0.00
0.02
0.57
0.89
0.94
0.31
0.00
0.00

71

28.
31.

01
44

0.00

33.
.18
.00
.02
A1

0
0
0
0

2.
.93
.81
.15
.09

0
1
1
-1

62a

31.
28.
.60
.50
.66
.00
.00
.27
.12
.72
.33
.00

L
&~

FQOQOOQOO

60

08

91
35

¢4}

6-358

28.84
28.22
0.00
35.27
1.36
0.00
0.00
o.11
2,75
1.13
1.34
1.00
-0.94

3-938

27.89
33.17
1.23
34.04
0.75
G.00
06.00
0.15
0.61
0.65
0.62
0.00
0.00

29-206

28.54
31.65
1.23
35.14
0.60
0.00
0.00
0.13
0.83
0.69
0.66
0.00
0.00

- £8T7 ~

%9¢
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Appendix 7. Whole rock minor element analyses of the Porphyritic

_Rhyolite.

Be - 31, 35, 70
Analysts - B. Correa, J. Bikun
Varian Model 1250 AA, Arizona State University, Tempe,

Arizona

Be - 71, 6-358, Li, Sn

Analyst - Skyline Labs, Tucson, Arizona

AA 3
cl

Analyst - K. Evans

LECO Induction furnace, DIONEX Model 10 Ion Chromatograph,

Arizona State University, Tempe, Arizona

Rb, Sr .
Analyst--~ CONOCO, Inc.

XRF

U
Analyst - G. Goles
Delayed Neutron Activation, University of Oregon, Cor-

vallis, Oregon

I.N.A.A, Data
Analyst - G. Goles, University of Oregon, Corvallis, Oregon

(n.d. - not determined)



Sample No.

Be
C1
A
Rb
San
Sr
v

T.N.A.A. Daca

Sc
i
HE
Ta
Th
U
Ba
Rb
Cs
La
Ce
Nd
Sa
Eu
TL
YL
lu
La/Yb*

*Normalized 10 0.833 X Leedey chondrite values (Musuda amd cthers, 197); €.

3

54 ppm

2.60
710
6.2
25.8
63.8
36.2
305
932
54.9
59.6
144
52
13.54%
J. 149
3.3
15.6
2,53

2.52

52
1680
8

toss

2.7}
840
7.1
25.0
65.2
3E.1
324
1
58.4
58.6
137
5t
17.8

0.044

3.41
15.7
2.63
2,46

47

63 67 10
82
1060
100
30
18 14

-

7i

65

Gules personal comnuaication, 1980)

6-358 18-143

10

145

17 13

- G681 -

99¢
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Whole rock minor element analyses of the Alkali Rhyolite

- Be, Li, Sn

Analyst - Skyline Labs, Tucson, Arizona

AA

Rb, Sr
Analyst - CONOCO, Inc.

XRF

U
Analyst - G. Goles
Delayed Neutron Activation, University of Oregon, Cor-

vallis, Oregon

I.N.A.A. Data
Analyst - G. Goles, University of Oregon, Corvallis,
Oregon

(n.d. - not determined)



Sample No.

Be
L
Rb
Sn
Sr
u
I.N.A.A. Data
Sc
Zr
uf
Ta
Th
u
Ba
RL
Ce
La
Ce
NJ
Swm
Eu
Tb
Yb
Lu
La/Yb*

42 43 58 59

80 30

18 22

2.15
610
6.0
6.35
56.0
25.9
228
549
14.14
25.5
64

3
4,95
6.059
0.7%
7.9
1.55
2.13

6la 6ilb

20

2,77
n.d,
7.4
2.2
24.6
5.G
44°
18¢€
2.47
73.1
132
62.6
8.7
1.22
1.29
4.0
0.53
12,8

tle

62a 62b 1-63 1-93 8-918

6 9
40 © 80

15 2 13

1.787

570

5.51

4,46

59,9

u.d,.

16

373

7.43

n.d,

128.9

34.6

n.d.

0.211

1.17

9.8

0.4901

3.37 {Ce/¥b)

*Normalized to G.833 x Lcedey chondrite values (Masuda and others, 1973; G. Coles pecsonal communfcation, 1980)

29-124

18

29-206

?
60
433

1.7
490
4.9
5.45
46.9
19.2
190
430
9.68
18.0
53.1
3
7.49
0.065
1.92
9.6
1.70
1.24

— (81~

89¢
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Appendix 9. Beryllium, fluorine, and uranium mineralization mass

4

balance calculations for the Beryllium Tuff.



, 370
o ' -189 -

(

A case study of beryilimm mineralization mass balance in drill hole

no. 6.

The problem to be addressed is whether there is a sufficient
difference in concentration of beryllium between crystalline and glassy
Porphyritic Rhyolite to account for the beryllium mineralization in the
upper part of the underlying Beryllium Tuff. A one-dimensional model of
mass transfer in a vertical column 1 m in radius will be considered.
From the difference in the mean beryllium content of the glassy and
crystalline Porphyritic Rhyolite, assume a 51 ppm beryllium loss upon
crystallization of the Porphyritic Rhyolite lava. The density of the
Porphyritic Rhyolite can be taken to be 2.4 (p), and the densiLy of
the Beryllium Tuff can be taken to be 1.5. In drill hole no. 6, the
Porphyritic Rhyolite 1is 185 m thick, the Beryllium Tuff is 56 m thick,
and beryllium mineralization is restricted to the top 12.5 m of the tuff
(Figs. 4 and 37).

The amount ot beryllium which can be derived from a cylinder 1 m
in radius and 185 m in length consisting of crystalline Porphyritic
Rhyolite is:

M (kg) =V (m3) - 1000 k8/ 3 - p - C
where M is mass, V is the volume 6f the cylinder (v = 4c2L), p is
density, and C is the concentration change of beryllium.
Therefore:
M= (lm)? - 185m - 7 - 1000 K&/p3 « 2.4 - (5.1 x 1073)

= 71 kg of beryllium lost upon crystallization.
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Three contiguous core intervals were éssayed for beryllium from the 12.5
m of mineralized tuff, and their lengths and average grades from top to
bottom are:

1.) 2.2 m ; 1563 ppm

2.) 3.0m ; 2919 ppm A ,

3.) 7.3 m ; 300 ppm
The conceptration of berylliﬁm in the lower unaltered section of the
tuff in the drill core is 25 ppm, and this vaiue can be considered as
;hé'background or primary beryllium concentration of the mineralized
tuff. The amount of beryllium added to 12.5 m of mineralized tuff~yill
be its concentration above the background. The mass of beryllium gdded
to the mineralized portion of the tuff will be the sum of the amounts
added to each assayed core interval. This calculation will be analogous
to the preceding one used in determining the mass of beryllium lost from
a I m radius cylinder in the Porphyritic Rﬁ}olite. So the maséAAdded‘to

a 1 m radius vertical column in the mineralized Beryllium Tuff is the

sum of:
1) Mm=(1m2.2.2m- 7+ 1000 k&8/_3 - 1.5 - (1.538 x 10~3)
= 15.9 kg
2) M= w2+ 3.0m- - 1000 k8/p3 - 1.5 - (2.894 x 1073)
= 40.9 kg
3) M= m?2 - 7.3m - m- 1000 K&8/33 - 1.5 - (2.75 x 107%4)

9.5 kg
Total M = 66 kg of beryllium added upon mineralization.
Thus, sufficient beryllium is lost by the Porphyritic Rhyoii:e to

mineralize the upper part of the Beryllium Tuff.
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A case study of fluorine mineralization mass balance in drill hole

no. 6.

The problem to be addressed is whether there is a sufficient
di fference in concentration of fluorine betwéen crystalline and glassy
Porphyritic Rhyolite to account for the fluorine mineralization in the
upper part of the underlying Beryllium Tuff. A one-dimensional model of
mass transter in a vertical columa 1 m in radius will be considered.
From the difference in the mean fluorine content of the glassy and crys-:- '
talline Porphyritic Rhyolite, assume a 0.58 percent fluorine loss upo;
crystallization of the Porphyritic Rhyolite lava. The density of the
Porphyritic Rhyolite can be taken to be 2.4 (p), and the density of
the Beryllium Tuff can be taken to be 1.5. In drill hole no. 6, the
Porphyritic Rhyolite is 185 m thick, the Beryliium Tuff is 56 m thick,
and fluorine mineralization is restricted to the top 17.7 m of the tuff
(Figs. 4 and 38).

‘The amount of fluorine which can be derived from a cylinder 1 m
in radius and 185 m in length consisting of cryétalline Porphyritic
Rhyolite is:

M (kg) =V (m3) - 1000 k8/ 3 - p - C
whére M is mass, V is the voluﬁe of the cylinder (v = mr2h), p is
density, and C is the concentration change of fluorine.
Therefore:
M=(lm)2.185m -7 - 1000 k&/ 3 - 2.4 - (5.8 x' 1073)

= 809 kg of fluorine lost upon crystallization.
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Four contiguous core intervals were assayed for fluorine from the 17.7 m
of mineralized tuff, and their lengths andvaverage grades from top to
bottom are: |

1.) 2.2 m ; 0.6488 percent

2.) 3,0m ; 0.9509 percent

3.) 7.3 m ; 1.0466 percent

4.) 5.2 m ; 0.5408 percent
The concentration of fluorine in the lower unaltered section of the tuff
in the drill core is 0.4263 percent, and this value can be considered
as the background or primary fluorine concentration of the mineral@zed
tuff. The amount of fluorine added to 17.7 m of mineralized tuff will

be its concentration above the background., The mass of fluorine added

to the mineralized portion of the tuff will be the sum of the amounts
" added to each assayed core interval. T@is calculation will bé analogous
to the preceding one used in determining the mass of fluorine lost from
a 1 m radius cylinder in the Porphyritic Rhyolite. So the mass added to
a 1 m radius vertical columm in the mineralized Beryllium Tuff is the
sum of:
1.) M=(1m2:22m- 7 - 1000 k8/_3 - 1.5 - (2.225 x 10~3)
= 23,1 kg

(1m)2 - 3.0m 7 - 1000 K8/23 - 1.5 - (5.246 x 10=3)

2,) M
= 74,2 kg

3) M=(Gmw2-7.3m -7 - 1000 kg/p3 - 1.5 - (6.203 x 1073)
= 180 kg

24 M=Q @2 7.3m 7w - 1000 X8/ 3 - 1.5 - (1.145 x 1073)

= 28.1 kg
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Total M = 306 kg of fluorine added upon mineralizationm.
Thus, sufficient fluorine is lost by the Porphyritic Rhyolite to min-

eralize the upper part of the Beryllium Tuff.
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A case study of uranium mineralization mass balance in drill hole:

no. 6.

The problem to.be addressed is whether there is a sufficient
difference in concentration of uranium between crystalline and glassy
Porphyritic Rhyolite to account for the uranium mineralization in the
upper part of the underlying Beryllium Tuff. A one-dimensional modgl of
mass transfer in a vertical column llm in ?adius will be conéidered.
From the difference.iﬁ the mean uranium content of the gléssy and
crystalline Porphyritic Rhyélite, assume a 23 ppm'fluorine loss ﬁpoq
crystallization of the Porphyritic Rhyolite lava. The density of the

Porphyritic Rhyolite can be taken to be 2.4 (p), and the densiéy of
Athe ﬁeryllium Tuff can be taken to be 1.5. 1In drill hole no. 6, the
Porphyritic Rhyolite is 185 m thick, the Beryllium Tuff is 56 m thick,
and uraniu@ minerélization is restricted to the top 12.5.m of the tuff
(Figs. 4 and 39). |

The amount of uranium which can be derived from a cylinder lim
in radius and 185 mw in length consisting of crystalline Porphyritic
‘Rhyolite is:

M (kg) = V (m3) - 1000 k&/,3 - p - C
where M is mass, V is the volume of the cylinder (v = mr2h), p is
density, and C is the concentration change of uranium.
Therefore:
.M = (1 m)2 - 185 m - m - 1000 k8/m3 + 2.4 - (23 x 1079)

= 32 kg of uranium lost upon crystallization.
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Three contiguous core intervals were assayed for uranium from the 12.5
m of mineralized tuff, and their lengths and average grades from top to
bottom are:

1.) 2.2 m ; 83 ppm

2.) 3.0m ; 92 ppm

3.) 7.3 m ; 47 ppm
The concentration of uranium in the lower unaltered section of the
tuff in the drill core is 11 ppm, and this value can be considered as
the background or primary uranium concentration of the mineralized
tuff. The amount of uranium added to 12.5 m of mineralized tuff will
be its concentration above the background. The mass of uranium added
to the mineralized portion of the tuff will be the sum of the amounts
added to each assayed core interval. This calculation will be analogoué
to the preceding one used in determining the mass of uranium lost from
a 1 m radius cylinder in the Porphyritic Rhyolite. So the mass added to

a 1 m radius vertical column in the mineralized Beryllium Tuff is the

sum of:
1) M=(1m2 - 2.2m+ 7 1000 k8/,3 - 1.5 « (7.2 x 1073)
“ 0.75 kg
2,) M=(1m2:3.0m - 5+ 1000 k8/,3 - 1.5 + (8.1 x 1079)
= 1.15 kg
3) M= w2+ 7.3m - - 1000 k8/_3 - 1.5 + (4.7 x 1073)

1.62 kg
Total M = 3.51 kg of uranium added upon mineralization.
Thus, sufficient uranium is lost by the Porphyritic Rhyolite to mineral-

ize the upper part of the Beryllium Tuff.
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ABSTRACT

Autoradiographs of fluorite nodules from the Roadside Pit at Spor Mountain,
Utah indicate that uranium is disseminated in fluorite and onal and not located
in separate U-rich minerals. Autoradiographs of the Porphyritic Rhyolite Member
of the Spor Mountain Formation, the Topaz Mountain Rhyolite, and lithophysal rhy-
olite from the Wah Wah Mountains ré;ealed a random distribution of point sources
for uranium. In the Porphyritic Rhyolite severgl of the point sources were ten-
tatively correlated to altered oxides (hematite?). R

The fine-grained nature of fluorite and silica in the Beryllium Tuff at Spor
Mountain and fluid inclusion homogenization temperatures of 143°C for fluorite plus
162°C and 165°C for quartz indicate that tuff alteration was a relatively low tem-
perature process, An inclusion in calcite homogenized at 290-310°C and suggests
that deposition of calcite may have resulted from heating of circulating ground
water by the overlying rhyolite flows.

Pumices from the Stratified Tuff and the Beryllium Tuff at Spor Mountain show
a remarkable similarity to pumices from an ash floﬁ unit of the Bishop Tuff in that
the non-welded numices are light-colored and randomly-oriented, while the welded
pumices were flattened and aligned to form black glass lenticles called fiamme.
Significant differences are that devitrification of pumices in the Bishop Tuff but
not the Stratified or Beryllium Tuff has occurred and welding has occurred in the
Bishop Tuff and Stratified Tuff but not the Beryllium Tuff. Alteration of part'of
the Beryllium Tuff has completely destroyed the tubular structure of the pumices
wAithin the altered zone.

Bertrandite recovered from the dissolution of fluorite nodules revealed no
obvious crystallographic form even in high magnification SEM photographs. Fluorite
from a nodule also revealed no distinct crystallographic form. However, fluorite

from the fluorite pipe at the Bell Hill Mine crystallizes as cubes and cubes mod-

ified by octahedra(?).
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INTRODUCTION

A large variety of deposits in the Spor Mountain District have been studied
and this has led to an enormous volume of literature. Detailed work has been done
on the fluorspar deposits (Staatz and Osterwéld, 1959), the beryllium deposits
(Williamg, 1963; Park, 1968; Lindsey, 1975; Lindsey, 1977), the general geology
(Staatz and Carr, 1964; Lindsey, 1979), the volcanic geology (Erickson, 1963;
Lindsey ét al., 1975; Shawe, 1972; Turley et al., 1979), the uranium potential
(Lindsey, 1979; Lindsey, 1980; this report),‘the gem quality topaz (Alling, 1887;
Holfert, 1978) and other gemstones and unusual minerals of the district (Montgom-
ery, 1934; Pabst, 1938; Nassau and Wood, 1968; Ream, 1979). | |

This report contaiﬁs the results of detailed studies of the fluorspar deposits,
the beryllium deposits and the volcanic rocks. In‘particular, it describes attempts
to determine: (1) the location of uranium in the alkali.rhyolites and fluorite
nodules of the Beryllium Tuff, (2) the temperature of formation of the Beryllium
Tuff, (3) the morphology of pumices from the Beryllium Tuff and the tuff of the
Topaz Mountain Rhyolite, and (4) the crystallographic habit of fluorite from the

'kell Hill Mine, and of fluorite and bertrandite from the Beryllium Tuff at the

Roadside Pit.

REVIEW OF WORK ON ALTERATION OF THE BERYLLIUM TUFF

The most comprehensive and detailed study of the alteration of the tuffs in
the Spor Mountain District is Lindsey et al. (1973b). It was not known until
after the publication of Lindsey (1977) that the unmineralized or Stratified Tuff,
centered in the Thomas Range, and the mineralized or Beryllium Tuff, southwest of
Snor Mountain, are distinct. Instead, both were assumed to be associated with the
Topaz Mountain Rhyolite., The discussioﬁ of the a1terati;ﬁ process by Lindsey et al.
(1973b) plus the work on geochemical halos in Lindsey (1975) are largely invalid

since they are based on this assumption. The mineralogical descriptions in these

studies are nevertheless still valid. The mineralization was likewise thought to



381

have occurred during or shortly after the emplacement of the Topaz Mountain Rhy-
olite which was dated at 6-7 m.y. (Lindsey et al., 1973b). Given the 21 m.y. date
of the Porphyritic Rhyolite (Lindsey, 1977) the mineralization is now thought to
have taken place between 7 and 21 m.y. ago (Lindsey, 1979, p. 62).

Two facies of the tuff éf the Topaz Mountain Rhyolite (unmineralized tuff, in
the article) were described in Lindsey et al. (1973b): wvitric and zeolitic.

The vitric tuffs consist mainly of fresh glassy pumice, a few percent of pyrogenic
crystals (quartz, sanidine, plagioclase, biotite and traces of magnetite, ilmenite,
topaz, sphene, and zircon), and volcanic rock fragments with a matrix of undeformed
glass shards énd pumice. Diagenetic alteration which resulted in the formation of
the zeolitic tuff almost completely destroyed the glass and vesicular pumice leaving
only relict pumice\vesicles. The matrix is composed'almost entirely of very small
grains of clinoptilolite. Later work established a feldspathic facies (Lindsey,
1975)., This facies indicates a more advanced stage of diagenesis. It contains
potassium feldspar, quartz and «-cristobalite of diagenetic origin. The vitric tuff
occurs around the margins of the Thomas Range while both the zeolitic and feld-
spathic facies occur towards the center of the range.

The Beryllium Tuff (mineralized tuff) contains about two or more times the
content of Cs, Li, Rb, Tl, eU, B, Be, Ga, La, Mn, Nb, Sc, Sn, Y and Zn over the
unminerélized tuff. It has two facies: argillic and feldspathic. The argillic
alteration of the tuff was incomplete, with fresh fragments of glassy pumice,
volcanic rocks and carbonate rocks remaining. Up to 80% of this facies can con-
tain dioctahedral montmorillonoid (or dioctahedral smectite). Other constituents
are 1-5% fluqrite, up to 20% feldspar, and minor amounts of dolomite, calcite,
clihoptilolite, pumice and volcanic rock fragments. The dolomite clasts have
undergone a wide range of alteration and may be leached to calcite or replaced by
quartz, opal, fluorite, and clay.

