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ABSTRACT

Peraluminous rhyolites that are chemically somewhat similar to topaz rhyolites and
anorogenic granites occur in an orogenic setting near Sierra Blanca in the Tertiary
Trans-Pecos magmatic province. The Sierra Blanca rhyolites are even more enriched in
most incompatible trace elements than are topaz rhyolites. Some of the extreme enrich-
ments may in part be the result of chemical modification by crystallization from an
F-rich vapor phase.

The rhyolites were intruded as laccoliths at 36 Ma, during the main phase of
Trans-Pecos igneous activity, which is characterized by ash-flow eruptions from nu-
merous calderas and widespread mafic, intermediate, and silicic intrusions. A dominant
east-northeast orientation of dikes and veins throughout the region indicates mild com-
pression that was residual from Laramide deformation. This compressive tectonic set-
ting, coupled with concurrent volcanism in Mexico and the east-northeast change in
magma chemistry from calc-alkalic in western Mexico through alkali-calcic to alkalic in
Texas, suggests that the rhyolites were emplaced in a continental arc. Extension did not
begin in Trans-Pecos Texas until after 32 Ma; 31- to 17-Ma dikes are dominantly
oriented north-northwest, perpendicular to the direction of extension during early Basin
and Range deformation. Thus, the tectonic setting of the Sierra Blanca rhyolites con-
trasts with that of typical topaz rhyolites, most of which were emplaced during periods
of crustal extension.

The Sierra Blanca rhyolites are chemical and mineralogic oddities for the region,
where most rhyolites are peralkaline or metaluminous. The rhyolites are depleted in the
same elements as topaz rhyolites (Mg, Ca, Ti, Sr, Ba) but are more highly evolved than
topaz rhyolites. Extreme trace-element enrichments (Li, F, Zn, Rb, Y, Zr, Nb, Sn, Ta,
Pb, HREE, Th, U) are accommodated in Li-rich white mica, Zn-rich biotite, Rb-rich
feldspars, and numerous trace minerals, including cassiterite, changbaiite, columbite,
thorite, xenotime, yttrium- and REE-rich fluorides, and zircon. The rhyolites are large-
tonnage, low-grade resources of several rare metals. Also enriched in Be (as much as
180 ppm), the rhyolites are the sources of Be and F in beryllium deposits in fluoritized
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limestones along the contacts with the laccoliths. Interaction with the limestones proba-
bly locally elevated the Ca, Mg, and Sr contents of the rhyolites.

Vapor-phase crystallization has modified the original magmatic chemistry of the
rocks. Evidence of vapor-phase crystallization includes the presence of minerals typical
of pegmatites: cryolite (from 0 to 3 volume percent), alkali feldspars with nearly end-
member compositions, polylithionite-zinnwaldite mica, and rutilated quartz, plus fluid
inclusions defining quartz overgrowths on magmatic grains. Extreme HREE enrich-
ments (Yb to 72 ppm; chondrite-normalized REE patterns with positive slopes) may also

be the result of vapor-phase crystallization.

INTRODUCTION

The intrusions at Sierra Blanca Peaks in the Trans-Pecos
magmatic province of far western Texas (Fig. 1) are highly
evolved rhyolites with chemical and mineralogic characteristics
that are unusual not only for the province but also for the world.
They are also the source of fluorine and beryllium in high-grade
beryllium deposits in fluoritized limestones along the contacts
with the rhyolites. These shallow rhyolite laccoliths have certain
chemical similarities to topaz rhyolites and anorogenic granites
but are more extremely enriched in many incompatible elements
and are markedly depleted in many compatible elements.

The Sierra Blanca rhyolites are anomalous for the Trans-
Pecos magmatic province in that they are peraluminous; that is,
they contain two micas (biotite and a lithium-rich trioctahedral
mica) and are generally corundum normative (Barker, 1980;
Rubin and others, 1987). Other rhyolites in the region tend to be
metaluminous or peralkaline. Peralkaline rhyolites occur most
commonly in the eastern alkalic belt of the Trans-Pecos mag-
matic province (Fig. 1), but also in the western alkali-calcic belt,
in which the Sierra Blanca peraluminous rhyolites are located.

This work expands on our earlier work on the Sierra Blanca
intrusions (Rubin and others, 1987) by providing detailed chemi-
cal and mineralogic data on a more representative sampling of
unweathered rocks from the Round Top laccolith (Fig. 2). Sam-
ples were collected from diamond drill core, rotary drill cuttings,
and bulldozer cuts. Our earlier conclusion, that the original
magmatic compositions of the rocks were modified by vapor-
phase crystallization, still stands (Rubin and others, 1987). The
link between magmatic and vapor-phase conditions must, how-
ever, have been intimate because the chemical composition of the
Round Top intrusion is surprisingly homogeneous.