The feldspathic tuff is believed to represent a more advance stage of alter-

ation. It contains 20+% potassium feldspar, 10-30% a-cristobalite (not in all tuff
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samples), up to 40% montmorillonoid clay, 1-8% fluorite with some glass, clinop;
tilolite, and calcite. The dolomite glasts have been replaced by clay, fluorite
and manganese oxides or quartz, opal and purple fluorite. The matrix consists of
clay, potassium feldspar, which replece§ glass, zeolites and clay of the argillic
tuff, cristobalite, which occurs as spherulites and fibrous masses with potassium
feldspar, sericite and fine-grained anhedral fluorite. Thé clinoptilolite of the
argillic and feldspathic facies is thought to result from diagenesis (Lindsef,
1979). The alteration of the unit has been complicated by a hydrotherﬁal imprint
placed on a diagenetic one.

Tﬁe alteration pattern of the Roadside deposit was studied in detail. Two
zones ‘of feldspathic alteration occur. The upper zone, which is the top 18 m of the
unit, coipcides with extensive alteration of the dolomite clasts and the greatest
amount of Be mineralization. Thellower zone, which occurs at the bottom 9 m of the
unit, has no Be concentration or dolomite alteration. These characteristics make it
very similar to the feldspathic facies of the tuff of the Topaz Mountain Rhyolite.
It is thought that perhaps part of this zone has a diagenetic origin (Lindsey, 1977).
s The center section has beeh argillized. The lower half of the facies contains
dolomite clasts and the upper part contains calcite clasts. Dedolomitization of
the clasts possibly is the result of heating from the overlying porphyritic rhyo-
lite flow. This produced calcite and released Mg which was taken to form a Li-
bearing trioétahedral montmorillonoid which is also most abundant in this zone.

There are two types of altered nodules in the tuff,lcalcite—silica-fluorite
and clay-fluorite-manganese oxide. The calcite-silica-fluorite nodules occur in
both zones of alteration. The minerals are all fihe-grained, the fluorite ranges
from purple to colorless and the alteration sequence ideally occufs as follows:
calcite-quartz-opal-tluorite. 'I'he fluorite- and opal-rich zones concentrate Li, U,

Be, Pb, and Zn. Mn is concentrated in the calcite zone and Mo and Cu are concen-

:rated in the quartz zone.
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The clay-fluorite -manganese oxide nodules occur locally in the zone of feld-
spathic alteration. These nodules have no ideal alteration sequence. Fluorite
or Elay can be at the core or rim. However, whenever manganese oxides occur they
form fracturé‘fillings or rims of the nodules. A high concentration of Be, Li,
Mg, and Zn occur both in the fluorite and clay which can be a dioctahedral or
trioctahedral montmorillonoid.A

Lindsey et al. (1973b) feit that these zones of argillic and feldspathic
alteration were the result of hydrothermal alteration. F-bearing solqtions ﬁere'
derived from the magma that formed the topaz rhyolite. These solutions tranSportgd
Be, Mn, and U aéﬁfluoride cdmplexes, using fractures and faults as conduits. At
the surfacé where pressure and temperature of the solutions dropped they reacted
with the porous tuff to form the alteration facies and Be deposits. Lindsey (1978)

later felt that the hydrothermal solutions could have leached the buried pluton

which formed from the magma to get their lithophile elements.
AUTORADIOGRAPHY

In this study six samples were chosen and run in two sets. The first contained
thr_ee nodules from the Roadside Pit which were provided by David Lindsey of the
U. S. Geological Survey. The second set contained samples of the Porphyritic
Rhyolite Member of the Spor Mountain Formation, the lithophysal Topaz Mountain
Rhyolite and the lithophysal rhyolite of the Wah Wah Mountains. The samples were
sawed in two and one of the cut’surfaces was polished to an even surface. The first
set was placed on Tri-X pan professional film and developed with Microdol-X. vThe
second set was placed on Royal X film and developed in an HC11l0 stock solution (all
products were made by Kodak). A "fast" film and developer were used on the second
set to enhdnce the exposures occurring from the radioactive decay of U.

Lg;dsey et al. (1973a) had already done mineralogical and chemical work oun

the nodules provided (N-22, N-24, N-34). The nodules consist of varying amounts

of fluorite and opal. N-22 and N-34 contain approximately equal portions while
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N-24 is predominantly fluorite. Each nodule was separated into zones on the basis

1

of concentric or nearly concentric color bands. A spectrographic analysis for U
was performed on each zone in the nodule.

For N-22 the highest exposure occurred in the center of the nodule which
coicideé with the largest amount of U (1500 ppm). A moderatg amount of exposure
occurred in the middle (500-1500 ppm). Liptle or no exposure occurred at the rim
(1000 ppm). In N-24 the rim and the core had 500 ppm U and the middle section con-
tained 1500 ppm U but no exposure differences could be”se;n. Why exposure differ-
ences gould be seen for N-22 and not N-24 is not known. N;34 did have several small
exposure pétches in the center and up to 4 mm from the rim. Lindsey et al. (1973a)
detected no U in this sample so perhaps there is another source of radiation such
as Th or perhaps only the decay products of U were left after leaching. The ex-
posure of all three nodules was an erratic clbud which suggests a dissemination of
U in the fluorite and opal, not discrete U-rich minerals.

The sgcond set was studied to determiné the U concentration in 1ithopﬁYsa1
versus porphyritic rhyolite. A theorf h;d been proposed that no secondary enrich-
ment of U from the Topaz Mountain Rhyolite occurred because the lithophysae, formed
by late-stage vapor phase crystallization, had locked in the ﬁ and other lithophile‘
elements (Sheridan, personal éommunication, 1979). Therefore one would expect‘a
concentration of U in the\lithophysae rather than randomly disseminated in the
rhyolite. However, no concentration of U was seen. Both lithophysal rhyolites
and the Porbhyritic Rhyolite showed a random distribution of point sources of U.

A few of the point sources in the Porphyritic ‘Rhyolite may be correlated .to altered
oxides (hematite (7)), a site found to concentrate U during alteration (Zielinski,
i978). The point sources of all three samples showed variation in amount of exposure
whichvindicated a variation in the concentration of U at each site,

To summarize, the autoradiographs of the fluorite nodules indicate that the

J was disseminated in zones in the nodules and not located in discrete U-rich
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minerals. Uranium in both the Porphyritic Rhyolite and lithophysal rhyolites was
randomly distributed, orobably in U-rich nhases as indicated by the correspondence

between U exnosure and altered oxides in the Porphyritic Rhyolite.
FLUID INCLUSIONS

A reconnaissance study of fluid inclusions was conducted during December, 1979
at the Laboratory of Economic Geology of the University of Arizona. A Model I
heating-freezing stage, sold by SGE (Sigma Gamma Epsilon), the student geosciences
honorary at the University of Arizona, was used. The procedure outlined in the
handbook accompanying the stage was used.

Various materials from the Spor Mountain District were prepared for study:
clear, black and matrix topaz from lithophysae in the Topaz Mountain Rhyolite; quartz
and fluorite from a thin, atypical, vuggy vein of opal-fluorite-quartz which cross-
cuts the Béryllium Tuff Member of the Spor Mountain Formation at the Fluoro Pit;
fluorite from the Bell Hill Mine; and opal from the Joy and Beryllium Tuff (see map
in Bikun, this report, Fig. 27). |

Tﬁe topaz, quartz, and calcite yielded thousands of secondary inclusions. No
primary inclusions were found in the clear or black topaz. The opal shattered too
easily for thick sections to be made so no fluid inclusion study was undertaken.
Oxygen and hydrogen isotope work (Henry, 1978) on opal of the Joy Tuff and opal
from the tuff of the Tonaz Mountain Rhyolite gave a temperature of formation range
of 6-101°C depending on which method of temperature calculation was used. Another
factor that indicates a low temperature origin for opal in the Spor Mountain Dis—
trict is the opal's association with clinoptilolite, montmorillonite and hydrated
but nondevitrified glass. 1In geothermal provinces alteration leaves little glass
untouched and the clinoptilolite and montmorillonite are limited to the coolest
zones of the alterétion (Henry, 1978, p. (IX) 14).

No primary inclusions were found in the fluorite of Bell Hill due to its fine

grain size (also true of fluorite in the nodules of the Beryllium Tuff). If any
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fluid was trapped in the crystals these inclusions would be téo small to work with.
In the western United States commercial fluorite deposits and fluorite ggngue-of
Tertiary age (6-32 m.y. old) are found in a horseshoe-shaped area which surrounds
the Colorado Plateau. This belt is associated with alkali granites or rhyolites,
normal Basin and Range faulting, and a high heat flow (Shawe, 1979).

The majority of these deposits are considered epithermal (Nash and Worl, 1971).
Two examples follow. 1In the Northgate District, Jackson County, Colorado, the
fluorspar deposits occur mostly in Precambrian basement but a few veins occur in
sediments of Tertiary age (Van Alstine, 1947). The fluorspar had four clusters of
homogenization temperatures near 113°C, 144°C, 160°C, and 177°C. The inclusions
had a salinity of 0.2 weight % equivalent NaCl (Nash and Worl, 1971).

Fluid inclusion studies of fluorite gangue associated with Pb-Zn-Ag replacement
bodies and fissure fillings have been undertaken in the southwestern Star Range,

Beaver -County, Utah. The minaralization is associated with the intrusion of Tertiaryzx
granite into sedimentary rocks. The fluid inclusions had a homogenization tem-
perature range of 135-205°C with 70% of the temperatures between 161-190°C (Su,

A1976).

Not all of the fluorspar deposits in the province are epithermal. Inclusions BEE
in quartz associated with the fluorspar deposits in the Jamestown District, Boulder
County, Colorado have filling temperatures of 250-375°C with salinities of 20-30
weight 7% equivalent NaCl. These denser fluids are in close association with
alkalic intrusives (Nash and Cunningham, 1973).

Work on fluorite deposits in Japan, Korea, and Russia indicates a low pres-
sure and temperature eavironment (the bulk of the mineralizafion occurring from
110°C. to 1807°C) making them epithermal (Arkhipchuk, 1968; Benesova and Cadek, 1969;
Enjyoji and Miyazawa, 1969; Karpov, 1970; De Groodt, 1973; Puzanov, 1973; Chi, 1975;
Arkhipchuk, 1976; Borodin et al., 1976; Faiziyev, 1976; Tmai, 1976; Rogers, 1976).

The fluids that deposited the éommercial fluorite déposits and fluorite nod-

ules in the tuff of the Spor Mountain District could be magmatic-hydrothermal or
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circulating ground water which is heated by the rhyolite flows. An example of the
latter formed the barite-fluorite-galeqa deposits associated with the Rio Grande
Rift in south-central New Mexico. It is believed to have formed by ground water
circulation through evaporites and carbonates to form a high halide and sulfate
solution which was heated to 150-200°C by mid-Tertiary near-surface dikes and sills
(Béane, 1974). Salinities of fluid inclusions from fluorite deposits related to
rhyolites range from 0.2 weight % equivalent NaCl (Van Alstine, 1969) to 10-15
weight % équivalent NaCl (Kessler, 1575).

Three primary inclusions were found in the topaz. The inclusions would not
treeze which'prevented determination of the salinity of the fluid. The same diffi-
culty was encountered for the inclusions found in quartz and fluorite. It is be-
lieved that f}uid inside small inclusions has trouble nucleating which prevents
ice formation (Enjyoji, 1972) and this may be the problem for these inclusions.
During homogenization of the topaz inclusions a nearby cleavage plane expanded
causing decrepitation of the inclusions between 80-110°C. Work done on homog-
enizing glass inclusioné in "ongonite", a Russian topaz-bearing quartz keratophyre
(a F-enriéhed silicic rock similar to the Topaz Mountain Rhyolite), gave a temper-
ature of homogenization at 920-1030°C (Naumov et al., 1971).

Quartz from the veinlet in the Fluoro Pit yielded the most primaries. The
fluid inclusions contained no daughter minerals or identifiable liquid CO, (this
is also true for all the primary fluid inclusions studied). Some of the inclusions
were too small to work with and others were lost when they were removed from the
remainder of the thick section enabling only one inclusion to be measured. On two
runs this inclusion had homogenization temperatures of 162°C and 165°C.

Primary inclusions in fluorite from the veinlet and calcite from a nodule were
very few. The single usable inclusion in the purple fluorite twice attained a
homogenization temperature of 143°C. A primary inclusion in the calcite homog-
enized between 290-310°C. Precise measurements could not be attained because a

residue of Canada balsam on the thick section clouded and intermittently obscured
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the view of the inclusion. The Canada balsam could not be removed for a second

run.

The size of bertrandite crystals, <5 pm (Montoya et al., 1962), prevented any
fluid inclusion study. Crystallization of bertrandite ih pegmatgtes has occurred
at temperatures as low as 140-165°C (Khitarov, 1973) and 130-160°C (Remeshilo,
1974) . The crystallization of bertrandite in the Beryllium Tuff at these temper-
atures is compatible with temperatures obtained from quartz and fluorite. D

The data collected is preliminary only. Lack of primary inclusions and their
sﬁall size prevented a statistical study. The homogenization temperatures of
quartz and fluorite suggest that the alteration of the Beryllium Tuff occurred at
low temperatures. The fine grain size of the fluorite, quartz and bertrandite is

characteristic of low temperature conditions which also favors slow reactions and

Tbng persistence of metastable forms (Krauskopf, 1977). Only more measurements,

if possible, will tell the precise range of alteration temperatures for the deposits.

The calcite temperature appears anomalously high but it could be the result of
heating of circulating ground water by the overlying rhyolite flows. Leakage of
the calcite primary inclusions may have occurred but it is not likely (Roedder and

Skinner, 1968).

SCANNING ELECTRON MICROSCOPY

Introduction

The scanning electron microscope (SEM) was used to investigate a variety of
materials. The character of pumices and shards from the Bishop Tuff ash flows
and air fall (fhyolitic éomposition), California-Nevada, was studied and compared
with pumices from the Beryllium Tuff Member of the Spor Moﬁntain Formation and
the tuff of the Topaz Mountain Rhyolite (Stratif;ed Tuff) in an attempt to deter-
mine the origin of forﬁation of these tuffs. Bertrandite residue from fluorite
nodules from the Roadsidé Pit at Spor Mountain was studied to determine the mor-

phology of the beryllium silicate, Fluorite from the fluorspar pipe at the Bell

.
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Hill Mine and from a nodule in ‘the Blue Chalk Pit was studied to determine if there

were any differences in crystal habit.

Review of theory on pumices and shards

As magma nears the surface éas bubbles nucleate from the melt and grow to
form bubbles. Surface tension within the magma will spontaneously shrink bubbles
with less than a critical radius while larger ones will grow (Murase and McBirney,
1973). According to Sparks (1978) the bubble growth stops before the magma is
extruded. When the magma is extruded explosively, the bubbles are stretched and
distorted into long or tubular vesicles and the magma is torn apart and quickly
chilled to form a frothy glass. Vesicle walls in the pumice may break off to
form straight or'slightly curved glass shards. The pumice and shards may be
deposited within an air fall or an ash flow.

After emplacement of the ash flow, compaction and welding occur if the
temperature is high enough. ﬁigh temperature devitrification and vapor phase
crystallization will most likely occur in a thick unit that will cool slowly.

A thin unit cools quickly, inhibiting high temperature devitrification and vapor
phase crystallization. Welding and compaction may flatten or completely homogenize
the pumice leaving little or no evidence of vesicles (Schmincke, 1974). These
processes will modify the initial pumice form resulting in a variation of pumice
morphology. Shards, being the wa11s of tubular chambers in the pumice, undergo
the same flattening processes as the pumices.

Pumice and glass shards will devifrify with time but the initial slow
cooling of a thick, hot, ash flow sheet may cause the glass to devitrify soomer.

A common devitrification product is spherulites, a radiating growth of acicular
crystals which form spheroids. The acicular fibers are usually composed of alkali
feldspar, cristobalite or plégioclase (Lofgren, 1971b). Basic requirements for
spherulitic crystallization afe a viscous melt, slow crystallization, formation of

a thin layer of the low temperature component at the liquid-crystal interface and
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the nucleation of nearly parallel fibers at disorder sites on the sides of existing

fibers. Detailed information on the formation of séherulites may be found in Keith
and Padden (1963) and Lofgren (1971b). The fibers grow into sheaves, then a bow-
tie shape and ultimately a spherical bundle (Morse and Donnay, 1936; Fig. 1):
Shéaves were a more common product in the devitrification of rhyolitic glass than
complete spherulites (Lofgren, 1968). Spherulites may grow over large areas of
the tuff sheet cutting across shards and pumiée. TheyAmay (Ross and Smith, 1960;
their figs. 63 and 64) or may not (Ross and Smith, 1960; their figs. 69 and 70)
completely destroy the texture of the ash flow tuff.

Another common devitrification product in ésh flow tuffs is axiolites, a group
of parallel fibers which grow in both directions from a line. Shards commonly de-
vitrify in this manner leaving the dutline of the shard intact (Ross and Smith,
1960; their figs. 71-74).

Lofgren (1971a) observed other devitrification products besides axiolites and
sﬁherulités in his éxperimenté on the devitrification of fhyolite. Perhaps these
textures may be found in a densely welded rhyolitic ash flow sheet that has devi-
téﬁfied. These textures include: granophyric-~-quartz enclosed within feldspar
stherulites; miarolitic cavity--cavity usually lined with quartz that forms by vol-
ume change due to crystallization; and micropoiki}itic quartz--feldspar spherulites
enclosed in quartz.

In Schmincke's (1974) study of peralkaline silicic welded ash flow tuffs it
was noted that if no devitrification occurs in a highly welded zone, the gas trapped
in the pumice vesicles is redissolved in the glass when the pumice collapses
during welding. The pumice later underéoaé secondary vesiculation which forms
spherical vesicles., These vesicles may form by other than the above-mentioned
postdepositional emplacement. Primary vesicles may have survived compaction and
welding if the emplacement temperature was relatively cold. That i;, "...1if gas
pressure in a spherical bubble equalled load pressure, the bubble might not collapse

during welding'" (Schmincke, 1974, p. 618). The characteristic that distinguishes
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Fig. 1. Various stages of growth in spherulites (modified
from Morse and Donnay, 1936, p. 397)
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secondary from primary bubbles is that secondary spherical bubbles will cut across
the collapsed pumice tubes and there will be little or no devitrification around
the bubbles (Schmincke, 1974). These secondary spherical bubbles may be the

precursor of lithophysae (Sheridan, personal communication, 1979).

Procedure
The pumices and fluorite were taken directly from bulk samples of ash flows
and nodules and fluorite pipes respectively. Dissolution of the fluorite nodules

was done with acidified AICl, according to the method of Steven et al. (1962).

3
All samples were placed on aluminum specimen mounts with double-stick tape. The
specimen mounts were coated with a thin layer of Au-Pd which provides a conductive
path for electrons from the surface to the ground. This prevents a buildup of

electronic charge on the sample. The SEM is an International Scientific Instru-

ment (ISI) Super III Model.

Pumices and shards of the Spor Mountain District
a) Pumices of the Beryllium Tuff

Due to alteration, pumices from the Beryllium Tuff Member of the Spor Mountain
Formation were difficult to characterize. No glassy pumices were seen in the out-
crop but the altered pumices in outcrops at various claims showed random orien-
tation and no flattening which indicates that welding has not taken place. Some
randomly-oriented brown, glassy pumices were obtained from drill hole No. 18.
These pumices of sample TRSM 18-571 are similar to pumices in the Bishop Tuff ash
flow with a tube diameter of 10.3 um and a wall thickness of 5.0 um (Fig. 2).
Altered pumices in sample TRSM 6-897 revealed an amorphous character. The vesicles
were destroyed when replaced by montmorillonite (Fig. 3).
b) Pumices of the Stratified Tuff

Pumices studied from the Stratified Tuff of the Topaz Mountain Rhyolite
include glassy, non-welded (TRSM 1-142, TRSM 1-315) and glassy welded (TRSM 43)

samples. Although the Stratified Tuff is partly consolidated it has not undergone
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Fig. 2. Sample TRSM 18-571, grain 1l: Tubular vesicles
in pumice from an ash flow deposit of the Beryllium Tuff.