TECTONIC SETTING

The tectonic setting during emplacement of the Sierra
Blanca rhyolites contrasts with that for topaz rhyolites. Whereas
most topaz rhyolites were emplaced during periods of crustal
extension (Christiansen and others, 1986), the Sierra Blanca rhyo-
lites are contemporaneous with regional subduction-related
magmatism in a mildly compressive tectonic setting (Price and
Henry, 1984; Price and others, 1986, 1987).

The Cenozoic tectonic history of the Trans-Pecos region is
highlighted by three main episodes (Price and others, 1986,

1987): (1) Laramide thrusting and folding, (2) voluminous mag-
matism caused by subduction, and (3) Basin and Range crustal
extension.

Laramide compression in Texas began in the Late Creta-
ceous, peaked in the late Paleocene, and essentially ended in the
early Eocene (Wilson, 1971). Apparently no igneous activity was
associated with Laramide folding and thrusting in Trans-Pecos
Texas. Laramide deformation is most intense in Chihuahua and
dies out to the east and northeast. The dominantly NNW-trend-
ing folds and thrusts developed in response to east-northeast
compression. The Sierra Blanca intrusions lie near the frontal
thrust of the Chihuahua tectonic belt (Fig. 1). Cretaceous sedi-
mentary rocks beneath Sierra Blanca are thrusted, and tilted Cre-
taceous rocks occur below the floors of the other four laccoliths.
Cretaceous rocks a few kilometers to the north are horizontal or
only gently tilted.

Widespread magmatism occurred during middle Eocene to
early Oligocene time from approximately 48 to 32 Ma (Henry
and McDowell, 1986). The region was under a state of weak
compression that was probably residual from Laramide stress
(Price and Henry, 1984; Price and others, 1987). The regional
dominance of ENE-striking dikes and veins during this time
indicates a direction of maximum principal compressive stress
parallel to that during Laramide deformation.

Igneous rocks of this episode can be divided into a western
alkali-calcic belt and an eastern alkalic belt (Barker, 1977; Henry
and Price, 1984). The Sierra Blanca intrusions lie within the
alkali-calcic belt. The Trans-Pecos rocks were the most inland
expression of subduction-related volcanism. Igneous activity
spread eastward from near the present Pacific coast about 100
Ma to Trans-Pecos Texas about 40 Ma, and then about 30 Ma
either swept back to the coast or flared up nearly simultaneously
across almost all of western Mexico (Coney and Reynolds, 1977;
Keith, 1978; Damon and others, 1981; Henry and McDowell,
1982). There is an apparent gradation from Laramide-age calc-
alkaline rocks in Mexico eastward into middle Tertiary alkaline
rocks in Texas. The eastward sweep of magmatism from western
Mexico inland to Texas was probably the result of progressive
shallowing of the subducting slab with time.

The compressive tectonic setting during Trans-Pecos mag-
matism, the coincidence with volcanism in Mexico, and the pro-
gressive east-northeastward change from calc-alkalic to alkali-
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calcic to alkalic magma chemistry indicate that the 48- to 32-Ma
igneous rocks were emplaced in a continental arc. Subduction-
related magmatism during this time can be divided into two
phases (Henry and McDowell, 1986). In the Trans-Pecos region
an early phase of magmatism (48 to 38 Ma) consisted of abun-
dant, small, mafic to silicic intrusions and mafic lava flows plus
two small calderas (Henry and others, 1989). The main phase (38
to 32 Ma) included voluminous volcanic rocks erupted from
calderas (Henry and Price, 1984) and numerous mafic, interme-
diate, and silicic intrusions.
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Basin and Range extension, which began with region-wide
normal faulting about 24 Ma and continues today, was preceded
by a shift in stress orientations about 31 Ma (Henry and Price,
1986). This extension and related, volumetrically minor volcan-
ism postdate intrusion of the Sierra Blanca laccoliths.

The Sierra Blanca laccoliths and the intrusive and extrusive
rocks of the Quitman Mountains caldera to the south (Fig. 2)
were emplaced about 36 Ma during the main phase of Trans-
Pecos magmatism (Henry and others, 1986). Whereas several
samples of biotite from the Quitman Mountains have been dated
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Figure 1. Generalized tectonic setting of the Trans-Pecos magmatic province (modified from Price and
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others, 1986). Fold and thrust symbols indicate structures of the Laramide Chihuahua tectonic belt.
Normal fault symbols are major Basin and Range faults. Dashed line separates belts of middle Tertiary
igneous rocks: alkali-calcic to west and alkalic to east (Barker, 1977; Henry and Price, 1984).
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Figure 2. Map showing locations of samples collected from the Round
Top intrusion. Diamonds = diamond drill core; circles = rotary cuttings;
triangles = outcrop and bulldozer cuts. Filled symbols indicate the pres-
ence of optically identifiable cryolite grains. Topographic contours are
indicated in feet. Heavy dashed line = contact between rhyolite laccolith
and Cretaceous sedimentary rocks; dotted line = contact between rhyo-
lite and Quaternary colluvium. SB = Sierra Blanca; RT = Round Top;
LRT = Little Round Top; LB = Little Blanca; TH = Triple Hill. Modified
from Rubin and others (1987).
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(Henry and others, 1986), the Sierra Blanca laccoliths are repre-
sented by only one K-Ar date on an annite-rich biotite. Because
the diffusion coefficient of argon in biotite increases with increas-
ing iron content (Harrison and others, 1985), it is possible that the
Sierra Blanca rhyolites are older than 36 Ma. However, they are
not as old as distinctive titaniferous hornblende porphyry dikes,
sills, and small plugs in the Finlay Mountains and in the Sierra
Blanca area, which are about 48 m.y. old (K-Ar dates on horn-
blendes) and predate the main phase of magmatism (Henry and
others, 1986). Unambiguous contact relations at Round Top
show that the rhyolite intruded and altered a hornblende por-
phyry sill within the Cretaceous country rock.

Sedimentary cover is eroded from the top of the Sierra
Blanca laccoliths. Whereas no evidence is preserved to indicate
that the intrusions broke through the surface, they were clearly
shallow. Stratigraphic reconstructions (cumulative thickness of
strata above the horizon at which the laccoliths were intruded)
suggest less than 1,000 m of cover at the time of intrusion (Albrit-
ton and Smith, 1965), although outflow-facies volcanic rocks
from the Quitman Mountains or other calderas could have added
somewhat to this figure. Shallow intrusion is also indicated by the
ubiquitous fine grain size and the presence of vesicles, found
locally on the upper surface of the Round Top laccolith.

Feeders for the Sierra Blanca laccoliths have not been found
by surface mapping or by drilling for fluorite and beryllium de-
posits (McAnulty, 1980). The slight topographic elongation of
Round Top (Fig. 2) may be an expression of a northwest-striking
feeder dike. This orientation would be an exception to most
middle Tertiary dikes in the Trans-Pecos region, which strike
east-northeast. However, northwest-trending structures in the re-
gion have been repeatedly activated since Precambrian time (Al-
britton and Smith, 1957; Muehlberger, 1980). Parallel structures
in the Sierra Blanca area include Laramide thrusts and Basin and
Range faults.

The Sierra Blanca rhyolites geographically fall within the
broad belt of chemically similar topaz rhyolites occupying the
interior portion of the western Cordillera in the United States and
Mexico (Christiansen and others, 1983). Melting of old continen-
tal crust, evidence of which is found only in this interior region,
appears to be crucial to the origin of topaz rhyolites (Christiansen
and others, 1986). Most, but not all, topaz rhyolites were em-
placed in an extensional tectonic setting after 30 Ma (Christiansen
and others, 1986). A back-arc setting is typical of topaz rhyolites
older than 30 Ma (D. M. Burt, written communication, 1988). In
contrast to most topaz rhyolites, the Sierra Blanca laccoliths were
emplaced in a compressive, subduction-related tectonic setting at
least 36 Ma. Whether their origin requires the melting of conti-
nental crust is uncertain.

CHEMICAL AND MINERALOGIC ODDITIES
Several investigators have recognized that the Sierra Blanca

rhyolites are chemically anomalous (Barker, 1980; Shannon,
1986; Shannon and Goodell, 1983, 1986; Matthews and Adams,
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1986; Rubin and others, 1987). The Round Top cryolite rhyolite,
described by Rubin and others (1987), is certainly mineralogi-
cally atypical as well. There are, however, many similarities be-
tween the Sierra Blanca rhyolites and both topaz rhyolites and
peraluminous, anorogenic granites.

The Sierra Blanca rhyolites are anomalous in major- and
trace-element contents. Although numerous analyses of these
rocks have been reported (Barker, 1980; Shannon, 1986; Shan-
non and Goodell, 1986; Matthews and Adams, 1986; Rubin and
others, 1987), reliable comparisons between data sets are difficult
to make because of uncertainty concerning the extent of altera-
tion or weathering of samples employed in previous studies and
because of analytical biases. With the exception of one sample
reported by Rubin and others (1987), all previous studies in-
volved outcrop samples that may have been substantially weath-
ered. In Tables 1 and 2 we report analyses of 13 unweathered
“fresh” samples, which are gray and contain relatively abundant
magnetite and little hematite. As is demonstrated below, the
“fresh” samples are all to some extent chemically disturbed from
their original magmatic composition by magmatic vapor-phase
crystallization and, for at least 7 samples, by minor contamination
from country rocks.