Fig. 3 Sample TRSM 6-897, grain 2: Amorphous shape
of pumice from an ash flow deposit of the Beryllium Tuff.
Due to alteration and replacement by montmorillonite.
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much alteration so the pumice samples are fresh-looking. Nowhere was the tuff seen
to be devitrified but it has welded at some locations. Most of the pumices studied
in this and the last section have been obtained from ash flow tuffs in drill core
samples provided by Bendix Field Engineering Corporation (Morrison, 1979). The
samples are labeled with two numbers. The first refers to the number of the drill
hole. The second refers to the depth of the sample in the drill hole. Most of the
pumices studied were a light gray or light brown glass that was non-welded to
slightly welded and had random orientations (similar to pumices in a non-welded ash
flow of the Bishop Tuff). For TRSM 1-142 and 1-315 (Figs. 4 and 5) the tubes
averaged 14.7 ym in diameter with an average wall thickness of 8.5 um. No mud
or debris was seen to fill the tubes as may be expected if these pumices had sur-
vived transport in a volcanic mudflow (Schmincke, 1967).

A fiamme from the densely welded ash flow (TRSM 44, figs. 6 and 7) of the
measured section of the Stratified Tuff near Wildhorse Springs (see Bikun, this
report) contained no secondary vesicles (which are believed to be the result of
secondary vesiculation and seen in pumices from densely welded ash flows of the
Bishop Tuff). The Topaz Mountain Rhyolite and the associated tuff is 6-7 m.y. old
(Lindsey et al., 1975) and the pumices appear fresh. However, the curled layer of
Figure 7 suggests one of two ideas. The pumices may have undergone chemical attack
and formed solution crevasses similar to those formed on quartz grains in tropical
environments (Krinsley and Doornkamp, 1973; their figs. 97 and 98). Or it could be
a surface skin of hydrated material (Moore, 1966) which is peeling off. The latter
explanation seems more likely since a thin section of this welded tuff reveals
abundant perlitic cracks in the fiammes.

The study of these pumices has shown that barring alteration (as in the Beryl-
lium Tuff), pumices from both the Beryllium Tuff and the Stratified Tuff have a
morphology similar to pumices from ash flows of the Bishop Tuff (data omitted here).
A noticeable difference is that whereas the Bishop Tuff has undergone both devitri-
fication and welding the Beryllium Tuff has appeared to have undergone neither and

the Stratified Tuff has undergone only welding.



Fig. 4. Sample TRSM 1-142, grain 2: Tubular vesicles
in pumice from a glassy, non-welded ash flow deposit of
the Stratified Tuff.

Edovre5 Sample TRSM 1-315, grain 1: Tubular vesicles
in pumice from a glassy, non-welded ash flow deposit of
the Stratified Tuff.
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200 um

Fig. 6. Sample TRSM 44, grain 2: Fragment of fiamme
from a densely welded ash flow of the Stratified Tuff,
near Wildhorse Springs.

Bipsads Sample TRSM 44, grain 4: Curled layer on
fiamme from a densely welded ash flow of the Stratified
Tuff.
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c) Shards of the Beryllium and Stratified Tuffs

Shards are an integral constituent of ash flow and air fall deposits. The
consolidated condition of the Beryllium Tuff and the Stratified Tuff made it impos-
sible to extract individual shards for study. Broken surfaces of both tuffs were
examined under the SEM but no shards were found. Howéver, shards from the 0.063 mm
size fraction of the Bishop Tuff air fall and ash flow deposits were studied and
found to be delicate and angular. It is believed that these rhyolitic shards should
be a good representation of shards in the Beryllium and Stratified Tuffs since these
are believed to be mainly the deposits of pyroclastic flows with minor air fall and
pyroclastic surges (see Bikun, this report). A preliminary study of thin sections of
both the Beryllium Tuff and Stratified Tuff reveal angular shards in the matrix which
appears to back up the above assumption.

On the basis of crude stratification, poor sorting and a heterogeneous mixing
of materials Lindsey (1977) postulated that mudflows were the dominant constituent
of the Beryllium Tuff and a minor constituent of the Stratified Tuff (Lindsey, 1979)
and reported an abundance of shards (and pumice) in both. However, Schmincke's
(1967) study of the volcanic mudflows (which moved as an inertia type flow) of the
Ellensburg Formation revealed little or no shards and pumice. Perhaps mudflows
may move by other mechanisms which allow the survival of these glass particles.
Further work is required on characterizing and quantifying the shard and pumice
morphology not only in volcanic mudflows but other volcanic deposits such as air
fall tuffs, ash flow tuffs, water-laid tuffs, and pyroclastic surges. This would
provide a way to identify the origin of consolidated volcanic deposits which

cannot undergo particle-size analysis (Sheridan, 1971).

Spor Mountain Mineralization
Bertrandite was discovered practically simultaneously by Staatz and Griffitts
(1961) and Montoya et al. (1962) to be the beryllium-bearing mineral in the miner-

alized tuff. The beryllium is believed to be carried as a complex fluoride ion
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in a F-rich solution. The removal of large amounts of F to form fluorite would
break down the complex ions allowing bertrandite to form (Staatz and Griffitts,
‘1961, p. 949). It is not surprising that beryllium is found in high concentrations
in the fluorite nodules and this makes them a good choice for bertrandite study.
Microscopic examination of bertrandite separated from fluorite nodules revealed
individual grains of bertrandite less than 5 um in diameter which formed aggregates
up to 124 ym in diameter. The grains showed a weak birefringence and an index of
refraction from 1.54-1.58 (Montoya et al., 1962).

The crystal habit of bertrandite had yet to be described. To attempt this,
two fluorite nodules, one from the Roadside Pit (BSM 9 - provided by David Lindsey)
and one from the Blue Chalk Pit (BSM 10), were placed in boiling, acidified AlCl3,
which dissolves fluorite but leaves the silicate minerals untouched, according to
the method of Stevens et al. (1962). The residues were analyzed by the Debye-—
Scherrer powder camera and each contained bertrandite. Under the SEM no crystal
habit could be distinguished in either sample (Fig. 8).

Until this study, very few fluorite crystals had been seen in the fluorspar
and those crystals (cubes, 1 to 2 mm across) were reported from the Hilltop prop-
erty and Dell No. 5 claim (Staatz and Carr, 1964, p..133). Under the SEM, fluorite
from the Bell Hill Mine (BSM 4) consists of crystals approximately 7.4 ym in diam-
eter. Figures 9 and 10 reveal cubes and cubes modified by octahedra (?) respec-
tively. These minute crystals form a boxlike framework on a microscale (Fig. 11).
Large-scale open boxworks in ore of the fluorspar pipes have been reported by
Staatz and Osterwald (1959, p. 61). The cubic habit of cryptocrystalline fluorite
from a fluorspar pipe is in contrast to the crystal habit of cryptocrystalline
fluorite from a nodule. Fluorite from the Blue Chalk Pit had an amorphous shape
like the bertrandite residue (Fig. 12).
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20 um

Fig. 8. Sample BSM 10, grain 2: Amorphous shape of
bertrandite from fluorite nodule, Blue Chalk claim.

Fig. 9. Sample BSM 4, grain 2: Cubic habit of
fluorite, Bell Hill Mine.
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(i e

Fig. 10. Sample BSM 4, grain 1: Fluorite cubes modified
by octahedra (?), Bell Hill Mine.

20 pm

Fig. 11. Sample BSM 4, grain 2: Open boxwork of
fluorite, Bell Hill Mine.
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Fig. 12. Sample BSM 11, grain 1: Amorphous shape ol
fluorite, Blue Chalk claim.
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ABSTRACT
Several small uranium deposits in southwestern Utah are associated with a
distinctive Miocene period of fluorine-rich rhyolitic volcanism. The rhyolitic

lavas contain high concentrations of U(~20 ppm) and other lithophile elements and
often contain topaz in 1ithophysae.or in the groundmass. This period of volcanism is dis-
tinct from an earlier Oligocene period ofAcalc-alkalic magmatism and caldera forma-
tion., Uranium and fluorite deposits neér the Staats Mine, Wah Wah Mountains, occur
within tuffs beneath a topaz rhyolite lava flow and alomg the hrecriated margine of
an intrusive phase of the body. No uranium concentrations were found associated
with the rhyolite lavas and tuffs near Four Mile Wash, also in the Wah Wah Mountains,
in spite of their high U content and overall ¢éhemical similarity to the lavas at

the S;aats Mine. The lack of reactive carbonate clasts within the tuffs at Four
Mile Wash and the apparent lack‘of any hydrothermal alteration of the lava are
consistent with its barren state. Other localities in the southeastern Great

Basin experienced rhyolitic volcanism similar to that at the Staats Mine but mostly
did not experieqée the special conditions in their emplacement, cooling and alter-
ation histories necessary to generate notable urénium concentrations within or near
the volcanic rocks. Devitrification and/or groundwater leaching has released

significant quantities of uranium from the rhyolitic rocks and some may have been

concentrated in sedimentary  deposits within the adjacent valleys.
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INTRODUCTION AND SCOPE

Uranium mineralization occurs associated with several small bodies of rhyolite
in the Basin and Range proviﬁce of southwestern Utah.(Fig. 1). Small quantities
of uranium ore have been produced from a number of mines in the region and several
major companies are conducting explbration programs in the area. Fluorite deposits
occur throughout the same reéion of southwestern Utah and, although other fluorite
occurences are related to uranium-rich rhyolitic lavas and tuffs. These distinc-
tive rhyolites are themselves rich in F (>3000 ppm) and other lithophile elements
and often contain topaz in lithophysae or groundmass.

In an attémpt to identify the factors that may lead to the presence or absence
of economic mineralization, both mineralized and '"barren'" rhyolites from the Wah
Wah Mountains were studied. The only producing uranium mine within the regioﬁ is
the Holly Claim near the Staats Mine in the southérn'part of the range (Fig. 1).

The minemlization occurs in tuffs beneath a small topaz rhyolite lava flow. A
éimilaf rhyolite dome complex, with no known uranium deposits, from the Four Mile
Wash area 13 km éouth of the Holly Claim was studied for comparison. In addition
several rhyolite 6ccurrences and fluorite deposits along the "Blue Ribbon lineament"
of Rowley et al. (1978a) were examined to assess the relationship of this feature

to uraniuﬁ mineralization in the region.

This report is baéed on a combination of field and laboratory studies conducted
in 1979 and 1980. My initial visit to the Staats Mine area was in the company of
M. F. Sheridan and D. M. Burt in May 1979, who pointed out many critical features.
Three weeks were speht in the region during July and August mapping the areas around
the Staats Mine and Four Mile Wash. Approximately 75 samples of fresh and altered
rocks were collected and thin sections of 55 samples were studied. Whole rock chemical
anglyses of 18 fresh samples were performed using X-ray fluorescence and atomic
absorption techniques at Arizona State University. Uranium concentrations for_S

samples were determined by neutron activation and delayed neutron analysis at the
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Fig. 1. 1Index map of southwestern Utah and adjacent areas in Nevada,
showing the location and approximate extent of Miocene rhyolites and intrusive
rocks with various ages discussed in this paper. After M. G. Best (unpub-
lished manuscript) and Keith (1980).
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Center for Volcanology, University of Oregon. Potassium, uranium and thorium con-
centrations were determined for another 55 samples by gamma ray spectroscopy (grs) at

the University of Texas, El Paso.

GEOLOGIC SETTING

Southwestern Utah lies along the eastern margin of the Basin and Range
physiographic province and shares most of its geologic features‘and history with
the rest of the Great Basin, including the Spor Mountain area (Bikun, this report)
which lies about 200 km to the north,

During the Paleozoic and Mesozoic Eras shallow marine and continental sed-
iments accumulated on what was probably a continental margin produced by Precambrian
rifting (Stewart, 1972). Late Mesozoic and early Tertiary orogenisis (the Sevier
and Laramide orogenies) produced large, low angle thrust sheets that juxtapose a
series of carbonate-dominated sediments of late Precambrian to Silurian age-over
Mesozoic continental deposits (Miller, 1966). Locally, lower Tertiary fluvial and
lacustrine sediments veneer this sequence.

Approximately 30 m.y. ago, the southern Great Basin experienced explosive
volcanism over a broad area. The resulting volcanic rocks lic unconfermably vver
the eroded remnants of the thrust-faulted terrain. Although the composition of the
initial volcanic products is fairy silicic (Conrad, 19A9; Bushman, 1973; Campbell,
1978), the largest volumes are represented by dacitic ash-flow tuffs and andesitic
lavas. The most extensive units erupted during this Oligocene volcanism are included -
in the Needles Range Formation (Mackin, 1960; Cook, 1965; Best et al., l973>. One
of the three regional sheets (the Wah Wah Springs Tuff Member) outcrops over an area
of almost 40,000 km2 and its emption volume is estimated at nearly 4,000 km 3 (Shuey
et al., 1976). The Needles Range Formation has been dated by K-Ar methods as 29.7
+ 0.9 m.y. old (Armstrong, 1970; Fleck et al., 1975), and provides a prominent strati-

graphic marker throughout much of the eastern Great Basin and western Colorado

~
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Plateaus. Typically, large collapse—typé calderas were produced as a fesult of
these eruptions. The Indian Peak cauldron, partially exposed within the Needle
Range, is the source for several members of the Needles Range Formation (Best

et al,, 1979), Contemporaneously with the ash-flow magmatism, composite volcanic
pilés were built in the Black Mountains and other nearby areas (Rowley, 1978). Another
prominent marker unit within the Oligocene sequence is the Isom Formation (Williams,
1967; Mackin, 1960). It is a distinctive, crystal-poor tuff with secondary

flowage features and abundant vapor-phase crystallization. It has been dated

at 25-26 m.y. (Armstrong, 1970; Fleck, et al., 1975). Overlying the Isom Forma-
tion is a hetrogeneous assemblage of rhyolitic tuffs and trachyandesite lava flows
in several of the mountain:ranges (Keith, 1980).

Associated with this intermediate to silicic (generally calc-alkalic) volcanism
are several small intrusions that range in composition from monzonite to granodiorite
(Fig. 1). They are scattered throughout the area from the Stateline District to
Milford. Several are mineralized; hydrothermal, metasomatic and disseminated Cu,
Ag, Pb and Zn mineralizations are typical (Lemmon, et al.,, 1973). Hydrothermal
fluorite deposits (Bullock, 1976) surround a small granodiorite intrusion in the
Needle Range that may be the resurgent core of the Ihdian Peak: Cauldron (Grant,
et al., 1976). These deposits have accounted for most of the fluorite production
in the region. However, they are not uraniferous.

A "porphyry" molybdenum ore body was recently discovered near Pine Grove
in the ¢entral Wah Wah Mountains (Wall Street Journal, 8 January, 1978; Keith,
1980). The mineralization occurs within a garnet-bearing rhyolite porphyry
that appears to have explosively vented to the surface during its evolution.

The placement of this rhyolitic (V76% SiOz) intrusion within either the calc-

alkalic sequence just described or the following rhyolitic suite is problematic
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because of its age (23-25 m.y.; Keith, 1980).

The nature of volcanism'in southwestern Utah changed abruptly after about 23
m.y. ago. The predominant volcanic rocks of this epoch are trachyandesite lavas
and rhyolites. Best (unpub. ms.) has obtained a K-Ar age of 23 m.y. on a trachyandesite
from the Wah Wah Mountains. The rhyolites were emplaced as subvolcanic intrusions,
small domes or short flows. The youngest flows in this sequence genreally lie un-
conformably on tilted faultblocks of the older ash-flows and are commonly high in
silica (>75%). Similar rhyolitic volcanism occured contemporaneously in the Marysvale
region (Carmony, 1977 Wender and Nash, 1978; Rowley, et al., 1979) and at Spor
Mountain (Lindsey, 1979; Bikun, this report). At Spor Mountain and in the Wah Wah
Mountains-Needle Range region the high-silica rhyolites are>generally rich in fluorine
(>5000 ppm in many cases) and topaz, fluorite, bixbyite and garnet occur in litho—'
physae or in the groundmass of crystalline lavas. Associated with the gilicic
volcanism are small deposits of lithophile elements, notably uranium and fluorite
(and beryllium at Spor Mountain). Some alunitic alteration (K-Ar age 15.5 m.y.,

M.G. Best, unpub. ms.) is also associated with rhyolitic volcanism, as well as iron
(Blawn Mountairn) and mercury (south of the Tetnns); All of thesc occurrences are
in the Wah Wah Mountains.

This period of apparently bimodal volcanism was approximately contemporaneous
with the inception of basin and range faulting in the region -- 21-22 m.y. ago (Rowley
et al., 1978a) -~ if the ages of the Staats Mines intrusion, 20 m.y. (Rowley, et al.,
1978b), two intrusions in the Stateline District, 17 and 21 m.y. (Keith, 1980) and
four lavas from the Wah Wah Mountains (21.5-23 m,y.) are representative. Although
rhyolitic volcanism has continued to the present, basaltic volcanism has become
volumetrically more important throughout the Great Basin and has become increasingly

conentrated along the margins of the Basin and Range province (Best and Hamblin,

1978).
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THE STAATS MINE AREA, WAH WAH MOUNTAINS

The Staats, or Monarch, Mine in the southern Wah Wah Mountains has been a minor
producer of uranium and fluorite since at least the mid-1950's (Thurston et al., 1954).
Other nearby mines (Daisy, Producer and Holly) have periodically produced ore. The
mines a;e centered around a small (1 km by .2 km ) intrusive-extrusive body of
topaz~bearing rhyolite. Thurston et al. (1954), Whelan (1965), Bullock (1976)
described the igneous body as a rhyolite-porphyry complex that was intruded by an
igneous breccia that hosts the mineralization in some locatiomns. Rsmapping of the
area indicated that only part of the outcrop is intrusive, and the mineralized

"mylonized breccia" described by Whelan is an altered lithic-rich tuff. The map is

shown in Figure 2.

... Geology

Only four significant geologic units were mapped in this area--a sequence of
undifferentiated Paleozoic sedimentary rocks, a Tertiary andesite, the rhyolite

- of Staats Mine and the tuff of Holly Claim.

Sedimentary rocks. The sedimentary rocks around the outcrop are not differ-
entiated on the map. Miller (1966) and Lindsey and Osmonson (1978) have described
these rocks. Briefly the& consist of Ordovician to Mississippian quartzites and
massive dolomites that are part of an allochthonous thrust sheet. Bodies of
jasperiod occur within the dolomites and the carbonates are variably altered to clays
'or silicified near the rhyolite.

Tertiary andesite, Two small outcrops of brown aphanitic andesite unconform-

ably overlie the dolomites along the southwest margin of the northern lobe of the
rhyolitic mass. The lava is non-vesicular, flow-banded and weathers to decimeter
sized slabs. Apparently, these outcrops are remnants of a lava flow that partially
filled gullies in the underlying dolomite. In hand sample, they resemble other

andesitic lavas that were extruded both before and after the eruption of the Needles Range

Formation., They probably correlate with the andesite member of the pre-Needles Range,
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Figure 2. Gcologic map of the Staate Mine
area, Wah Wah Mountains, Utah.
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Escalante Desert Formation which is exposed about a'mile to the southwest (Best and
Keith, 1979).

Tuff of Holly Claim. Ringing the southern lobe of the rhyolite is a lithic-

rich tuff composed of interlayered pyroclastic surge and pyroclastic flow deposits.
Locally the lithic irnclusions exceed 10 cm in diameter, and the rock could be called
a pyroclastic breccia. The tuff has been extensively altered and original glassy
material is dominantiy clay minerals., Lithic inclusions aré predominantly carbonate
fragments from the underlying country rock, but clasts of volcanic rocks comprise
épproximately 25% of the inclusions. Represented in the volcanic inclusions are
several members -of the Needies Range’Formation (dominantly. the Wah Wah Springs Tuff)
and an andesitic lava, similar to that exposed along the margins .of the rhyolite.