In addition to the “fresh” samples, we report analyses of two
outcrop samples (J87-70 and —74 in Tables 1 and 2) that have
been exposed to weathering for probably thousands of years. The
weathered samples contain more hematite and less magnetite,
and they lack cryolite as discrete grains. We also report analyses
of standard reference materials that were co-analyzed with the
study samples (Table 3).

Major minerals and vapor-phase crystallization

The samples from the Round Top laccolith are composed
dominantly of K-feldspar, plagioclase, and quartz; micas and iron
oxides are minor phases. Closer inspection reveals minerals char-
acteristic of granitic pegmatites: nearly end-member albite and
microcline, rutilated quartz, polylithionite-zinnwaldite mica, and
cryolite (Rubin and others, 1987). Another feature suggestive of a
pegmatitic fluid is ubiquitous fluid inclusions defining over-
growths on magmatic quartz grains. Alternating centimeter-scale
dark and light gray bands, similar to liesegang rings, and
centimeter-scale amoeba-shaped patches of dark and light gray
rhyolite in some “fresh” samples probably indicate penetration of
the rock by a pegmatitic or hydrothermal fluid. The dark bands
and patches contain slightly more magnetite than the light bands.

Application of the two-feldspar geothermometer of Price
(1985) to the most potassic albite (AbgyOrgg) and the most sodic
K-feldspar (Abg7Or33) analyzed by Rubin and others (1987)
from the Round Top laccolith yields temperatures of approxi-
mately 560°C at low pressures (less than 1 kbar). This tempera-
ture may have been above the solidus for these F-rich magmas;
Webster and others (1987) indicated solidus temperatures less
than 525°C for F-rich vitrophyre of somewhat similar composi-
tion (topaz rhyolite) from Spor Mountain, Utah. Thus, some of
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Figure 3. Peraluminosity vs. peralkalinity in samples of the Sierra Blanca
laccoliths. Peraluminosity, molar Al;O3/(CaO + NayO + K;0), is a
measure of Al content relative to what would be accommodated by
feldspars. Peralkalinity, molar (Na,O + K,0)/Al;O3, is a measure of
the Na and K content relative to what would be accommodated by alkali
feldspars. Some Round Top samples appear to be peralkaline due to
their high cryolite contents. Samples with little or no cryolite are pera-
luminous or metaluminous. Round Top samples: ® = gray, relatively
unaltered, low Sr; + = gray, high Sr; x = weathered. Samples of other
laccoliths: A = unweathered Little Round Top and Little Blanca; A =
unweathered Sierra Blanca and Triple Hill.

the Round Top feldspar compositions appear to be magmatic,
consistent with porphyritic textures, which indicate original
magmatic crystallization. These magmatic feldspars contain al-
most no Ca and suggest that the magmas themselves were very
low in Ca. Other alkali feldspars analyzed by Rubin and others
(1987) have nearly end-member compositions and most likely
formed below the solidus.

Cryolite occurs as both discrete grains intergrown with
groundmass quartz (nearly 3 vol % groundmass cryolite in some
samples) and as inclusions in overgrowths on quartz phenocrysts.
Rutilated quartz is commonly intergrown with cryolite (see Fig. 4
of Rubin and others, 1987). A third, much less common mode of
cryolite (clear, cubiform, striated crystals as much as 2 mm wide
as fracture coatings and locally cementing broken fragments of
rhyolite along the fracture surfaces) indicates that some, if not all,
cryolite formed at subsolidus temperatures.

Samples containing relatively abundant cryolite also have
anomalously high amounts of Na (first five samples in Table 2)
and appear to be peralkaline (Fig. 3). However, the “fresh” rhyo-
lite sample with lowest F content (RT1-230.5 in Table 2) and the
other Sierra Blanca laccoliths are peraluminous (Fig. 3). Relative
to other rhyolites of the Trans-Pecos magmatic province, the
Sierra Blanca rhyolites are unusually peraluminous. The high Na
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Figure 4. Histogram of Th concentrations in Sierra Blanca intrusions.
Stippled pattern = Triple Hill; blank = Sierra Blanca; horizontal = Little
Blanca; thatch = Round Top; black = Four Hills, a small outcrop 2 km
north of Round Top; diagonal = Little Round Top; G = gray, relatively
unaltered samples with both low and high Sr (this study, analyses by
ICP-MS, see Tables 1 and 2); A = weathered and hydrothermally altered
samples (this study, ICP-MS); S = analyses reported by Shannon (1986,
INAA); M = analyses reported by Matthews and Adams (1986, XRF).

content and presence of cryolite, rather than topaz, in the Round
Top rhyolite, suggests that they are akin to the more typically
peralkaline rhyolites of the province. In fact, cryolite, with a
molar Na:Al ratio of 3:1, can be considered a peralkaline mineral,
and several high Na, high F Round Top samples are peralkaline
(Fig. 3).

Compatible elements

Relative to typical rhyolites and to topaz rhyolites (Chris-
tiansen and others, 1984, 1986), most compatible elements in
unaltered rhyolite samples from the Round Top laccolith are
depleted (Table 4). The elements Mg, P, Ca, Ti, V, Sr, and Ba are
especially low (Table 2). Some samples, however, have consider-
ably higher contents of Mg, Ca, and Sr, which we attribute to
interaction between the Cretaceous limestone country rock and
the rhyolites. Although we only report analyses of relatively fresh
samples in Tables 1 and 2, we have also analyzed other rhyolite
samples with varying degrees of hydrothermal alteration. Altera-
tion occurs chiefly near the contacts between the rhyolite and
sedimentary country rock, the Cretaceous Buda Limestone and
underlying Del Rio Shale. Intense bleaching (apparent total de-
struction of mafic minerals, yielding a pale cream color)
commonly occurs closest to the contact; hematitic alteration
(with destruction of magnetite, yielding a pink color) commonly
occurs farther into the laccolith (W. T. Miller, personal commu-
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Figure 5. Plot of Mg vs. Sr for unaltered and altered rhyolite samples.
Round Top samples: ® = gray, relatively unaltered, low Sr; + = gray, high
Sr; x = weathered; altered samples (unreported data, Bl = hematitic; (1=
bleached; o = fluoritized). Samples of other laccoliths: A = unweathered
Little Round Top and Little Blanca; A = unweathered Sierra Blanca and
Triple Hill.

nication, 1987). Although these alterations do not have marked
effects on some elemental concentrations, such as Th (Fig. 4),
they do cause increases in Mg, Ca, and Sr (Fig. 5). Fluoritized
rhyolite, sampled from the contact with the Del Rio Shale, also
has elevated values of Mg, Ca, and Sr (Fig. 5).

Presumably the source of Mg, Ca, and Sr in these altered
intrusive rocks near the contacts with Cretaceous limestone was
the calcareous rock itself. We therefore suspect that the seven
apparently unaltered, gray rhyolite samples with relatively high
Mg, Ca, and Sr (the plus signs in Fig. 5) owe at least part of their
composition to interaction with the limestones. Because the rhyo-
lites apparently were neither hot enough to melt nor hydrous
enough to dissolve the carbonate country rock, this interaction
was not traditional assimilation. Reaction with ground waters in
the carbonate country rock was probably sufficient to introduce
the necessary small amounts of Mg, Ca, and Sr.

Four of the seven high-Sr samples were collected from loca-
tions within the laccolith that would have been near the limestone
country rock at the time of intrusion. The morphology of Round
Top suggests that postintrusion erosion has not significantly af-
fected the rhyolite body. Therefore, at the time of cooling three
samples (J87-73 and -72 from outcrop, plus RT2-34 from a
shallow drillhole; Tables 1 and 2) may have been close to the
upper surface of the laccolith before subsequent erosion stripped
away the sedimentary cover. Sample RT283-182.5 was collected
less than a meter above the floor of the laccolith. The other three
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TABLE 1. MINERALOGIC VARIABILITY IN RHYOLITE SAMPLES*

SampleT Cy Rt Xe Yc Yt X Y 2 Bf Cf U Ks Tm Ep Fu FI Zu Ka Ba Cr

RT4-96 X
RT3-130 X
RT337-310 X -
X
X

i
X X X X
[
[
[}
i
i
L}
i
"
"
>
]
'
]
i
1
'

x X

J85-565
RT287-200
RT1-230.5 - -

X oM X M o X
X X X
L}
L}
L}
x
1
1}
1
L}
1
1
1
1
1
1

x

"
'
[
[
[}
i
[}
[
[
[
"

>
[
'
'

J87-73 X X -
Jg7-72 - X -
RT336-200 - - -
RT283-182.5 - - E
RT5-169 X

RT2-34 X - -
RT201-355 - - - X

X X X X
W OM O M O M M
X X X 1 X
1 [ ]
' *
i Vo
1 L4
i x
1 LI ]
L] [ 4
1} L
L LI
' x i
L L}
b 4 1
L} 1
Ll L}

[

'

'

1

]

i

[
X X X

[

b3

'

[

]

'

[

J87-70 - e = X X X X = = = = om = m o= o= = o= XX
8774 - - - - - X - = - - .- ..o x - X -