Tﬁe tuff unconformably overlies the carbonate rocks at the extreme southern tip of
its outcrop area and is conformably overlain by rhyolite lava. The informal desig-
nation of this unit is taken from the name of an open cut in the tuff near its
southeast margin where exposures are best (Fig. 2). Some uranium ore has beén shipped
from this locationL The unit is interpreted to be the remnant of a tuff ring
emplaced during the initial venting of the upper portion of a rhyolitic magma chamber,
The tuff of the Holly Claim is similar to and correlative with the tuff member of

the Blawn Wash‘Formation (Best and Keith, 1979).

The rhyolite of Staats Mine. The dominant rock within the igneous complex is

a dense, grey porphyritic rhyolite. Contacts with the other units are often

obscure, but sharp intrusive contacts are well-exposed in several bulldozer cuts
along its northern margin. 7o the south the rhyolite overlies andesitic lava or

the tuff of Holly claim and in these localities is clearly extrusive. The rhyolite
crops out over an area of slightly less than 2 kmz. The name is derived from the

. Staats Mine, located along the western margin of the outcrop. An age of 20.2 m.y.

was obtained on sanidine from the rhyolite by K-Ar methods (Rowley and others, 1978b).
Miarolitic cavitieé and flow banding are common within the rhyolite mass. Along its

eastern margin columnar joints are prominent. Both Miller (1966) and Whelan (1965)
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speculated that the northern lobe is a sill from a stock represented by the southern
lobe. Although the northern lobe may be sill-like in places, tﬁe extreme northern
part has sharp, vertical contacts with the éediments and the preéence of the tuff a-
round the southern lobe demonstrates the extrusive nature of the complex. Best and
Keith (1979) have included the rhyolife within their rhyolite member of the Tetons,
but because of its sfrongly porphyritic nature, it is probably more similar to their
rhyolite member of Pink Knolls,

Petrographically, the rhyolite consists of euhedral smoky quartz and feldspar
phenocrysts several #iillimeters in length set in a felty groundmass (v75% of the rock)
of alkali feldspar and silica minerals., The modal minéralogy is summarized in Table
2. Trace constiuents includevphenocrysts of biotite, Fe~Ti oxides and\magmatic fluorite.
Topaz occurs within the groundmass as a vapor phase mineral. The biotites are generally
altered to assemblages of oxides minerals and most of the feldspar phenocrysts are
turbid. Fresh feldspar compositions analyzed by electron microprobe (Christiansen et al.,
this report) plot in two fairly tight fields near Or55 and Ab87. Using Stormer's
(1975) two-feldspar geothermometer a temperature of 650°C was obtained. This is a
fairly low temperature but is coﬁsistent with temperatures obtained by Bikun (this
report) and Turley et al, (1979) for similar fluorine-rich rhyolites from near the
Thomas Range. Chemicélly the rhyolite is subalkaline and peraluminous (Table 1,

analysis 1). The rhyolite is high in silica, alkalies and Rb and low in TiO features

2°
typical of topaz rhyolites., The fluorine concentration is over 0.50 wt.% and the U-
content is 14 ppm (Table 5). In view of the slightly altered nature of the phpnh-
crysts, and the mobility of F and U (Zielinski et al., 1977) these probably do not
represent magmatic values. Almost certainly the U-content of the rhyolite was re-

duced by post-consolidation alteration. -Glassy topaz rhyolites generally contain

20 ppm‘uraﬁium (Table 5).

Eruption and Emplacément

Studies of the emplacement of viscous rhyolite domes and flows have shown that
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Table 1. Chemical analyses of rhyolites from southwestern Utah.

analysis no. 1 2 3 4 5 6 7

sample no. STC-4 WW-19 WW-50 WW-54 WW-55 SE-1 . .NR-6
510, “ 75.8 77.5 _ 76.0 75.9 76.2 75.6 75.8
Ti0, 0.06 0,07 0.08 0.10 0.10 0.06 0.06
AL,0, 12.8 10.9 12.8 12.3 12.2 12.9 12.6
Te,0,* 1.30 1.04 1.04 _ L.23 1.60 1.08 1.48
MnO 0.05 © 0.09 0.08 - 0.09 0.07 0.09 0.09
Mg0 . 0.11 0.19 0.07 0.05 0.07 0.14 0.04
ca0 0.67 - 0.57 0.56 0.62 0.45 0.40 - 0.49
Na,0 4,06 3.76 3.70 2.96 3.30 3.5 4.48
K,0 4.60 4,07 4.83 5.09 4.96 4,98 4.60
F 0.53 0.40 0.33 _0.25 0.09 0,11 -
sum 99.93 98. 59 99.49 98.59 99.04 98.87 99.64
-0=F 0.22 0.17 0.14 0.11 0,04 .05 =
Total 99,76 | 98.42 99.35 . 98.48 99.00 98.82 - 99,64
LOT 0.47 0.79 2.33 3,91 0.67 0.54 3.89
U (ppm) - 13.8l 12.72 . 18.6° - - 92 112
‘l uranium determinad by instrumental neutron activation. -
2 " " by gamma ray spectroscopy.
3" " by delayed neutron analysis.
* Total Fe calculated as Fe, O

273
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Table 1.

continued.

analysis nc. "8 9 10 - 11 12 13 14
sample no, NR-2 NR-9 WW-6b WW-7 WA-8 WiW-9 WW-10
5102 77.2 77.1 77.7 77.1 76.5 76.8 77.3
TiO2 0.18 0.13 0.16 0.06 0.06 0.11 -~ 0.10
Aizo3 12,7 i2.,5 12.2 12.6 12.6 12.3 12.2
Fe203* 1.33 1.03 1.0¢9 0.93 1.00 1.16 1.19
MnO 0.J7 0.04 0.0% 0.06 0,09 0.09 0.08
Mg0 0.20 0.12 0.1% 0.10 0.07 0.10 0.06
.CaO 0.49 0.9_ 0.63 0.17 0.66 0.91 0.45
Na20 2,79 1,92 3.20 3.42 3.95 4,21 3.63
KZO 5,12 5.79 5.00 5,25 4,57 3.25 4.57
. _ _ _ _ _ 0.50 -
sum ©93,88 99,53 100.18 99.69 99.49 99.33 99.58
-0=F - - - - - 0.21 -
Total €7,88 99.5% 100,18 99.69 99.49 99.12 99.58
.LOI 2,99 3.37 2.54 0.72 ‘4.35 4,36 0.45
U 9.67 6.5° 19.63 - 20.6° 20.2° 13,83

8ty



Table 1. continued.

analysis no. 15 16 17 18
sample no. WW-41 WW-11 SH-1 SH-3
Sioé 75.8 75.1 77.5 73.7
TiO, . 0.05 0.09 0.22° 0.13
A1,0, 12.9 13.0 11.0 12,2
Fe,0,% 1.26 1.34 1.69 1.65
MmO 0.12 0.11 0.02 0.06
Mg0 0.04 0.17 0.24 0.13
Ca0 0.62 0.91 0.26 3.08
Na,0 3.84 3.80 3,02 3.40
K,0 4.80 4,90 5.25 5.12
F 0.45 - -0.06 0.14
sum 100.05 99.42 99.26 99.61
-0=F 0.19 - 0.03 0.06
Total 99.86 99.42 99.23 99.55
101 3.26 '0.82 0.13 1.12
U (ppm) 21.3; - 5.6° 7.52
21.5

6¢cYy



Ta-le 2. MoZal composition of volcanic rocks from southwestern Utah.

area sample no. matrix quartz sanidine plagioclase = biot fluorite-. topaz. . .opaques - others

Staats- STC~4 73.2 7.4 10.5 7.7 0.2 0.6 0.4 Tr. -
Mine

WW-2 72.0 10.0 . 1a.0 2,0 Tr. - Tr. Tr. -
Four Mile WW-19 86.6 2.2 6.8 2.8 - - 1.4 0.2 zircon
Wash

WW-50 75.2 0.z 1702 : 6.0 Tr. - 1.0 0.4 -

WW-54 92,0 3.6 2.8 1.4 - - Tr. 0.2 -
Cottonwood NR=6 74 .4 6. € &.8 2.6 0.8 0.4 — _— _
Wash
Commissary - NR-2 85.6 0.6 £.0 4.6 1.0 -— - 0.2 -
Creek

NR-9 70.2 7.2 17.2 4.6 0.2 - - 0.6 -
The Tetons W=7 97.4 0.8 1.4 0.4 - - - - -

Ww-8 96.0 - 2.6 1.4 - - - - -
Broken WW-9 98.2 0.8 2.8 0.2 - - - - -
Ridge : -

WW-10 84.8 1.6 1.0 - - -~ (lithophysal minerals 13.2) --

WW-11 71.4 6.4 6.4 1.4 - - - 0.2 - -
Dead Horse SH-1 7G 12 15 1 1.5 -— - 0.8 hb

Note. Values are in volume percent., Tr.=trace

oty



431

many are emplaced within or 6rigiﬁate from a tuff ring produced by'a variety of pyro-
clastic processes (fall, surge, flow) during the initial explosive venting of the
magma (Sheridan and Updike, 1975; Christiansen and Lipman, 1966; Heiken, 1978). The
tuff ring commonly consists of a mixture of juvenile rhyolitic material, generally
pumice-~rich, and accidental lithic fragments derived from the rocks overlying the
site of explosion. These eruptions can oc;ur when the rising magma comes in contact
with ground water or when the magma becomes saturated with volatiles that exsolve
explosively upon pressure release.

The rhyolite of the Staats Mine appears to have been emplaced in a similar
_fashion, Lithic inclusions within the tuff of Holly Claim include those rock types
through which the rhyolite would have vented, namely carbonates and intermediate
" composition volcanig rocks., The eruption of the tuff of Holly Claim was followed
" b7 the emplacement of a viscous rhyolite dome; along its western margin, a lobe of
rhyolitic lava must have extended over the tuff ring. The northern,lintrusive lobe
of the rhyolite of Staats Mine may have been'emplaced as a sill, as suggested by
Whelan (1965) and Miller (1966), but the near vertical contacts along its margin make
- this interpretation less tenable. Alternatively, the ﬁorthern lobe may represent the
main mass of the rhyolite intrusion wfth its pyroclastic blarket and extrusive lava
cover stripped away by erosion. This interpretation, shown in Fig. 3, reéuires that con-
siderable topographic relief existed at the time of eruption and suggests that the

tuff of Holly Claim was deposited in a péleo—valley and preserved by its lava cover.

Mineralization:

Staats Mine. The.ore deposits at the Staats Mine have received previous atten-
tibn from Thurston et al, (1954), Whelan (1965), Bullock (1976) and Lindsey and
Osmonson (1978). Fluorite (and ﬁranium) mineralization is confined to a narrow
breccia zone that occurs aloﬁg the margin of the intrusive portion of the rhyolite.

A shaft and an adit penetrate into this breccia zone near the northwest corner of the

rhyolite. The brececia was produced by intrusion of the rhyolite plug so that transi-



Figure 3. Geologic cross-secticn of the rhyolite dome and lava flow near the Staats Mine, Wah Wah
Mountains, Utah.
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tioqs from unaltered carbonate country rock, brecciated dolomite, altered and brecci-
ated dolomite and rhyolite to éltered rhyolite are common. The mineralized zone is
marked by pervasive-alteration to clays (Lindsey and Osmonson, 1978,'idéntified
kaolinite, montmorillonite and illite), fluorite stringers, calcite and quartz.
Pyrite and hematite are also present within the ore zone. Purple fluorite occurs
within thebreccia as pods or lenses, that extend vertically, parallel to the margin
of the instrusion, for approximately 10m in the shaft (Thurston et al., 1954).
Fluorite mineralization does not extend into the unbrecciated country rocks. 1In
places the contact zone is faulted and mineralization ends abruptly at the fault
plane, with fluorite replacements extending into the altered fhyolite.

Uranium concentrations, as indicated by testing with a scintillometer, are inti-
mately related to the fluorite, but white, altered rhyolite with no apparent fluorite
yields the highest counts, V140 ur/hr (Table 3). However all of thg contact zone
is more radioactive than either the country rock or the main rhyolite mass; Uraninité,
autunite and uranophane have been identified in the fluorite breccia near the
Staats Mine (Whelan, 1965).

The field relations around the Staats Mine suggest that Ca++-bearing fluids
(from the carbonate country'rock) were transported into or along the brecciated margin
of the cooling rhyolite after its intrusion. Reactions between the fluorine-rich
rhyolite or a F-rich fluid separated from the rhyolite and Ca-rich aqueous fluids
precipitated fluorite, trapping uranium in the process as much of the uranium was
probably being carried by fluorine complexes within the magma (cf. Burt and Sheridan,
1980). High temperature devitrification of glassy rhyolite leads to the loss of both
U and F (Zielinski et al., 1977). Presumably such processes had.alread§.feleased
these elements and placed them in a form that would be highly susceptible to fluid
transport and redeposition along the porous brecciated contacts. Lower pressure and
temperature encountered by rising fluids also favors the disassociation of F-complexes
(Bailey, 1977). All of these factors probably played a role in the deposition of

fluorite and concentration of uranium at the sediment-rhyolite contact.
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~ Radioactivity of rock units in the Staats_
Mine area, Wah Wah Mountains, Utah

Location

. Rock Type ..

Staats Mine

Daisy Mine

Producer Miner

Holly Claim

dolomite, fresh

brecciated dolomite w/fluorite

brecciated dolomite~rhyolite
contact
white, altered rhyolite

rhyolite, fresh

rhyolite, fresh

altered rhyolite w/fluorite

dolomite, fresh

altered tuff w/fluorite

ore stockpile

rhyolite lava, fresh
pyroclastic flow
pyroclastic surge

vent-facies breccia

fractures in tuff w/fluorite: hematite

ore stockpile

Radioactivity (‘ur/hr)1

21
60

85

50

up to 100

12
50-100

. 200

40-50
30-35
40
80-100

450-3000
275-375

1measured in field with hand-held scintillometer
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The Daisy Mine. - The Daisy Mine lies .about one kilometer south of the Staats

Mine along the brecciated margin of the rhyélite of Staats Mine. Fluorite and
uranium ore were shipped from - the mine (Bullock, 1976). The mineralization
is similar to that at the Staats Mine and consists of . lenses and pods of green to
purple uraniferous fluorite. Uraninite occurs in the more intensely alteréd parts

cf the mine,

The Holly Claim. Near the southeast corner of the rhyolite complex a short

cut and a vertical shaft at its northern end were constructed on the Holly
Claim (owned by Lavar Hollingshead of Ely, Nevada). The mine is located in a strong-
ly altered tuff. The tuff, as exposed in the walls of the cut, consists of a lower
vent: breccia about 1m thick, with large lithic inclusions, overlain by a finer-grained,
distinctly laminated ash flow. Faulting that may‘have accompanied the eruption, has
dropped the vent breccia below the floor of the cut on the north, toward the probable
location of the vent. Calcite and clay arevabundant and have replaced most of the
originally pumiceous materials; Uraniferous fluorite occurs as fissure-fillings and
-as pﬁrple rims around some of the abundant carbonate lithic fragments. Testing with
a .scintillometer showed that the coarse vent facies are more radiocactive (80-100 ur/
hr) than the overlying pyroclastic flow (30-35 ur/hr) or the rhyolite lava (50 ur/hr).
However, fluorite-and quartz-lined fractures, stained with hematite, within the ash
flow yield readings ranging from 450 to 3000 pr/hr. Table 3 compares the-radioactivity
of various lithologies surrounding the rhyolite of Staats Mine.

Mineralization of the tuff of Holly Claim probably proceded in a manner similar
to that proposed by Burt and Sheridan (1980; this report). Several elements of this
model were derived from an examination of this area, It was suggested that heat from
a rhyolite dome or-flow could set up near-surface water circulation into and up the
volcanic vent and out through underlying tuffs. This flow pattern is determined by
the porosity and permeability of the brecciated contact zone and the lithic-rich tuffs.
Some ore deposition probably occurred during this typé of fairly low temperature

alteration of the glassy tuff to clays, calcite, fluorite and iron oxides. All of the
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ore elements could easily be derived from the cooling rhyolite and redistributed within
the tuff with its reactive lithic fragments. The continued percolation of even lower
temperature ground water through the vent complex presumably has further modified the

ore distribution.

THE FOUR MILE WASH AREA, WAH WAH MOUNTAINS

Another small rhyolite dome occurs on the east side of Four Mile Wash, approxi-
mately 13 km due south of the rhyolite of the Staats Mine. The dome is nearly
circular in plan with a diameter of 1.8 km. Although the complex is structurally
and chemically similar to that of the Staats Mine, no uranium has been reported from
it. One‘of the purposes of this study was to determine the reasons for its Barren,

state.

Geology

The geology of the area:: is shown in Figure 4. Five lithologic units were mapped

in the field.

Sedimentary rocks. The entire east side of the area is underlain by Paleozoic
carbonate sediments. Near the rhyolite the rocks consist of a mottled grey dolomite.
No alteration of the sediments is apparent near the rhynlite contact.

Older Tertiary volcanic rocks. For the sake of simplicity a diverse group of

tuffs and lavas that are older than the rhyolite dome are grouped together as older
Tertiary volcanic rocks. Most of this unit consists of the Lund Tuff Member of the
Needles Range Formation. To the north and south flow-banded andesitic lavas crop out
that probably correlate with the hornblende andesite mapped by Best (1979). Occasional
exposures of a white crystal-rich ash-flow tuff occur near the margins of the rhyolite.
This is probably the Bauers Tuff Member of the Condor Canyon Formation (22 m.y. old,
Feck et al., 1975). Although the contact is poorly exposed these volcanics probably
cover the Paleozoic sedimentary rocks and may have an aggregate thickness of several

hundred meters.
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Utah,

Explanation
Tru Undifferentiated rhyolite lava
and tuff (Miocene)

Trf Rhyolite of Four Mile Wash
(Miocene)

Tuff of Four Mile Wash

:E - (Miocene)

Undifferentiated older volcanic

Tvo
rocks (Miocene-Oligocene)
Pu Undifferentiated sedimentary
rocks. (Paleozoic)
—~ Contact
o Fault, dotted where concealed
0 0.5 1 mile
1 1 —y .
I T T 1
0 1
kilometers

LEY



438

Tuff of Four Mile Wash. Resting uhconformably on the older volcanic rocks is

a white unwelded tuff. The tuff consists of a variety of pyroclastic deposits, in-
cluding pyroclastic fall, pyroclastic flow and pyroclastic surge. Stream gullies
expose sections 4 m thick that consist dominantly of massive and sandwave facies
pyroclastic surge typical of tuff units beneath rhyolite domes elsewhere, Alter-
nating beds are lithic rich. All of the components of the older volcanic section
are represented in the lithic suite, but no carbonate or sedimentary inclusiéns are
present. Glassy crystal-rich inclusions of rhyolitic composition reach 20 - 30 cm
across. These inclusions.probably represent quenched samples of the rhyolitip magma
ejected dﬁfing eruption as bombs. The total thickness of the tuff is probably about
10 m onthe east side of the dome, although the base may not be exposed., Much of the
pumice within the tuff is still fresh and unaltered although in places alteration to
zeolites has .occurred.

Rhyolite of Four Mile Wash., A dense pink porphyritic rhyolite conformably

overlies the pyroclastic unit, Black vitrophyre lenses in a devitrified matrix occur
near the base of the unit and are overlain by a thick section of lithophysal rhyolite.
Steeply dipping, flow-banded green vitrophyre bands occur near the top and are capped
by a dense, pink devitrified rhyolite .lava. The rhyolite of Four Mile Wash is con-
sistently phenocryst—poor, ranging from 75 - 927 matrix, either glass or its devitri-
fication products. The modal mineralogy of three samples is summarized in Table 2.
Sanidine is the dominant phenocryst and occurs along with quartz and plagioclase.
Trace amounts of biotite, topaz, Fe-Ti oxides and zircon are also present. The feld-
spars are fresh and unaltered. Fluorite, topaz, quartz and alkali feldspars also
occur in lithophysae. Analyses of four samples from various facies within the dome
are presented in Table 1, analyses 2-5., The glassy sample, analysis 3, probably
represents the magma composition. It is a high-silica subalkaline rhyolite, similar
in ﬁany respects to the rhyolite of the Staats Mine. The giass contains 19 ppm U
(gamma ray spectroscopy -grs) and 3300 ppm F. Apparently, spherulitic devitrification

~

released uranium, as the devitrified sample contains only 13 ppm U (grs) but trapped
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F. The lithophysal section is depleted in fluorine (920 ppm), with only about 25%
as much as fresh glass. Unfortunately, the results of the U-analysis for the lithophysal
rocks were not returned.

Undifferentiated rhyolite. . The southwestern part of the map area is ~covered by

a thick sequence of topaz-bearing rhyolitic lavas and underlying tuffs. They are
part of a rhyolite dome domplex at Broken Ridge and Mountain Spring Peak discussed
below. Although they are chemically similar to the lavas on the west side of the
Wash, they can be distinguished by their crystal-rich nature. No lavas from this
complex were found beneath the dome of Four Mile Wash, so they are probably younger.
All of these rhyolites belong to the Miocene rhyolite of Broken Ridge as mapped by

Best (1979).

Eruption and Emplacement

The emplacement of the rhyolite dome complex at Four Mile Wash was similar

- in many respects to that of the Staats Mine. Emplacement consisted of three main

< stages: a.) initial explosions and vent-clearing above a shallow rhyolite magma

. leading to the deposition of a lithic-rich apon of tuffs (or breccias) around the
vent; b.) formation of a tuff ring through the buildup of pyroclastic surge deposits
and 'short ash flows; and c.) eruption of a viscous rhyolite dome inside and above the
tuff ring. No intrusive equivalent of the Four Mile Wash rhyolite is exposed as at
the Staats Mine. The alteration of the tuff is much less advance indicating that any

fluid circulation was limited and ineffective.

Mineralization

No known uranium deposits occur within or near the rhyolite dome complex at
Four Mile Wash, althaugh the rhyolites are chemically similar to those at the Staats
Mine (compare analyses 1 and 2 or 3, Table 1). Although the high magmatic concentration
of U and F is probably important to the formaﬁion of ore deposits, they are not

sufficient by themselves, Other processes operating during the eruption, emplacement
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aﬁd.cooling of the rhyolite must be responsible for ore deposition. While the glassy
sample from Four Mile Wash has a uranium content of 19 ppm,.a devitrified sample
contains 13 ppm -- about.the same as the devitrivied samples from the Staats Mine.
This suggests that while U (and possibly F) was lost during devitrification. and cooling
of both rhyolites (Zielinski, et al., 1977), the uranium at the Staats Mine was
selectively concentrated &ithin the ore-bearing tuffs and brecciated margins of the
intrusions, and lost to the environment at Four Mile Wash. Scintillometer surveys
indicate that the tuff immediately below the lava is slightly more radioactive (35~
40 ur/hr) than the rhyolite at Four Mile Wash, suggesting that small quantities of U
may have been trapped by the tuff.

Other important differences between the two areas include the unaltered state
of the feldspars and the absence of carbonate lithic fragments within the tuff of
Four Mile Wash. Presumably the lack of feldspar alteration indicates the absence of
"hydrothermal" alteration at Four Mile Wash. Much of the uranium released by devitri-
fication of the overlying fhyolite, probably moving as halogen complexes, could not
be trapped within the tuff because of the lack of localizing carbhanate clasts. Minor
opal-lined fractures and zeolite replacements may explain the slight excess radio-

activity of the tuff of Four Mile Wash,

OTHER LOCALITIES - THE BLUE RIBBON LINEAMENT

Shawe and stewart (1976) and Stewart et al. (1977) identified an east-trending
belt of Tertiary magmatism and tectonism called the Pioche-Marygsvale belt that
extends across the southwestern part of Utah. It takes its name from the endpoints
of the belt in Nevada and Utah. A prominent aeromagnetic high coincides with it
and deposits of gold, silver, lead, zinc, fluorite, uranium and alunite occur along
it. Rowley et al. (1978b) proposed that another more.restricted belt, the Blue Ribbon
lineament, can be identified as part of the Pioche-Marysvale belt. It is marked by
volcanic centers, hotsprings and mineral déposits, including the Staats Mine and the

Four Mile Wash area. In an effort to assess the role this feature may have played
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Radioactivity of rock units from southwestern Utah,

P

Location

chk.Type

Radioactivity (ur/hr)1

Four Mile Wash,
Wah Wah Mountains*

Stateline district,.
White Rock Mountains*

Cottonwood Wash,
Needle Range(*)

Commissary Creek,
Needle Range

Cougar Spar Mine
area, Neerdle Range

The Tetons, Wah Wah
Mountains*

Broken Ridge, Wah
Wah Mountains#®

Dead Horse Reservoir,
Shauntie Hills

Thermo Hot Springs
Escalante Desert

rhyolite lava

unwelded tuff
(zeolites & opal)

rhyolite lava

unwelded tuff
(quartz & Fe-Mn oxides)

rhyolite lava

unwelded tuff
(clay & mafic inclusions)

welded rhyolitic
ash-flow tuff

coarse-grained fluorite

Needles Range Formation

rhyolite lava

unwelded tuff

spherulitic rhyolite lava

lithophysal rhyolite lava

unwelded tuff (immediately
beneath lava-tuff contact)

unwelded tuff (far from
lava-tuff contact)

rhyolite dome or intrusion

rhyolite lava

sinter mounds

40
35-40

50
60

40-50
35-40

<30

<10
20

40-60
55

40-50
70-80
60-70

50

<30

<30

24-26

*topaz-bearing rhyolite.

(*) lithophile element-rich, but no topaz reported.
1 determined in field with hand-held scintillometer.
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Location Rock Description Sample no. U(ppm) Th(ppm)
Staats Mine area,
Wah Wah Mountains argillized rhyolite WW-45 7.4 39
| grahophyric rhyolite WW-2 14,93 -
granophyric rhyolite STC-4 13.82 502
Four Mile Wash area,
Wah Wah Mountaine rhyolite witrophyre WW-18 16.4% 02
devitrified rhyolite WWw-19 12,7 51
rhyolite vitrophyre WW-20 22 51
unwelded tuff WW-31 12 40
rhyolite vitrophyre WW-50 19 \ 56
spherulitic rhyolite WW—53 13 48
rhyolite dike* WW-58 4 27
Stateline dictrict,
White Rock Mountains devitrified rhyolite ‘SL-1 9 52
Needle Range _
Cougar Spar altered granodiorite* NR-20 ‘5.6 21
Commissary Creek unwelded tuff#* . NR-1 5.5 26
welded tuff=vitrophyre%* NR-2 "9.6 24
Pinto Spring welde& tuff-vitrophyre* NR-9 6.5 28
Western Needlie R. hydrated rhyolite vitrophyre NR=22 7.8 25
Cottonweed Creek devitrified rhyolite NR-6 10.9 66
The Tatans area, 3
Wah Wah Mountains welded pumice fragment WiW-6b 19.6 -
rhyolite vitrophyre . WW-8 20.63 --
devitrified rhyolite WW-43 23.8 55
altered tuff WW—44 14.7 41
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wocation .Rock Description .. . . . g.,Sample.no.....U(ppm)l 4 Th(ppm)1
Broken Ridge, ) . 2 . 2
Wah Wah Mountains rhyolite vitrophyre WWw-9 20,2 54
lithophysal rhyolite. WW-10 13.85 -
rhyolite vitrophyre WW=-41 21.32 64
" " n " 21 . 5 61
rhyolite vitrophyre WW-17 18.5 53
unwelded tuff WW-33 7.2 . 32
spherulitic rhyolite WW-40 17.1 67
Dead Horse Reservoir,
Shauntie Hills devitrified rhyolite* SH-1 5.6 26
Thermo Hot Springs,
Escalante Desert sinter* SH-2 32.9 . 5
devitrified rhyolite* SH-3 7.5 20
Uthers
Wah Wah Mountains tuff of Pine Grove* WW~56 7.4 21
dike near Pine Grove¥* WW-59 12.0 18
beryl-bearing rhyolite WW-27 12.3 » 44
diorite* WW-29 3.3 11
1 determined by gamma ray spectroscopy
2 dctermined by instrumental neutron activation analysis
3 determined by-delayed neutron analysis
* unrelated to lithophile element .enriched rhyolites.
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in uranium mineralization,several localities along its western reaches within Utah's
Great Basin were examined. These included localities where known uranium and fluorine
mineralization occur and exposures of ‘possible topaz-bearing rhyolites. The geology

of each area is briefly described in the following sections.

Stateline District, White Rock Mountains, Utah and Nevada

Along the westward projection of the Blue Ribbon lineament at the Utah-Nevada
border, lies an area with Miocene rhyolites not mentioned by Rowley et al. (1978b).
An older (>21 m.y.) series of rhyodacitic composition volcanic and intrusive rocks
are the hosts for epithermal Au-Ag veins in the Stateline mining district (Keith,
1980). Topaz- and fluorite-bearing rhyolites anverlie them in thc Johnny Canyon area
of the White Rock Mountains (Fig. 1). Tuffaceous units underlie the rhyolitic lavas
and are probably cogenetic. Locally the tuffs have a slightly higher radioactivity
than the lavas as measured with a scintillometer (V60 ur/hr versus 50 ur/hr; Table 4).
Fractures within the lavas, laced with quartz crystals up to 3 cm long and Fe-Mn oxides,
also show approximately the same level of radioactivity as the tuffs, Keith (1980)
suggests that these small uranium anomalies were derived by epi thermal leaching of
topaz rhyolites. Convection was driven by younger rhyolitic intrusions and deposited
an association of Fe~Mn oxides or clays within the fractures and tuffs.

The rhyolite in Johnny Canyon is pink, crystal-poor and generally lithophysal.
The chemistry of one sample is presenfed in Table 3, analysis 6. The rhyolite is
similar to those in the Wah Wah Mountains, with low 'l‘iO2 (0.05 wt?) and fairly
high MnO (0.08 wt%). 1Its uranium content (9 ppm -grs) is low compared with other
topaz rhyolites, possibly as a result of devitrification and formation of lithophysae
or leaching, but its high content of Th, Be, and Li suggest that it is part of the same

lithophile-rich series as those in the Wah Wah Mountains.

Cottonwood Wash, Needle Range

Several outcrops of rhyolitic lavas and tuffs occur in the southernmost Needle
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Range to the east of the White Rock Mountains (Fig. 1). Two hills of rhyolite lava
occur on the east side of the range near Cottonwood Wash, in T.30 S., R.18.W. sec. 22 and 23
and cover about 2 kmz. Tﬁe lava is porphyritic with obvious phenocrysts of quartz,
feldspar and biotite.' A modal analysis appears in Table 2. Only in a few exposures
is the rock vuggy--normally it is a dense pink lava with little flow banding. No
topaz was found. The southernmost hill, in section 22, is underlain by a "lithic'"-rich
tuff fhat has been partially altered to clay minerals. The inclusiong are almost en-
tirely extremely fine-grained, red volcanic rocks. Although exposure of the tuff is
poor, some of the incluéions appear to have been molten at the time of incorporation
into the rhyolitic tuff. One inclusion has a fine-grained marginA(interpreted as a
quench texture) with a more coarsely crystalline interior. This texture and the in-
' corporation of inclusions in the tuff may be the result of mixing of two magmas—-—
" a hotter "mafic" magma injected into a crystallizing rhyolite and may demonstrate the
bimodal character of the volcanism, No chemical analyses of these inclusions were
performed because they are extensively altered. There are no exposures of rocks
similar to the inclusions nearby. This situation éppears to be similar t¢ the in-
ferred eruption of the Spor Mountain magma chamber. The rhyolite there also has mafic
inciusions that may be melt blebs (M.F. Sheridan, personal communication, 1979).

Unlike the other fhyolitic coﬁplexes studied, the tuff at Cottonwood Wash is not
systematically more radioactive ﬁhan the lava. Scintillation counter surveys show the
rhyolite counts 40-50 ur/hr and the tuff 35-40 pur/hr (Table 4).

Chemically the rhyolite is similar to other F-rich rhyolites (Table 1, analysis
7). Itlis low in TiO2 and high in SiOZ, alkalies and MnO., Its uranium and thorium
contents are similar to those of other devitrified samples of topaz rhyolite (lable 5).
However, Grant and Best (1979) have included the rhyolite of Cottonwood Wash in their
rhyolite of Pinto Spring (discussed in the next section) which is a rhyolitic ash-flow

tuff with much lower Th values (V26 vs 66 ppm). The two rhyolites are probably unre~

lated.
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Commissary Creek Area, Néedle Range

Several outcrops of a tilted section of a rhyolitic ash-flow tuff occur along
Commissary Creek in R.18 W., f,BO‘S., Pinto Spring quadrangle. The tuff is densely
welded near its base énd contains abundant broken phenocrysts of sanidine and plagi-
éclase. Quartz and biotite occur in smaller amounts (Table 2); This rhyolite is
chemically distinct from F—rich rhyolites in that TiO2 is greater than 0.1 wt% and
K,0 is greater than 5 wt.%Z (Table 3, analysis 8). Generally topaz rhyolites have values

2

somewhat lower than this. As noted above Th is much lower than in topaz rhyolites and
\

'~

U is only about 8 ppm (grs) even in glassy samples. The emplacement of the magma as
a thick ash flow is atypical of the dome-related lavas associated with topaz rhyolites.
The rhyolitic ash flow at Commissary Creek is indistinguishable from the rhyolite of
Pinto Springs at its type locality about 6 km south (Grant and Best, 1979), Table 1,
analysis 9, and is probably older than the topaz rhyolites of the region since it has
been tilted by faulting.

No uranium anomaiies were found; a scintillation counter survey revealed counts

of less than 30 ur/hr, slightly less than for normal topaz-bearing lavas (Table 4).

Cougar Spar Mine Area, Needle Range

The southern part of the Needle Raﬁge hosts several fluorite deposits: none of
them are uraniferous. These deposits are presumably associated with the older caldera
magmatism and are contemporaneous with chalcophile mineralization in the Needle Range
and elsewhere. Most of the fluorite deposits in the Needle Range are spatially associ-
ated with a granodiorite intrusion near the Cougar Spar Mine (Fig. 1), the main
producer of fluorite in the area. The fluorite is coarse-grained, generally green or
pale purple, and occurs in veins or within breccia along faults cutting intermediate
composition ash flows and lavas. . This portion of the Needle Range is within the Indian
Peak cauldron which is the source of at least one of the units of the 29+1 m.y. old

Needles Range Formation (Best et al., 1979; Grant and Best, 1979). The intrusion is

mapped as the intrusive phase of the Wah Wah Springs Tuff. The fluorite deposits are

N
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probably the result of the waning stages of igneous activity, possibly related to
resurgence of the caldera. In any case, the fluorite mineralization is apparently
unrelated to rhyolitic volcanism and is non-uraniferous (Table 4 and 5). Thurston
and otheré (1954) and Bullock (1976) give detailed descriptions of several deposits,

including the JB Mine, Utah Mine, Cougar Spar Mine and the Noonday Mine.

The Tetons, Wah Wah Mountains

In addition to the Staats Mine and the Four Mile Wash areas there are several
other topaz-~bearing rhyolites along the-trend of the Blue Ribbon lineament.

Several low hills 2-3 km south and southeast of the rhyolite of the Staats Mine are
underlain by topaz rhyolite. The most prominent hills, in T.3OS; R.18W., are
called The Tetons. Modal analyses of these lavas are presented in Table 2, The
rhyolite is weakly porphyritic with small- phenocrysts of quartz and feldspar in a
devitrified or glassy groundmass. Topaz, fluorite and garnet occur in lithophysae
near the crest of the Tetons. The rhyolite lava is underlain by a partially fused
tuff (terminology of Christiansen and Lipman, 1966). Deformed pumice lapilli are
black and vitreous and set in a matrix of brown devitrified glass. The Tetons are
probably the eruptive center for the rhyolite lavas nearby.

The whole rock uranium content of a vitrophyre from these lavas is 1.5 times
that of the Staats rhyolite (20-21 ppm; Table 5) a further indication that the
mineralized rhyolite was depleted to form the uranium deposits. No uranium deposits
aré known from The Tetons area. The rhyolite overlies older ash flows of the Escalante
Desert Formation and few carbonate clasts occur within the tuff., Scintillometer
surveys show that the tuff is slightly more radioactive than the overlying lava
(55 vs. 40-60 pur/hr; Table 4).

The rhyolites are chemically similar to other topaz rhyolites (Table 1, analyses
10, 11, 12). Havever sample WW-6b, a pumice separated from the basal tuff, contains

an anomalous TiO? content (0.16 wt.%) and high SiO? content (78%).
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Broken Ridge, Wah Wah Mountains

A large mass of coalescing‘topaz rhyolite tuffs, lava flows and domes forms
series of hills south énd west bf the Four Mile Wash area. The volcanics, centered
around Broken Ridge, cover an area of approximately 40 km2 and represent the eruptive
products of several vents., Although no samples have been dated, they are probably
Miocene in age based on local stratigraphic relations (Best, 1979). They uncon-
formably overlie faulted and tilted units of the Needles Range Formation.

Modal analyses of some samples are presented in Table 2. The rhynlites are
phenocryst poor (X10% by volume) and have little or no biotite. Topaz crystals, some
several centimeters long, are common in lithophysae. The lithophysae are extremely-
delicate; some have 10 or more concentric shells. .Other lithophysal minerals include
quartz, sanidine, fluorite and hematite. Opal, with fluorite encrustations, occurs
along some fractures.

The lavas are chemically gimilar to those exposed at The Tetons (Table 1, analyses
13-16). The fluorine content of a glassy sample (WW-9) is 0.50 wt.Z. Rubidium, cesium,
lithium and other lithophile elements are high as well, (Christiansen et al., this
report). The whole rock uranium content of the glasses is about 20 ppm (INAA and grs).
A lithophysal sample (WW-10) collected from the same outcrop as one of the vitrophyres
has a uranium content of only 14 ppm (grs) consistent with the observation elsewhere
that devitrification (including the formation of lithophysae) releases uranium. However
from scintillometer surveys (Table 4) lithophysal zones appear to be more radioactive
(70-80 pr/hr) than vitrophyres or rhyolites with spherulitic devitrification (40-50
ur/hr). This contradictory result: may be caused by the deposition of uraniferous
opal or fluorite in the porous lithophysal zones thatwére not sampled for the frésh
rock analyses. Porous pyroclastic Surgadeposits‘immediately beneath the rhyolite
lavas are also more radiocactive (60-70 ur/hr), while those several meters lower in the
section gave counts of 50 ur/hr. The radioactive anomalies immedately beneath lava
are common and may be the result of trapping of uranium released during devitrificadtion

of the overlying lava.
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_ Dead Horse Reservoir, Shauntie Hills

Erickson and Dasch (1963) mapped two small plugs of rhyolite in the southern
Shauntie Hills. One, near Dead Horse Reservoir, yielded a K-Ar date on sanidine
of 11.6 + 0.4 m.y. (Rowley et al., 1978a). The rhyolite is porphyritic and
mostly devitrified, although some intensely hydrated glass is present. Pheno-
crysts include quartz, feldspar and biotite (Table 2). No topaz occurs in the
groundmass.
The chemical composition of this younger rhyolite is slightly different from
the'topaz—bearing group (Table 1). Althougﬁ it is a high-silica rhyolite, its
alumina content is only about 11% - less than that of any of the other rhyolites
analyzed from this region. Iron and potassium are high relative to topaz rhyo-
lites and it has a very high TiO2 content (>0.20 wt.Z). 1Its trace element
chemistry is also distinct: fluorine <0.1 wt.Z, 6 ppm uranium (grs) and 26 ppm thorium
(grs). These characteristics demonstrate its dissimilarity to the older topaz rhyolites.
The plug is only about 0.5 km in diameter and no cogenetic tuff occurs beneath
it. The body may not have vented to the surface, but contact relations with the
surrounding intermediaté volcanics, mapped by Rowley (1978) as the volcanic rocks
of Shauntie Hills, are not clear. Mosg of the older volcanics are propylitically
altered; some silification is present near the plug.
Scintillometer readings over thé rhyolite did not exceed 30 ur/hr (Table 4),
considerablyAlower than those of the older topaz rhyolite of the Staats Mine and others
in the Needle and Wah Wah Ranges. Alteration zones within the older volcanics show

no sign of anomalous uranium content.