Note: Abbreviations: x = present; - = absent; Ba = barite, BaSOy; Bf = betafite, (Ca,Na,U)o(Nb,Ti, Ta)20g(0,0H,F); Cf = coffinite, U(SiOy)1-
x(OH)4y; Cr = cerussite, PbCOg; Cy = cryolite as discrete grains; Ep = elpasolite, KoNaAlFg; Fl = fluorite, CaFp. Fu = fluellite, AIF3-4H20, Ka
= kaolinite, AloSisO5(OH)4; Ks = kasolite(?), Pb(UO,)-Ho0; Rt = Nb-rich rutile as needles in quartz; Tm = thomsenolite, NaCaAlFg-H2O, with
variable Mg; Ur = uraninite, UOo; Xe = xenotime, (Y,HREE) (POy4); Yc = yttrocerite, (Y,HREE LREE,Ca)Fg_y; Yf = yttrofluorite,
(Y,HREE,Ca)F3_y; Zu = zunyite, Al13Si5020(OH,F)1gCl; X = Ca-Th-Pb-REE fluoride(?); Y = Ca-Th phosphate-silicate; Z = Pb-rich Mn oxide.

*All samples contain albitic plagioclase, K-feldspar, quartz, Zn-, Mn-, Fe-rich biotite, trioctahedral Li-rich mica, magnetite, hematite (as an
alteration product of magnetite), cryolite (NagAlFg, as inclusions in quartz, but not necessarily as discrete grains), cassiterite (SnO5),
cerfluorite (Ce, LREE, Ca)Fg_y) and/or bastnaesite (CeCOgF), changbaiite (PbNb,Og), columbite (FeNbsOg), thorite (ThSiOy4), and zircon
(ZrSiOy).

TSampIes are grouped into three categories (see also Table 2):

(1) Gray, relatively unaltered, containing low Sr: RT4-96, RT3-130, and RT1-230.5 from diamond drill core; RT337-310 and RT287-200 from
rotary cuttings; J85-55 from bulldozer cut.

(2) Gray, apparently unaltered, containing high Sr: RT5-169 and RT2-34 from core; RT336-200, RT283-182.5, and RT201-355 from cuttings;
J87-73 and J87-72 from bulldozer cut.

(3) Pink, weathered, from outcrop.

high-Sr samples were collected well within the rhyolite mass, that are probably the result of subsolidus alteration or vapor-
such that no direct relation to the contact is evident. Ground phase crystallization. In a well-characterized sample of the Round
waters carrying Ca, Sr, and Mg may have penetrated the intru- Top intrusion, alkali feldspars have nearly end-member composi-
sion along fractures, such as along northwest-striking fractures tions, and micas include a Mg-poor biotite and a Li-rich trioc-
that were prospected for fluorite along the southwest flank of tahedral white mica (Rubin and others, 1987).
Round Top (McAnulty, 1980). Five of the six relatively unaltered, low-Sr samples from
The samples with lower Ca, Sr, and Mg content therefore Round Top contain abundant groundmass cryolite, indicative of
appear to be closer to the magmatic composition than those with  substantial late-stage crystallization (Table 1). As expected, these
higher Ca, Sr, and Mg. An alternative but less likely explanation ~ five samples (the first five in Table 2) also contain relatively high
for the extremely low Ca, Sr, and Mg in some samples (see Table Na and F. The sixth low-Sr sample (RT1-230.5) is, however,
2 and the black circles in Fig. 5) is hydrothermal alteration in- lower in Na and F, contains no groundmass cryolite, and is
volving the introduction of cryolite and leaching of Ca and Sr  perhaps more representative of magmatic conditions than the
from feldspars and Mg from biotite. All 13 “fresh” rhyolite sam- ~ cryolite-rich samples. We suggest that late-stage crystallization,
ples (with both low and high Sr) contain largely unaltered feld- possibly from a vapor phase, has modified the chemical composi-
spars and micas (only small amounts of kaolinite were found, tion of many of the rhyolite samples, notably by increasing Na
Table 1), but these minerals have unusual chemical compositions and F. The fact that several of the gray, relatively unaltered
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TABLE 2. CHEMICAL ANALYSES OF MAJOR AND TRACE ELEMENTS IN THE ROUND TOP LACCOLITH