Thermo Hot Springs

About 9 km southeast of Dead Horse Reservoir another small rhyolite body pro-
trudes above the alluvium of the Escalante Desert. It has been called the rhyolite
of Thermo Hot Springs (Rowley et al., 1978b), after the springs located 3.5 km to

the west. It has a K-Ar date of 10.3 * 0.4 m.y. (Rowley et al., 1978b), younger
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than the probable age of the other rhyolites described here.  The rhyolite is
crystal-poor, with only about 2% by volume of quartz, feldspars and hornblende.
A spherulitic vitrophyre. crops out on the west side. As at the rhyolite of Dead
Horse Reservoir, no tuff could be found bheneath it.

The devitrified sample analysed (Table 3, analysis 18) is distinctive from
topaz rhyolites. It is lower in SiOZandAlZO3 and distinctly higher in iron and
calcium than topaz-bearing rocks. Although its fluorine conteﬁt is near that
of some topaz rhyolites (1400 ppm vs. 1000 -~ 10,000 ppm) both its U (7 ppm - .grs)
and Th (20 ppm - grs) contents are unlike those of the topaz rhyolites. A
scintlllometer survey revealed no readings greater than 30 ur/hr (Table 4).

A scintillometer survey over the sinter mounds and pools at Thermo Hot Springs
revealed no anomalies (Table 4). Radioactivity ranged from 24-26 yr/hr. The springs
are aligned on a 3 m high, north-trending ridge composed of sinter and alluvium

and are probably unrelated to the volcanism that produced the rhyolites.

SUMMARY AND CONCLUSIONS

Several small uranium deposits occur near fluorine~ and uranium-rich rhyolitic
volcanic rocks in southwestern Utah. Characteristically the deposits occur along
the contacts of rhyolite intruded into carbonate rocks (i.e. the Staats Mine) or in
lithic-rich pyroclastic deposits beneath rhyolite domes and lava flows (i.e. the Holly
Claim and small concentrations under most other domes). Presumably U (and F) are re-
leased [rom the volcanic rocks by devitrification or leaching and then locally
reconcentrated in favorable environments. The uranium occurrences are related to a
mid-Tertiary episode of bimodal, trachyandesite and topaz rhyolite magmatism that
is distinct frum earlier caldera-related, calc-alkalic volcanism. The intrusion
and solidification of Oligocene stocks (i.e. the Cougar Spar area) resulted in hydro-
thermal fluorite deposits that have no appreciable uranium. Younger rhyolite domes
and flows in southwestern Utah, such as those at Dead Horse Reservoir or Thermo Hot

Springs, are not extremely enriched in lithophile elements and uranium deposits
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associated with them are unlikely.

The relationship of the Blue Ribbon lineament to uranium mineralization seems
to have been secondary. Although rhyolitic volcanism was common along its length,
it afpears that a specific magma composition and special conditions for emplacement
and cooling were necessary for uranium mineralization, The Miocene age of mineralized
rhyolites, their fluorine - and uranium-rich character, the emplacement of carbonate-
rich pyroclastic deposits beneath them (or their intrusion into carbonate rocks) and
the subsequent passage of fluids through porous breccias or tuffs are the principle
features which these small uranium deposits have in common (cf. Burt and Sheridan,
1980; this report). Even topaz rhyolites, with high concentrations of U and F, that
have not experienced these special emplacement and cooling histories are not
- associated with economic uranium deposits.

Topaz rhyolites, like those exposed across the southern part of the Needle Range
and Wah Wah Mountains, may be good source rocks for sedimentary uranium deposits
because of their high magmatic concentrations of uranium. The average U content of
nine glassy samples of topaz rhyolite from southwestern Utah is 19.9 ppm. The average
U content of nine devitrified samples collected from the same units is 14.2 ppm (13.4
Ppm ifltwo argillically altéfed samples are included); the average U content of
three tuff samples is 11.3 ppm. Topaz rhyolite lavas and tuffs cover at least 75 km
in the region so a reasonable estimate of their volume may be around 25 km3. If the
entire volume lost 5.7 ppm (19.9 - 14.2 ppm), approximately 3.7 x 108 kg of uranium
would have been released (assuming a rock density of 2.6 gm/cm3). Certainly, some of
this uranium escaped into the atmosphere during early high-temperature devitrification
of glass but some may have entered the hydrologic system by leaching or during
weathering. A portion of this may have been deposited in reducing environments within
the valley-fill sediments of the Escalante Desert to the south or Pine Valley to the
north between the Wah Wah and Needle Ranges. Cunningham et al. (1980) have discussed

the possibility of a similar situation near the Marysvale volcanic field.
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Sample no,

Description

Location

WW-10
Ww-11
WW-17
WW-18
WW-19
WW-20
WW=-27
WW-29
WW-31
WW-33
WW-40
WW-41
WW-43
W44
WW=-45
WW-50
WW-53
WW-54
WW-55
WH-56

Ww-58

devitrified rhyolite, feldpars altered

welded pumice fragment
devitrified rhyolite
rhyolite vitrophyre
rhyolite vitrophyre
lithophysal rhyvlite
lithophysal rhyolite
rhyolite vitrophyre
devitrified rhyolile
devitrified rhyolite
rhyolite vitrophyre
beryl-bearing rhyolite
diorite

unwelded tuff

unwelded tuff
spherulitic rhyolite
rhyolite vitrophyre

devitrified rhyolita

unwelded tuff, argillized

argillized rhyolite
rhyolite vitrophyre

spherulitic rhyolite

green rhyolite vitrophyre

lithophysal rhyolite

fused tuff of Pine Grove

rhyolite dike

NW

NE !

SW

SE

SW

sW

NE

sw

NW

NE

NE

NW

sec.

sec,

s€C.

sec.

sec.

SCcC.

secC.

sec,

sec.,

31, T. 29s5., R. 15W.

7, T. 30GS., R. I5W.

12, T. 306,, R. 16W.

12, T. 30S., R. 16W.

2, T. 32S., R. 16W.

2, T. 328., R, l6W.

33, T. 31S., R. 16W.
35, T. 31S., R. L6W.
13, T. 315., R. 16W.
13, T. 31S., R. 16W.

19, T. 31S., R. 15W.

29, T. 29S., R. 14W.

Wah Wah Pass

SW

Sw

3E

SW

NE

%

%

9:—‘

secC,

sec.

sec,

8€C,

set.

sec.,

sec.

sec.

sec.

sec.

sec,

7, T. 31S., R. 15W.
35, T. 31S., R. L6W.
2, T. 32S., R. 16W.
2, T. 328., R, 1GW.
16, T. 30S., R. L6W.
15, T. 308., R. 16W.
31, T. 29S., R. 15W.
13, T. 31S., R. l6W.

18, T. 318., R. 15W.

36, T. 285, R. 1l5W.

7, T. 31S., R. 15U,
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able 6. . continued

Sample~no. Description Location

STC-4 " devitrified rhyolite, feldspars altered NW % sec. 6, T. 30S., R. ISW.
SH-1 devitrified rhyolite - S84 sec.31, T. 29 S., R. 12 W.
SH-2 devitrified rhyolite : NE % sec.2e, T, 30 S., R. 12 W.
SH~3 devitrified rhyolite " . "
SL-1 ~ devitrified rhyolite N % sec. 35, T. 325., R. 20W,
NR-1 unwelded tuff Wy sec. 12, T. 30S., R. 18W.
NR-2 welded tuff, vitrophyre ‘ W sec. 12, T. 30S., R. 18W.
NR-6 devitrified rhyolite SE % sec. 22, T. 30S., R. 18W.
NR-9 . welded tuff, vitrophyre | NE % sec. 2, T. 31S., R. 18W.

NR-20 " altered granodiorite | NE % sec. 9, T.'3OS.,2R. 18w.

NR-22 green rhyolite vitrophyre SW % sec. 5, T. 3OS., R. 18W.
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RECOMMENDATIONS FOR FURTHER STUDY

The results of this study suggest that detailed study of the uranium and
fluorite deposits near the Staats Mine could help to answer several questions
regarding volcanogenic uranium deposits. The mineralogic siteé of uranium in
tuffs and lavas are extremely important for determing the methods of uranium
release and concentration in a rhyolite dome complex. Using autoradiography these
sites could be determined at the scale of a thin section, in vitrophyres, devitri-
fied lavas (spherulitic, lithophysal and granophyric fextures need to be examined)
and in fresh and mineralized tuffs or lavas. Further studies using the microscdpe
or electron microprobe could characterize the nature of these sites and provide
much needed Aata on the release and concentration of uranium. Similar studies of
samples across tuff-lava contacts could test the observatiop that the tuffs
immediately below rhyolite lavas are slightly more radioactive. These studies
could be amplified by analytical determination of mobile, lithophile element
concentrations and their correlation with uranium content in glassy, devitrified
and altered rocks. The role of carbonate clasts (or intermediate volcanics) as
localizers of mineralization could also be studied by these techniques.

The alteration mineralogy of the tuff at the Holly Claim and the rhynlitre
along the intrusive contact could place some Timits on the nature of the hydrothermal
system that modified eleméntal concentrations. The temperature and, possibly, the
composition of the fluid could be limited by the mineral assemblage that resulted
or by analyzing fluid inclusions.

On an even larger scale shallow drilling through the topaz rhyolite near the
Staats Mine could determiﬁe if more uranium—mineralized tuff underlies the ex-
trusive portion ot the complex and would reveal the nature of mineraliztion at

the lava-tuff and tuff-sediment contacts.
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ABSTRACT 460

The Taylor Creek Rhyolite (age 24.0 m.y.) is a topaz rhyolite which con-
tains cassiterite veins and is not associated with known U, Be, or F minerali-
zation. This rhyolite may be the ring fracture volcanics of one of two large
cauldrons that are the surface expression of an underlying batholith 125 km
in diameter. The rhyolite is composed of thick piles of flow-layered and flow-
banded lava (domes) that are usually devitrified and vapor-phase altered. The
rhyolite is crystal-rich (20-40%) and contains mostly sanidine and quartz with
minor biotite, hornblende, plagioclase, titanite, ferroaugite, titaniferous
magnetite and zircon. Chemically, the Taylor Creek Rhyolite has high Si0Op (78%).
and K20 and low Al203, MnO, MgO, and CaO. The rhyolite contains 0.4% F, 10 ppm
U, 10 ppm Be, 20 ppm Li, 25 ppm Sn, 350 ppm Rb, 550 ppm Zr, 5 ppm Sr, and low
~contents of Sc, Cr, Co, Ba, and Eu. Heavy rare-earth element abundances are
high, and the rare-earth element pattern is flat (La/Lu = 2.37) with a pronounced
negative Eu anamoly and La/Ce = 1.03. These characteristics suggest that Taylor
Creek Rhyolite is the extrusive equivalent of anorogenic granites formed within
stable continents, and that it was formed by partial melting of crustal material,
Underlying pyroclastic deposits containing reactive foreign lithic fragments
that might host U, Be, and F mineralization are absent or concealed.

Significant F, Be, Fe, and W mineralization occurs in skarns related to
aplitic and porphyritic intrusives at Iron Mountain, northern Sierra Cuchillo,
N.M., and minor Be and U mineralization is present in altered fault gouge 2 km
to the north. This mineralization appears to be older than but geochemically
similar to -that in the Taylor Creek Rhyolite.
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THE URANIUM CONTENT OF FLUORINE-ENRICHED TAYLOR CREEK RHYOLITE '

OF THE NORTHERN BLACK RANGE, SOUTHWESTERN NEW MEXICO

INTRODUCTION

Topaz rhyolite lava occurs in the northern Black Range, southwestern New
Mexico (Fries et al., 1942; Ericksen et al., 1970; Lufkin, 1972). This rhyolite,
whose major outcrops are shown on Figure 1, has been named the Taylor Creek
Rhyolite (Elston et al., 1968). As far as can be ascertained, no uranium or
beryllium mineralization has been reported in the Taylor Creek Rhyolite. Never-
theless, due to the similarity between the porphyritic rhyolite lava at Spor
Mountain and the Taylor Creek Rhyolite, the latter was chosen as a study area
for this project.

The Taylor Creek Rhyolite is best known for the tin deposits within if,
although the presence of secondary minerals (topaz, garnet, bixbyite, pseudo-
brookite, and fluorite) indicate thé similarity to the topaz rhyolites of Utah.
Other occurrences of cassiterite in rhyolites in ‘the western United States are
at Izenhood Ranch andAMajuba Hill, Lander and Pershing Counties, Nevada (Fries,
1942; Trites and Thurston, 1958), Spor Mountain, Utah (Shawe, 1968), the Staats
Mine, Wah Wah Mountains, Utah (Lindsey and Osmpnson, 1978), and east of Safford,
Arizona (Galbraith and Brennan, 1970). More than 1000 occurrences of tin
mineralization have been reported in nipeteen states of Mexico (Pan, 1974), and
Smirnov (1977) reports a tin deposit in rhyolite from the U.S.S.R. Topéz is
reported in the rhyolites from Nevada, Utah, and Mexico. Excluding the two
occurrences from Utah (which are associated with U, F, and Be mineralization in
undeflying tuffs), the other tin-bearing rhyolites cquld be classified as a

sub-type of topaz rhyolite (tin rhyolite).
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Fig. 1. Map of the major outcrops of Taylor Creek Rhyolite in the
northern Black Range, southwestern New Mexico (after Lufkin, 1977).
Some of the northernmost outcrops are probably the rhyolite of

Indian Peaks (Fodor, 1976).
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PREVIOUS WORK

Vo;canic Rocks

Felsic rocks associated with two .large ash-flow tuff cauldrons and their
outer ring complex belong to a distinct petrologic suite within the Mogollon
Plateau volcanic field known as the Catron volcanic suite (Rhodes, 1976). The
ages of rocks in this volcanic suite range from 27.3 to 24.0 m.y. years (Elston
et al., 1973). The Catron volcanic suite has béen assigned to the high-silica
alkali rhyolite suite (32-21 m.y.) of three overlapping suites of volcanic
rocks in the Mogollon-Datil field of southwestern New Mexico (Elston et al.,
1976a). Petrologic and structural data indicate the presence of a large
batholith underlying the Mogollon Plateau (Rhodes, 1976).

Two types of felsic lava have been recognized in the Catron volcanic suite
(Rhodes, 1976). Crystal-poor '"framework lava'" forms the outer ring complex,
and it is interpreted as a direct derivative of the batholith beneath the
Mogollon Plateau (Rhodes, 1976). Crystal-rich '"cauldron lava' fills the two
ash-flow tuff cauldrong and partially outlines them wiéh domes and flows (Rhodes,
1976). '"Cauldron lava' is interpreted as the product of differentiated, volatile-
rich shallow cupolas separated from the underlying batholith (Rhodes, 1976).

The ecasternmost of the two cauldrons, the Gila Cliff Dwelling Cauldron, is
outlined by the Jerky Mountain Rhyolite 'framework lava'' and filled by the
Bloodgood Canyon Rhyolite 'cauldron lava' (Rhodes, 1976). The Taylor Creek
Rhyolite may represent the ring-fracture '"cauldron lava' of the Gila Cliff
Dwellings Cauldron (Rhodes, 1976). The Taylor Creek Rhyolite has been dated at
24.0 + 0.5 m.y. years old (Elston et al., 1973). Considerahly more detail on

the Catron volcanic suite is given in Elston and Northrop (1976).



464

Lithophile Element Mineralization

Lithophile element mineralization in the Taylor Creek Rhyolite is limited
to tin. Cassiterite occurs in veins and lithophysae (Fries, 1940; Ericksen et
al., 1970; Lufkin, 1972). Molybdenum and beryllium anomalies are present in
the Mogollon Plateau volcanic field but outside of the fluorine-enriched Taylor
Creek Rhyolite (Elston et al., 1976b). Fluorine, tungsten, and beryllium-

bearing'skarns occur at Iron Mountain in the central Sierra Cuchillo (Jahns, 1944).

PRESENT INVESTIGATION

This study includes the results of quantitative analysis of phepocrysts,
major and trace element (F, U, Sn, Be, Li) whole-rock chemistry, determination
of magma type and its origin, sources and controls of ore deposits, and the
role of fluorine and pyroclastic rocks in uranium concentration. This study
also includes the determination of the volcanic rock types, secondary features,
eruption and émplacement history, and volcanic setting of the Taylar Creek

Rhyolite.

VOLCANIC GEOLOGY

Rock Types and Secondary Features

The Taylor Creek Rhyolite is predominantly composed of flow-layered and
flow-banded lava, but ignimbrites are also present in minor amounts. Pyro-
clastic surge and fall deposits were not observed.

Ignimbrites exposed at Hardcastle Creek are densely welded. A vitrophyre
exposed in Paramount Canyon may be an ignimbrite (Lufkin, 1972). Taylor Creek
Rhyolite crops out along N.M. 78 near Indian Peaks in the northern Black Range
(Fodor, 1976). At this locality, unwelded tutt was observed beneath flow-banded
Taylor Creek Rhyolite lava. This tuff is not the Railroad Canyon Rhyolite. The
tuff contains large blocks of porphyritic lava that have vesiculated cores and
ash welded to the irregular margins of the blocks indicating the blocks were

still liquid when deposited with the tuff. The sanidine phenocrysts in the



- 465

blocks are similar (in size and number) to thése in the overlying flow-banded,
" porphyritic Taylor Creek Rhyolite lava. The tuff may have a hydroﬁagmatic
origin, |

Neariy all the Taylor Creek Rhyolite exposed in the Black Range is either
devitrified or vapor-phase altered. Vitrophyres are rare. Both granophyric
textures and spherulites were observed, and axiolites are present in one
densely welded ignimbrite from Hardcastle Creek. Most of the Taylor Creek
Rhyolitec has undergone vapor-phase alteration and vapor-phase crystallization.
Miarolitic cavities and lithophysae lined with quartz and other minerals are
common. Argillized, bleached zones of rhyolite containing cassiterite veins

may be products of fumarolic alteration.

Eruption and Emplacement History

Exposures of Taylor Creek Rhyolite lava at Taylor Creek attain a thickness
of approximately 400 feet. At one locality along Taylor Creek, the entire
thickness of 400 feet constitutes a large, ovérturned fold that can be traced
from the base to the tép of the outcrop. The dome exposed at Taylor Creek is
an endogenous dome. The Taylor Creek Rhyolite dome at Taylor Creek closely
resembles domes formed by squeezing viscous material through a narrow aperture
(Reyer, 1888; in Williams, 1932).‘ The lava did not flow great distances and
retained its dome geometry. Individual cooling units are not visible, indi-
cating that all the lava was emﬁlaced at close to the same time. The great
thickness of lava prevented rapid cooling. This conclusion is supported by
the abundance of devitrified and vapor-phase altered rocks and the absence of

vitrophyres.

Volcanic Setting

Exposures of Taylor Creek Rhyolite are thought to represent the ring

fracture volcanics of the Gila Cliff Dwellings Cauldron, although they are
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present only along the eastern margin of the cauldron (Rhodes, 1976).

Similarity in age, mineralogy, and chemical composition to the Gila Cliff
Dwellings Cauldron members of the Catron volcanic suite suggests the Taylor
Creek Rhyolite belongs to this suite. Whether the Taylor Creek Rhyolite repre-
sents the ring fracture volcanics of the Gila Cliff Dwellings Cauldron or a

separate dome field was not determined in this study.

PETROLOGY
Mineralogy

The Taylor Creek, Bloodgood Canyon, and Jerky Mountain Rhyolite were
examined petrographically and all contain sanidiné, quartz, biotite, hornblende,
plagioclase, sphene and oxides, although all these phases may not Be present
in one thin section. In addition, one sample of Taylor Creek Rhyolite (IP-2)
contains ferroaugite but no biotite or amphibole. Other minerals in the Taylor
Creek Rhyolite include titaniferous magnetite, zircon and fayalito (?) (Lufkin,
1972). OUxides were not identified in this study. Identical mincralogy between
the Gila Cliff Dwellings Cauldron members of the Catron velcanic suite suggests
these rocks are genetically related. Biotite and hornblende, except in Blood-
guud Canyon Rhyolite vitrophyre BR-3, are either rimmed or replaced by opaque
oxides. Embayed quartz and>sanidine phenocrysts are present in all three
rhyolites. . Glomeroporphyritic textures are common in the Taylor Creek Rhynlite
and less common in the Bloodgood Canyon and Jerky Mountain Rhyolite, Graphic
texture was observed in a few samples, including the Jerky Mountain Rhyolite;
this observation is in disagreement with a previous investigation (Rhodes, 1976).

A sample of Taylor Creek Rhyolite (IP-2) from the northern Black Range
near Indian Peaks was chosen for electron microprobe analysis of phenocrysts
(Table 1). This sample of Taylor Creek Rhyolite is atypical because it con-
tains pyroxene but no biotite or amphibole. Sanidine phenocrysts have nearly

equal molecular percentages of orthoclase and albite, and the anorthite
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Chemical corposition and structural formula of sanidiﬂe and
pyroxene phenocrysts in Taylor Creek Rhyolite; sample IP-2.

wt.% ~ Sanidine Sanidine Sanidine Sanidine Sanidine Sanidine wh. % Ferroaugite Ferroaugite Ferroaugite
8102 66.30 6€.85 66.12 66.35 66.56 66,40 8102 49.82 49,60 49.61
Tio2 0,01 C¢,02 0.06 0.00 0.07 0.00 ’Tioz 0,21 0.36 0.10
Alzo3 19.01 1€.17 19.29 19.08 18,97 . 18.81 A1203 0.7 0.61 0.42
Fe203 0.16 G.24 0.19 0.24 0.33 0.t0 Fe0 21.86 22.76 25.13
MnO 0.01 0,00 0.00 0.04 0.04 0.00 MnO 1.56 1.70 1.70
MgO 0.02 0.00 0.00 0.00 0.00 0,00 Mg0 8.94 8.60 - 6,51
Ca0 0.30 0.27 0.43 0.52 0.30 . 0.17 Cal - 16.717 15.99 16.41
Nago 6.08 5.78 6.42 6.49 6.11 5.66 Na,0 0.46 0.53 0.45
K20 8.25 8.52 T.61 7.36 8.13 8.52 KZO 0.06 0.02 0.02
total 100.14 100.85 100,12 100.08 160.51 99.66 total 100.39 100.14 100.35

2 = S4,T1,A-,Fe
X = Mn,Mg,€a,

Numbers of ioms on the basis of 32(0). XZ4O8 Fa, K Numbers of ions on the basis of 6 (0). X,2,0¢ ; Z = 81,Ti,A1
_ : X = Pe,Mn,Ng,

si 11,9253 11,9360  11.8735  11.9083  11.9243  11.9870 s1 1.9591 1.9608 1.9802 Ca,Na,X
I\ 4.0299 4.0337 4.0833 4.0377 4.0067 4.0013 T4 0.0063 0.0107 0.0031
re*? 0.0211 0.0317 0.0259 0.0323 0.0452 0.0130 A1 0.0329 0.0283 0.0197
™ 0.0011 0.0028 0.0081 0.0900 0.0097 0.0000 Fe*? 0.7188 0.7526 0.8390
Mn 0.0015 0.0000 0.0000 ©.0065 0.0065 0.0000 Mn 0.0520 0.0570 0.0576
¥g 0.0045 0.9010 0.0010 0.0000 0.0000 0.0000: Mg 0.5238 £ 0.5067 0.3874
Ca 0.0577 0.9522 0.0831 0.1003 0.0576 0.0325 ca 0.7065 0.6773 0.7108
Fa - 2.1199 2.9019 2.2360 2.2582 2.1224 1.9812 Na 0.0350 0.0408 0.0350
K 1.8929  1.,3398 1.7438 1.6845 1.8581 1.962T K 0.0028 0.0008 0.0008
z 15.9774 16,0042  15.9908  15.9783  15.9859  16.0013 z ‘ 1.9983 ~1.9998 2.0030
X 4.0765 3.9949 4.0639 4.C495 4.0446 3.9764 X 2.0389 2.0352 2.0216
Nol.% Or  46.43 48.56 42.91 41.€0 45.94 49.36 Mol.% En  26.18 25.42 19.51

Ab  52.00 50.11 55.02 55.16 52.47 49.82 Wo  35.31 33.97 35.34

*An  1.56 1.33 2.07 2.€4 1.59 0.82 *Fs  38.52 40.61 45.15
% includes Mn and Mg. . * includes IMn.

Analyses by B. Correa using ARL SEM(Q electron microprobe with Tracor
Northern authomation (NS-880, TN-1310) and Bence-~Albee matrix correction
program. Beam diameter of 25 microns, sample current of 20 nA at 15 kV,

L9%
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component does not exceed 3% (Table 1, Fig. 2). The pyroxenes are ferroaugite,

and they contain up to 1.70 wt.% MnO (Table 1, Fig. 2a).

Chemistry

Nine samples of the Gila Cliff Dwellings Cauldron members of the Catron vol-
canic suite (Table 2, Appendix 1) were analyzed for major elements (Table 3, first
9 analyses). Relative to typical orogenic rhyolites, all members of the suite
contain low A1203, Mn0O, Mg0, and Ca0 and high SiO2 and KZO' The Taylor Creek

Rhyolite is characterized by higher SiO2 and lower Na_0 and KZO (Figs. 3, 4, 5).

2
Total alkalis exceed Fe0 and Mg0 for all sémples (Fig. 6). Some of the variability
between samples of Taylor Creek Rhyolite may he due to different amounts and typé.c.
of phenocrysts, groundmass, and secondary features. Sample IP-2, for examplé,
owes its high SiO2 content in part to microscopic opal veins within the otherwise
fresh lava. No samples of Taylor Creek Rhyolite that had undergone visible vapor-
phase alteration were analyzed.

ﬁine samples of the Gila Cliff Dwellings Cauldron members of the Catron
volcanic suite werc analyzed for Be, Li, and Sn (Table 4, 7 of the 9 above plus
BR-19 and IP-1). Lithophysal, topaz-bearing Taylor Creek Rhyolite (BR-19) contains
the highest amounts of Be, Li and Sn. Taylor Creek Rhyolite vitrophyre (HC-8)
contains the second highest Li. Densely welded ignimbrites of Taylor Creek
Rhyolite (HC-3 and BR-28) contain high Be and Li.

Vitrophyres of the Bloodgood Canyon (BR-3) and Taylor Creek Rhyolite (HC-8)
"cauldron lava' of the Gila Cliff Dwellings Cauldron were analyzed for'fluorihe
(Table 4). The fluofine content of the Taylor Creek Rhyolite is nearly four times

that of the Bloodgood Canyon Rhyolite. The major differences between the two

"cauldron lavas"-of the Gila Cliff Dwellings Cauldron are that the Taylor Creek

2 and fluorine and the Bloodgood Canyon Rhyolite is

Rhyolite is higher in Si0

higher in K20 and NaZO.



A [ - -

Fig. 2. Compositioﬁ of sanidine as molecular proportions of
anorthite (An), albite (Ab), and orthoclase (Or).
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Fig. 2a. Composition of pyroxené as molecular proportions
of enstatite (En), ferrosilite (Fs), and wollastonite (Wo).
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versus weight
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Fig. 4. Plot of weight percent KZO versus weight percent
85102 of rocks from New Mexico.
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K20 of rocks from New Mexico.
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Fig. 8. Plot of parts per million ﬁranium, beryllium, and lithium
versus weight percent fluorine of vitrophyres from New Mexico.
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M

Fig. 6. Composition of rocks from New Mexico as weight
proportion of oxides (A = Na20 + KZO; F = total Fe as
Fe0; M = Mg0).

- Jerky Mountain Rhyolite

= Bloodgood Canyon Rhyolite

Taylor Creek Rhyolite

Iruy Moumtals aplite and rhyolite porphyry
Vicks Peak Rhyolite

OO0 e s m
'

Ab Or

Fig. 7. Plot of normative Q, or, ab of rocks from New Mexico. Curve
is for the water-saturated liquid-in equilbrium with quartz and alkali
feldspar at 1000 bars confining pressure. Isobaric minimum is labeled
m. Analyzed granites concentrate in the circled area (after Carmich-
ael et al., 1974; from Tuttle and Bowen, 1958).
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Table 2

Description of analyzed samples from New Mexico.

sample sample description

BR-1 miarolitic, flow-banded Jerky Mountain Rhyolite lava

BR-2 spherulitic, flow-banded Jerky Mountain Rhyolite lava
BR-3 - hydrated vitrophyre of Bloodgood Canyon Rhyolite

BR-3a devitrified Bloodgood Canyon Rhyolite; incipiently welded
BR-16 devitrified Taylor Creek Rhyolite lava

BR=-28 partly devitrified Taylor Creek Rhyolife;

densely welded ignimbrite

HC-3 partly devitrified Taylor Creek Rhyolite;
densely welded ignimbrite

HC-8 hydrated vitrophyre of Taylor Creek Rhyolite
partly devitrified Taylor Creek Rhyolite; block in

IP-2. ignimbrite underlying flow-banded lava(IP-1)

BR-29 aplite of Iron Mountain

BR=30 rbyolite porphyry of Iron Mountain

AVIS-16 hydrated vitrophyre of Vicks Peak Rhyolite

AWS-11 altered, densely welded Vicks Peak Rhyolite

AVS-15 altered rhyolite of Alum Spring

HC=-7 silicified Taylor Creek Rhyolite

BR-19 lithophysal, topaz-bearing Taylor Creek Rhyolite lava
IP-1 devitrified and vapor-phase altered Taylof Creek

Rhyolite lava overlying ignimbrite containing IP-2
AVS-9 altered fault gouge containing Be and U mineralization -



Table 3

Chemical ccmpositiors and CIPW norms of rocks from the Catron
volcanic stite, Iror Mountain, and the northern Sierra Cuchillo.

/

weight  BR-1  BR-2  BR-3 BR-3a BR-16 BR-28  HC-3  HC-8  IP~2 BR-29 BR-30 AWS-16 AWS-11 AWS-15  HC-7
510, 76.33 76.56 15.93 75.85 78.73 77.14 718.41 77.29 80.53 76.90 73.32 77.08 77.92 178.99 98.88
T40, 0.20 0.21 0.23 0.20 0.19 0.20 0.20  0.16 0.15 0.10 0.38  0.24 0.19 0.2  0.19
41,0, 12.50 12.14 12,52 12,12 11,11 12,72 10.88 12,04  9.47 11.95 12.27 11.73 11.91 11.70  1.20
Fe 05 1.14 1.21 1.32  1.20  1.27 1.14 1.59 1.14 1,91  0.79 2.49 1.63 1.43 - 0.74  0.01
MnO 0.06 ©0.07 0.08 0,06 0.26 0,05 0,05 0.06 0.07 0.03 0.05 0.09 0.02 0.03 0.02
MgO 0.14 0.06 0.10 0.07 0.94 0.3 0.14 0.03 0,03 0.0 0.32 0,18 0.16 0.19  0.0%
Ca0 0.47 0.40 0.36 0.18 0.43 0,75 0.45 0.40 0.32 0.67 1.19 0.34 ~ 0.10 0.09  0.07
Fa,0 3.60 3.82 3.50 3,69 3.29 2,96 3.14 3,48 2.85 3,01 3.41 3,63 1.57 0,20 0.07
K,0 4.92  4.80 5.26  5.21 4.59  4.73  4.36  4.70  3.76  5.46  5.31 4,19 5.85 7.03  0.10
P,05 0.02 ©0.02 0.0¢ 0,01 0.92 0.04 ©0.01 0.02. 0.01 0.00 0.07 0.02 0.05 0.07 0.00
F n.d, n.d. 0.11 n.d. n.d. n.d. n.d. 0.38 n.d. n.d, n.d. 0.05 n.d. n.d. n.d.
total 99.38 99.29 99.42 98.6C 99.73 :00.06 99.23 99.70  99.10 98.93 98,81 99,15 99.20 99.25 100.55
O=F - - 0.05 - - - - 0.16 - - - 0.02 - - -
total 99.38 99.29 99.37 98.6C 99.73 100.06 99.23 99.54 99.10 98.93 98.81 99,13 99.20 99.25 100.55
L.0.1. 0.28 0.27 2.80 0.30 0.0 0.55 0,46 2.50 0.50 0.54 0.52 4.79 1.00 0.8%  1.30
or 29.08 28.37 31.08 30.79 27.12 27.95 25.77 27.77 22.22 32,27 31.38 24.76 - - -
ab 30.46 32.32 29.61 31,22 :7.64 25.05 26.57 29.45 24.11 25.47 28.85 30.TH - - -
an 2,20 1.80 1.72 0.8% 1.9  3.46 2.17 1.86 1.52  2.97  2.49 1.56 - - -

Q 35.03  34.€9 34,11 33,60 40.68 39.47 41.77 37.82 48.13 36.86 30,19  38.40 - - -
hy 1,17 1.01 1.22 1,05 1,05 1.62 1.56 0.96 1.69 0.50 1.25 1.75 - - -
a1 0.00 0.05 0,00 ©0.00 ©0.01 0.00 0,00 0.00 0.00 0.26 2.51 0.00 - - -
ap 0.05 0.05 0.02 ©0.02 0.05 0,09 0.02 0.05 0,02 0.02 .16 0.05 - - -
11 0.38 0.40 0.44 0.38 0.3 0.33 0.38 0.30 0.28 0.19  0.72 0.40 - - -

c 0.45 0.00 0.44 0.1 0.00 1.46 0.20 0.5 0.15 0.00  0.00 0.65 - - - &~
mt 0.50 0.53 0,57 ©0.52 9.5 0.50 0.69 0.50 0.83 0.34 1,08 0.71 - - - PN
total 99.30 99.21 99.22 ° 98.52 99.65 99.99 99.12 99.24 98.97 98.88 98.64  98.99 - - -

Chemical compositions determimed by X-ray fluorescence spectroscopy (Phil
absorbtion spectrophotometry {Varian Techtron 1250); analyst B. Correa.

lips PW-1413), except Nap0 and MgO by atomic
For CIPW norms Fe/total Fe as FeO = 0.70.
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" Table 4

‘'Trace element content of rocks from New Mexico.

sample ppn U ppm Be ppm Li Ppm Sn ppn F

BR-1 n.d. 5 ‘ 1 25 ' n.d.
'BR=2 6.6 5 13 25 n.d.
BR-3 8.1 6 8 25 1060
BR-3a n.d. n.d. n.d. n.d. ' n.d.
BR~16 n.d. n.d. . n.d. . n.d. n.d.
BR-28 8.6 10 15 25 n.d.
HC-3 7.5 10 - 15 25 n.d.
HC-8 12.9 6 23 25 3820
Ip-2 30.2 4 7 10  n.d.
BR-29 n.d. 19 13 10 n.d.
BR-30 1.7 13 5 25 n.d.
AWS-16 n.d. 6 7 10 500
AVS-11 9.7 7 8 25 n.d. {
AWS=-15 n.d. n.d. n.d. n.d. n.d.
HC-7 n.d. 8 6 10 n.d.
BR-19 7.4 12 50 50 n.d.
IP-1 9.4 n.d. n.d. n.d. n.d.
AWS=9 78.0 ° 30 90 100  n.a.

Uranium determined by delayed neutron activation analysis.

Beryllium, lithium, and tin determined by atomic absorbtion spectrophotometry
on Varian Techtron Model 1250. National Institute for Metallurgy(South
Africa) rock standard NIM-G wae used as a matrix and doped to appropriate
concentrations to cover the range of unknowns. NIM-G was used because of

its similarity in major element'composition to the unkmowns and its low
concentration of Be, Li, and Sn. U.S.G.S. standard G-2 was also used for

the beryllium anélysis. n.d. = not determined. -
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The trace element content of Taylor Creek Rhyolite vitrophyre (HC-8) shows
that it is depleted in Sc, Cr, Co, and Ba compared to the average granite
(Table 5). Taylor Creek Rhyolite is enriched in Zr, Hf, Th, U, Rb, Cs, and
especially Yb over the éverage granite. The Taylor Creek Rhyolite and average
granite have approximately the same amounts of La and Ta. The rare-earth element
distribution pattern normalized to that of chondrites (Fig. 9) shows a.
pronounced negative Eu anamoly. Heavy rare-earth element ébundances are high
and La/Lu (2.37) is low compared to the Bishop Tuff and other highly differen-
tiated, suﬁélkaline ash-flow tuffs and lavas (Hildreth, 1979; Noble et al.,
1979). Some highly differentiated peralkaline glasses exceed Taylor Creek
Rhyolite in heavy rare-earth element content, but most peralkaline glasses have
two to six times higher La/Lu (Noble et al., 1979). One aspect of the rare-
earth element distribution of Taylor Creek Rhyolite (Fig. 9) which is different
from other highly differentiated subalkaline and peralkaline volcanic rocks is

low La/Ce (1.03).

Petrogenesis

In terms of normative qz, ab, and or, the Gila Cliff Nwellings Cauldron
members of the Catron volcanic suite plot near the boundary curve between the
quartz and alkali feldspar fields in the water-saturated system NaAlSiz0g-KA1Si3z0g-
Si0, in the range of 500 to 3000 bars confining pressure (Fig. 7). Bloodgood
Canyon and Jerky Mountain Rhyolite plot within the area where analyzed granites
plot, and the Taylor Creek Rhyolite plots more toward the quartz apex (Fig. 7).
The extreme quartz-rich sample (IP-2) does not represent a true composition
because of microscopic opal veins in that sample. Although the Gila Cliff
Dwellings Cauldron members of the Catron volcanic suite are similar in norma-
tive qz, ab, and or to analyzed granites, the trace element content of Taylor
Creek Rhyolite is much different (Table 5). Taylor Creek Rhyolé;e is similar

to peralkaline rhyolites in its content of Sc, Co, Cr, Th, Yb, énd Lu, but it

is slightly lower in Zr, Hf, Ta, La, Ce, Nd, Sm, Eu, and Tb and slightly
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Table 5

Trace element content of Taylor Creek Rhyolite vitrophyre(HC-8).

parts per million(HC-8)

ppm of average granite, from Taylor(1964),
Taylor and White(1966).

Sc
Cr
Co
Zr
Hf
Ta
Th
U

Ba
Rb
Cs
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu

1.70
2.70
0.42
550
7.80
3.28
32.40
12.90
110
348
9.29
43
108
53
10.55
0.264
2.61
13.20
1.84

6

10
2

180 .

3.5
17
4.8.
600
145
5
50
n.d.
n.d.
n.d.
n.d.
n.d.
0.18
n.d.

Trace element content determined by instrumental neutron activation
analysis at the University of Oregon by G. Goles.
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Fig. 9. Distribution of rare-earth elements in Taylor Creek
rhyolite (HC-8) normalized to Leedey chondrite divided by 1.2.
Data from Masuda et al. (1973). Ionic radii from Whittaker and
Muntus (1970).
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higher in U, Ba, and Rb. Thus, Taylor Creek Rhyolite has the trace element

content of highly differentiated rocks (peralkaline).