Gray, unaltered, low Sr

RT4-96 RT3-130 RT337-310 J85-55 RT287-200
(Wt.%)
Si0, 70.48 70.50 70.56 7247 72.53
TiOo 0.02 0.02 0.03 0.02 0.03
Al,Og 13.43 13.73 13.52 13.68 13.49
FeO (total) 2.97 2.91 2.95 1.34 257
MnO 0.08 0.08 0.08 0.08 0.08
MgO 0.01 0.01 0.04 0.01 0.01
Ca0 0.02 0.03 0.06 0.08 0.02
Nay O 7.42 6.72 6.89 6.48 6.29
K0 4.07 4.20 4.04 422 412
P5>05 <0.01 <0.01 <0.01 <0.01 <0.01
CO» <0.04 <0.04 <0.04 0.00 <0.04
Ho O 0.20 0.12 0.25 0.13 0.14
F 1.68 1.69 1.97 1.94 1.38
-OforF -0.71 -0.71 -0.83 -0.82 -0.58
Total 99.72 99.35 99.61 99.64 100.13
(ppm)
Li 480 470 520 460 500
Be 58 31 45 180 14
\ 7 6 <5 <5 <5
Ni 32 29 42 <5 21
Cu 68 51 89 13 45
Zn 590 580 630 610 620
Rb 1700 2000 1600 2000 2000
Sr 14 12 40 32 7
Y 200 200 240 200 230
Zr 1000 1100 1200 1000 1100
Nb 350 400 420 340 410
Mo 3 4 2 2 <1
Cs 62 75 53 83 51
Ba 8 8 6 5 12
La 20 21 25 22 21
Ce 73 84 96 80 73
Pr 9.6 10 13 10 1
Nd 25 28 34 25 28
Sm 9.5 10 13 9.7 10
Eu 0.1 0.1 0.1 0.1 0.1
Gd 17 12 15 11 12
Tb 3.2 3.7 4.6 35 4.0
Dy 29 32 39 30 33
Ho 6.9 7.6 9.7 7.4 8.0
Er 26 29 37 30 30
Tm 53 6.0 7.8 6.0 6.0
Yb 41 44 58 48 44
Lu 5.8 6.3 8.2 71 6.1
Ta 40 39 42 35 38
Pb 280 320 300 320 300
Th 200 200 220 230 210

u 38 66 54 54 35
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TABLE 2. CHEMICAL ANALYSES OF MAJOR AND TRACE ELEMENTS IN THE ROUND TOP LACCOLITH

(continued)
Low Sr Gray, high Sr
RT1-230.5 Jg87-73 Jg7-72 RT336-200 RT283-182.5
(wt.%)
SiOp 73.15 69.34 70.10 70.90 71.55
TiOo 0.02 0.03 0.03 0.02 0.04
Al;03 13.71 13.43 13.62 13.19 13.26
FeO (total) 1.72 358 3.43 3.08 2.18
MnO 0.08 0.10 0.09 0.08 0.08
MgO 0.01 0.17 0.22 0.05 0.12
CaO 0.03 0.67 1.32 1.62 1.16
NaoO 5.34 574 5.51 5.29 5.44
K>O 4.20 4.02 4.23 3.90 432
P2O5 <0.01 <0.01 <0.01 <0.01 <0.01
COy <0.04 <0.04 <0.04 0.04 0.04
HoOf 0.39 0.59 0.82 0.43 0.31
F 0.31 1.72 1.63 1.33 1.18
-Ofor F -0.13 0.72 0.69 -0.56 -0.50
Total 98.88 98.72 100.36 99.38 99.20
{(ppm)
Li 490 470 470 470 510
Be 19 57 46 26 18
\) <5 <5 <5 5 5
Ni 16 29 26 27 22
Cu 37 49 46 40 62
Zn 590 590 620 580 630
Rb 2200 1800 1900 1500 1800
Sr 7 290 230 120 140
Y 200 280 310 250 240
Zr 1100 1100 1200 1000 1100
Nb 370 380 370 380 400
Mo 2 5 4 3 1
Cs 49 93 86 67 58
Ba 8 10 19 15 22
La 21 27 31 29 28
Ce 77 110 120 110 110
Pr 10 13 15 14 13
Nd 26 36 41 38 36
Sm 10 13 15 13 13
Eu 0.1 0.2 0.2 0.2 0.2
Gd 11 15 17 15 14
Tb 3.2 47 55 4.7 44
Dy 28 40 46 38 a7
Ho 6.7 9.7 11 8.9 8.9
Er 26 39 45 34 34
Tm 54 8.1 9.1 6.9 6.9
Yb 40 64 72 54 51
Lu 58 9.7 11 7.8 7.4
Ta 38 47 43 26 31
Pb 250 320 290 210 290
Th 170 250 210 190 230
u 36 51 21 46 56
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TABLE 2. CHEMICAL ANALYSES OF MAJOR AND TRACE ELEMENTS IN THE ROUND TOP LACCOLITH