According to Elston et al. (1976a), the high-silica alkali rhyolite suite (of
which the Catron volcanic suite is a member) was produced by partiél melting of
upper mantle and/or lower crust in response to rising isotherms, caused at least
in bart by emplacement of baéaltic andesite and the intense ﬁeriod'of calc-alka-
line volcanism beginning 37 m.y. and 43 m.y. years ago respectively. The high-
silica alkali rhyolite suite is largely confined to the Mogollon Plateau which is
underlain by a composite granitic pluton 125 km in diameter (Elston et al., 1976a).
The most mafic rock in the Catron volcanic suite is a quartz latite, so the suite
must have formed at least in part by melting of the felsic fraction of the lower
crust. Initial 87Sr/86Sr are in the range of 0.7100 to 0.7300 for high Rb (270
and 221 ppm), low Sr (6.2 and 4.7 ppm) rocks of the high-silica alkali rhyolite
suite (Bikerman, 1976). Preliminary initial 87Sr/868r determinations for Taylor
Creek Rhyolite gave a Rb content of 350 ppm, a Sr content of less than 5 ppm and an
initial 87Sr/868r of less than 0.7520. Therefore, incorporation of crustal material
may have playéd a sigﬁificant role in forming the high-silica alkali rhyolite suite.

The narrow range of bulk composition in the Gila Cliff Dwellings‘Cauldron
members of the Catron volcanic suite suggests the composition of the batholith
was at or near the isobaric minimum in the water-saturated system NaAlSizOg-
KA1Si3z08-Si0, to begin with. Of the two ''cauldron lavas' of the Gila Cliff
Qwellings Cauldron, Taylor Creek Rhyolite is higher in SiO; and Bloodgood Canyon
tholite is higher in K,0 and K0 + Nap0. This may reflect continued differentiation
of the “cauldfon lava' magma after eruption of tﬁe Bloodgood Canyon Rhyolite by
alkali feldspar fractionation and/or thermogravitational diffusion (Hildreth, 1979).
Fractional crystallization of sanidine would increase Si0, and decrease K,0,

Naj0, and Al,0z in the magma. Fractional crystallization alone does not
account for the differences in the content of F, U, and Li between Bloodgood
Canyon Rhyolite vitrophyre (BR-3) and Taylor Creek Rhyolite vitrophyre

(HC-8) (Table 4). A large percent of the magma would have to crystal-
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lize to create the increase in F, U, and Li in Taylor Creek Rhyolite. Thus,
thermogravitational diffusion may explain the increase in these elements in
Taylor Creek Rhyolite. The pronounced negative Eu anamoly in Taylor Creek
Rhyolite (Fig. 9) indicates that feldspar fractionation operated at some time
before or during the generation of Taylor Creek Rhyolite.

The Gila Cliff Dweilings Cauldron members of the Catron volcanic suite
are chemically very similar to the A-type (anorogenic) granites of Loiselle
and Wones (1979). Their A-type granites are mildly alkaline, have low Ca0 and
Al1203 contents, high Fe/Fe + Mg, high K20/Na20 and absolute K0 content. A-type
granites are high in fluorine, enriched in incompatible trace elements (REE
except Eu; Zr, Nb, Ta) and low in Co, Sc, Cr, Ni, Ba, Sr, and Eu (Loiselle and
Wones, 1979). A-type granites are produced by interaction of alkali basalt
and granulite facies lower crust or fractionation from alkali basalt without
crustal interaction (Loiselle and Wones, 1979). The high initial 875r/865r of
the high-silica alkali rhyolite suite indicates a considerable crustal component.
A-type granites with high initial 875r/863r form within stable continents, and

those with low initial 87Sr/858r form along rift zones (Loiselle and Wones, 1979).

TIN DEPOSITS IN THE TAYLOR CREEK RHYOLITE

Review of Previous Studies

Previous investigation of the tin mineralization in the Taylor Creek
Rhyolite has produced considerable data on the nature of the deposifs (Lufkin,
1972). Coarsely crystalline cassiterite, wood tin, hematite, quartz, crypto-
crystalline silica, bixbyite, pseudobrookite, alkali feldspar, topaz, and
monazite occur in discontinuous veins in the rhyolite (Lufkin, 1972), The
structure of the veins has been interpreted as a tensional feature developed
after flowage of the rhyolite ceased (Lufkin, 1972). The veins were deposited
from a gas phase released from volatile and tin-rich layers within the cooling

rhyolite domes (Lufkin, 1972). Based on the composition of coexisting cassiterite,
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bixbyite and pseudobrookite in lithophysae, a temperature of 600°C or higher

was assigned to the formation of the tin veins (Lufkin, 1972).

Present Investigation

This study is in agreement with previous investigations on the structure
of the veins. It is doubtful, though, that volatile and tin-rich layers large
enough to produce the tin veins could exist as distinct layers within the
rhyolite domes. Zones of miarolitic cavities and lithophysae containing g
cassiterite are present, but the amount of tin in these zones is much less
than in the veins and only represents the tin content of the lava. The tin is
interpreted as being derived from the rhyolite, but not from volatile and tin-
rich layers within the domes. This origin of the mineralizing solutions is
supported by the discontinuity of the tin veins and the absence of tin veins
at depth. Tokwhat depth the argillized and bleached zones containing the
tin veins occur is not known. Studies of the Dzhalinda deposit, U.S.S.R.
have shown that tin veins occur in quartz metasomatites coﬁfined to the near-
surface facies of the quartz porphyry extrusion (Smirnov, 1977). The depth
of the ore-bearing metasomatites does not exceed 35 meters, and hydrothermal
alteration is absent at 50 meters from the surface (Smirnov, 1977). Wood-tin
and chert-like yuartz replace the cataclased and altcred quartz porphyries
along discontinuous zones (Smirnov, 1977). The Dzhalinda deposit may be an
analog to the tin deposits in the Taylor Creek Rhyolite. If fumarolic gases
produced by devitrification of the rhyolite carried tin towards the surface and
deposited it along fractures, this would result in alteration only near the
surface and the absence of tin veins at depth. Studies of fumarolic mounds and
ridges have shown that alteration is not produced at great depths or distances
away from the mounds (Sheridan, 1970). The temperature of formation deduced

for the Black Range tin deposits must be considered as a maximum only. 'The
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temperature of 600°C is actually just the temperature of vapor-phase crystalli-
zation in the lithophysae. Such a temperature for vapor-phase crystallization
and lithophysae growth is reasonable because at -any lower temperature the
strength of the lava would prohibit growth of a vesicle. If a model of fumarolic
deposition is assumed, a range of temperatures from the extrusion temperature

of the rhyolite to 25°C would be expected. The abundance of wood-tin and
cryptocrystalline silica in the tin veins suggests a much lower temperature

for formation of the tin veins. The Mexican tin deposits formed at lower than

150°C, indicating much of the tin is deposited at low temperatures (Pan, 1974).

URANIUM CONTENT OF TAYLOR CREEK RHYOLITE AND THE ROLE OF INITIAL ERUPTIVE

PRODUCTS AND FOREIGN LITHICS IN. URANIUM MINERALIZATION

The uranium content of Taylor Creek Rhyolite ranges from 7.4 ppm to 30.2
ppm (Table 4). Lithophysal, topaz-bearing Taylor Creek Rhyolite lava (BR-19)
has the lowest uranium content (7.4 ppm), and a block in tuff underlying flow-
banded Taylor Creek Rhyolite lava near Indian Peaks (IP-2) has the highest
uranium content (30.2 ppm). This block, although only slightly devitrified, con-
tains microscopic veins of opal which probably carry part of the uranium. Taylor
Creek Rhyolite vitrophyre (HC-8) has the highest uranium content (12.9 ppm)
besides IP-2. Densely welded ignimbrites (HC-3 and BR-28) contain no more
uranium than flow-banded lavas (BR-19 and IP-1) eventhough the ignimbrites are
only partly devitrified and the lavas are vapor-phase altered.

Most of the Taylor Creek Rhyolite is large, thick piles of devitrified and
IVapor-phase a%tered lava similar to the Topaz Mt. Rhyolite of the Thomas Range,
Utah (Lindsey, 1979), Aprons of tuff produced by hydromagmatic or magmatic
eruptions when the Taylor Creek Rhyolite initially vented to the surface are
not visible at most outcrops. These tuffs, if present, are probably covered by

the large ‘domes which followed any initial explosive activity. These tuffs
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would be the most probab}e hosts for uranium mineralization due to their
permeability and the presence of reactive, foreign lithic fragments as at Spor
Mt., Utah (Bikun, this volume). Near Indian Peaks, in the northern Black Range,
is the only outcrop of Taylor Creek Rhyolite lava underlain by tuff observed
during this study. Large blocks (15 cm in diameter) of Taylor Creek Rhyolite
are present in the tuff. This outcrop is interpreted as a small tuff ring
filled and covered by a flow-banded dome from the same vent. The radioactivity
of the tuff is two times that of the overlying lava. The overlying lava (IP-1)
contains 9.4 ppm uranium, and a block of Taylor Creek Rhyolite (IP-Z).(containf
ing microscopic opal veins) in the thff has 30.2 ppm uranium. Thus, uranium
was concentrated in the tuff underlying the lava by meteoric-hydrothermal con-
vection through the tuff or groundwater leaching of the lava. This outcrop of
Taylor Creek Rhyolite is analogous to uranium mineralization in tuffs beneath
lava at Spor Mt., Utah (Bikun, this volume) although no fluorite-mineralized,
carbonate lithic fragments are present at this outcrop and the uranium content
is much lower.

The dependence of uranium content and uranium mineralization on the fluorine
content of Taylor Creek Rhyolite is somewhat obscure. The only outcrop of
Taylor Creek Rhyolite containing macroscopic topaz (BR-19) is the lowest in
uranium content (7.4 ppm). This vapor-phase altered rock may have lost much of
its uranium by leaching. Comparing Bloodgoodeanyon Rhyolite (BR-3) and Taylor
Creek Rhyolite (HC-8) 'cauldron lava' vitrophyres shows that uranium increases
with increasing fluorine, although the increase in uranium content is small

(Fig. 8). Lithium shows a stronger correlation with fluorine content (Fig. 8).

CONCLUSION
The Taylor Creek Rhyolite represents a sub-type of topaz rhyolite charac-

" terized by cassiterite veins in the upper parts of the lavas and a relatively
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lower content of U, Be, and F. Cassiterite occurs in topaz rhyolites at Spor
Mt. and the Wah Wah Mts., Utah, but tin in these occurrences is subordinate

to the Be, U, and F mineralization. 1In addition to the lower content of
uranium and fluorine in the Taylor Creek Rhyolite, the lack of uranium and
fluorine mineralization associated with the Taylor Creek Rhyolite is due to
the absence or concealment of pyroclastic deposits (especially hydromagmatic
deposits - explosion breccias, surges, airfall) which commonly underly the
capping lavas. These deposits not only provide the permeability for meteoric-
hydrothermal convection through the vent area, but also may contain reactive
foreign lithic fragments (Ca-rich) which become the focal points of uranium
and fluorine mineralization as at Spor Mountain, Utah (Bikun, this volume).
Considerable uranium and fluorine probably were leached from the lavas but
were.lost due to lack of a suitable environment for deposition. Pyroclastic
deposits, thick and extensive enough to host economic uranium mineralization,
may well exist beneath the large piles of Taylor Creek Rhyolite lava, but their
existence and possible content of reactive lithic fragments remains to be
verified.

There is a possibility that economic tin deposits might exist in addition
to those in the upper parts of the Taylor Creek Rhyolite. Shallow, intrusive
bodies of Taylor Creek Rhyolite may host low-temperature hydrothermal tin
deposits of the Mexican-type (Pan, 1974). At moderate depth, there may be
high-temperature hydrothermal tin deposits, especially greisens, associated
with granitic bodies as in Cornwall, England (Hosking, 1969) and fhe Seward
Peninsula, Alaska (Sainsbury, 1969). 'Mexican—type tin deposits are more likely

to be discovered because of the shallow level of erosion in the Black Range.

’
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URANIUM AND BERYLLIUM MINERALIZATION NEAR APACHE WARM SPRINGS,

NORTHERN SIERRA CUCHILLO, NEW MEXICO .

ECONOMIC GEOLOGY

One mile north of the Iron Mountain district in the northern Sierra
Cuchillo, New Mexico, uranium and beryllium minerélization‘occurs in fault
gouge. Previous investigation has identified the beryllium-bearing mineral
as bertrandite (Hillard, 1969). The high uranium content of the fault gouges (78 ppm:

AWS-9) has not been reported previously (Table 4). Numerous faults have
juxtaposed blocks of densely welded, ihyolitic-ignimbrite and andesite lava.
This rhyolite is probably the Vicks Peak Rhyolite (Maldonado, 1974). 1In the
fault gouge between the rhyolite and andesite, anomalous concentrations of
beryllium (up to 2.50 wt.% BeO) are present (Hillard, 1969). In the immediate
vicinity of the beryllium mineralization, kaolinite, alunite, montmorillonite
and silica alteration is present (llillard, 1969). Beryllium mineralization is
confined to areas of montmorillonite alteration (Hillard, 1969).

To determine whetﬁer the beryllium content of the fault gouge (AWS-9) could
be derived by mobilizing primary beryllium out of fresh rhyolite into the fault
gouge, samples of vitrophyre (AWS-16) and altered rhyolite (AWS-11) near the
beryllium mineralization were analyzed for beryllium (Table 4). The lack of
difference in beryllium content between the vitrophyre and altered rhyolite
implies that beryllium was introduced from a foreign source.

Other mineralization is present.near the vicinity of the beryllium and
uranium mineralization. Fluorite, calcite and quartz veins contain Cu, Fe, and
Pb sulfides. A quartz monzonite intrusive body exposed ﬁearby may be the source
of the mineralizing solutions which deposited the sulfides. Cooler hydrothermal

solutions may have deposited the uranium and beryllium at greater distances
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away from the intrusive. A thin coating of fluorite along a fracture was

found on altered rhyolite adjacent to the Be mineralization.

CHEMISTRY OF THE VOLCANIC ROCKS

A hydrated vitrophyre (AWS-16) and altered sample of Vicks Peak Rhyolite
(AWS-11) were analyzed for major elements (Table 3). Alteration has destroyed
the original chemistry of AWS-11. The analysis of vitrophyre AWS-16 has
interesting implications. Supposedly, Vicks Peak Rhyolite was erupted from the
Nogal Canyon Cauldron in the southern San Mateo Mountains and deposited in the
northern Sierra Cuchillo (Maldonado, 1974). Vicks Peak Rhyolite is reported as
the oldest member of the high-silica alkali rﬁyolite suite (32-21 m.y.) of
three overlapping suites of volcanic rocks in the Mogollon-Datil field of
southwestern New Mexico (Elston et al., 1976a). In terms of normative qz, ab,
and or, the Vicks Peak Rhyolite is similar to the Gila Cliff Dwellings Cauldron
members of the Catron volcanic suite (Fig., 7)., Vicks Peak Rhynlite (AWS-1A)
contains high §i0,, but the K;0 content is much lower than members of the Catron
volcanic suite (Fig. 4) and Najy0 is relatively high (Fig. 5). The initial
87Sr/86Sr ratio of Vicks Peak Rhyolite (Appendix II) is characteristic of the
calc-aikalic andesite to rhyolite suite of the Mogollon-Datil field (Elston
et al., 1976a). Thus, Vicks Peak Rhyolite may not be the oldest member of
the high-silica alkali rhyolite suite, because it may not belong to this suite,

A sample of the fhyolite of Alum Spring (AWS-15) was also analyzed for
major elements (Table 3) because of its similarity to porphyritic intrusives
at Iron Mountain, but the sampie was too altered for any petrologic interpre-

tations.

VOLCANOLOGY
Vicks Peak Rhyolite exposed in the northern Sierra Cuchillo was erupted
from the Nogal Canyon Cauldron in the southern San Mateo Mountains (Maldonado,

1974; Elston et al., 1976a). The thickness of densely welded ignimbrite of
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Vicks Peak Rhyolite in the northern Sierra Cuchillo and the presence of meso-
breccia interbedded with the ignimbrite suggest that a collapse-feature may
exist north of Alamosa Creek in the extreme northern Sierra Cuchillo. The

presence of such a feature was not determined in this study.
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BEHAVIOR OF URANIUM AND FLUORINE AT IRON MOUNTAIN, CENTRAL

SIERRA CUCHILLO, NEW MEXICO

To investigate the behavior of uranium and fluorine in a high temperature,
subvolcanic environment, the fluorine, beryllium, and tungsten-bearing skarns
at Iron Mountain were chosen as a field site. The beryllium, fluorine and
tungsten-bearing minerals are helvite, fluorite, scheelite and powellite
(Jahns, 1944). |

Major element analyses (Table 3) of aplite (BR-29) and rhyolite porphyry
(BR-30) show the intrusives to be high in K20 and low in Nap0 (Fig. 3, 4, and
5). The whole rock chemistry is similar to members of the Catron volcanic
suite (Fig. 7). A biotite from Iron Mountain gave a K-Ar age of 29.2 + 1.1
m.y. (Chapin et al., 1978). Thus, the intrusives at Iron Mountain are older
than the Catron volcanic suite and are probably one of the oldest members of the
high-silica alkali rhyolite suite (especially if Vicks Peak Rhyolite does not
belong to the high-silica alkali rhyolite suite). Trace element analyses show
the rhyolite porphyry (BR-30) to be enriched in Be and low in U (Table 4).

Surveys with a scintillometer indicate intrusive rocks are more radioactive
than skarn. Fluorite-rich samples of skérn did not exceed intrusive rocks in
radioactivity. Skarn is more radioactive than unaltered marble, however.
Higher radioactivity of the intrusive rocks may be due to Th and K. With such
limited data, it cannot be stated whether or not uranium migrated with fluorine

out of the rhyolite and into the skarn.
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Estimated phenocryst content and location of samples analyzed

from New Mexico.

sample % phenocrysts sample location

BR-1 10 R.11W.,T.14S.  along N.M. 61 at Rocky ‘Canyon
" BR=2 10, R.11W.,T.14S.  along N.M. 61.at Rocky Canyon

BR-3 25 R.11W.,T.145.  along N.M. 61 at Rocky Canyon

BR~-3a 20 R.11W,.,T.14S. along N.M. 61 at Rocky Canyon

BR-16 30 R.10W,,T.9S. Hardcastle Creek

BR-28 40 R.10W.,T.9S. Hardcastle Creek

HC-3 25 R.10W,,T.9S. Hardcastle Créek

HC-8 20 R.10W.,T.95.  Hardcastle Creek

- IP=2 15 R.11w.,T.8S. along N.M. 78 near Indian Peak:.

BR-29 100 R.8%.,T.9S, Iron Mountain ol
BR~30 50 R.8W.,T.9S, Iron Mountain t $§
AWS-16 1 R.79.,T.9S. east of Monticello Box Canyon

AWS=-11 E R.7W.,T.9S. south of Monticello Box Canyon :
AWS=-15 20 R.7W.,T.9S. southeast of Monticello Box .
HC-7 20 R.10W.,T.95.  Hardcastle Creek -
BR-19 25 R.10W,,T.115. Round'Mountain

IP-1 20 R.11W,,T.8S. along N.M. 78 near Indian Peaks

AWS=9 - R.7v.,T.9S. south of Monticello Box Canyon
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Appendix II

Sr ISOTOPE COMPOSITION OF VICKS PEAK RHYOLITE (AWS-16)

present day v . 6
*
, 87Sr/868r Rb ppm Sr ppm :Z:?m:?y. 87Rb/aGSr (87Sr/8 Sr)o
0.7222610.00005 2955 3211.1 30 36 0.70700.0008

* normalized to %6sr/88sr = 0.11940; NBS987 SrCO5 standard,
875r/%sr = 0,71040%0.00003, N=5

Analysis by L. Jones, Conoco Inc..