(continued)
Gray, high Sr Weathered
RT5-169 RT2-34 RT201-355 J87-70 Ja7-74
(wt.%)
Si05 71.94 71.97 72.72 72.65 73.15
TiOo 0.02 0.02 0.02 0.03 0.02
Al,Og 13.55 13.99 13.69 13.42 13.82
FeO (total) 2.80 2.50 2.58 2.07 1.52
MnO 0.08 0.08 0.07 0.06 0.06
MgO 0.14 0.45 0.20 0.06 0.03
CaO 0.33 0.15 0.44 0.60 1.14
NayO 5.61 5.74 5.56 5.27 5.33
K>O 4.09 413 4.09 4.13 3.66
P20s <0.01 <0.01 <0.01 <0.01 <0.01
COy <0.04 0.04 <0.04 <0.04 <0.04
Ho Ot 0.41 0.41 0.55 1.01 0.59
F 1.24 1.57 1.32 0.42 1.06
-Ofor F -0.52 -0.66 -0.56 -0.18 -0.45
Total 99.74 100.40 100.73 99.59 99.98
(PPm)
Li 510 520 480 380 590
Be 14 13 100 24 13
\ <5 <5 6 1 7
Ni 25 23 23 23 14
Cu 52 45 56 49 40
Zn 600 580 550 570 510
Rb 1700 2000 2000 1700 1600
Sr 90 220 100 62 79
Y 280 230 220 220 240
2r 1100 1100 1100 1100 1200
Nb 410 390 380 380 370
Mo 3 3 2 3 2
Cs 56 48 49 69 66
Ba 14 14 7 210 17
La 31 26 27 27 24
Ce 110 88 97 99 85
Pr 16 12 12 13 10
Nd 40 31 29 34 26
Sm 14 1 12 13 9.4
Eu 0.2 0.1 0.1 0.2 0.1
Gd 17 12 12 13 11
Tb 5.3 38 4.1 40 3.7
Dy 42 a3 32 31 31
Ho 10 7.9 8.1 7.9 7.3
Er 41 30 32 30 31
Tm 8.1 59 5.7 59 6.7
Yb 61 44 47 46 54
Lu 8.9 6.0 71 6.9 8.2
Ta 36 37 42 41 51
Pb 250 240 260 250 200
Th 210 180 190 190 220
u 40 28 33 23 44
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TABLE 3. ANALYSES OF STANDARD REFERENCE MATERIALS*

NIM-G (granite)

BHVO-1 (basalt)

BE-N (ultramafic)

Found Accepted Found Accepted Found Accepted
(wt. %)
Si0s 76.10 75.70 48.67 49.90 37.43 38.20
TiOo 0.11 0.09 2.83 2.69 2.72 261
AloOg 12.37 12.08 13.77 13.85 10.12 10.07
FeO (total) 1.78 1.82 11.18 11.01 11.70 11.55
MnO 0.02 0.02 0.18 0.17 0.21 0.20
MgO 0.10 0.06 7.22 7.31 13.44 13.15
CaO 0.78 0.78 11.29 11.33 13.86 13.87
NasO 3.55 3.36 2.32 2.29 3.25 3.18
K20 5.15 4.99 0.56 0.54 1.54 1.39
P>0g ,0.01 0.01 0.26 0.28 1.09 1.05
CO, 0.04 o010 ... 0.04 0.79 0.74
HoO*F 0.45 0.49 0.19 0.20 2.05 2.24
F 0.41 042 e e e,
-O for F -0.17 0.18
Total 100.70 100.10 98.47 99.61 98.20 98.25
{ppm)
Li 14 12 <2 53 12
Be 8.0 7.0 2.0 40 L.
Vv <5 2 310 300 230 235
Ni <5 8 130 140 291 267
Cu 14 12 146 74 72
Zn 54 50 100 100 113 120
Rb 323 320 12 10 60 47
Sr 14 10 440 420 1340 1370
Y 130 143 22 27 31 30
Zr 360 300 150 180 150 265
Nb 60 53 23 19 93 100
Mo 3 3 1 1 3 s
Cs 1 1 <1 <1 1 0.8
Ba 140 120 180 135 1070 1025
La 117 109 12 17 77 a2
Ce 190 195 27 39 140 152
Pr 23 41 16
Nd 70 72 32 24 58 70
Sm 15 15.8 7.2 6.1 13. 12
Eu 0.33 0.35 2.1 2.0 34 3.6
Gd 18 14 7.7 6.0 11 9.0
Tb 3.1 3 1.0 1.0 1.4 1.3
Dy 19 17 5.5 50 87 ..
Ho 4.3 1.0 14
Er 14 26 L 35 .
Tm 2.1 2.0 0.4 0.3 04 L
Yb 14 14.2 2.2 1.9 2.0 1.8
Lu 2.0 2.0 03 L. 0.26 0.24
Ta 4 4.5 1 1.1 7 55
Pb 38 40 3 Seiise 5 4
Th 61 51 2 1 1 11
U 24 15 0.7 0.4 3 2.4

*Analyses at Mineral Studies Laboratory, Bureau of Economic Geology: most major oxides and Zr by ICP-AES after

lithium tetraborate fusion; H,O* by conversion to CO» and coulometric determination; CO, by coulometry; all reported

on HoO-free basis; Li, Be, V, Ni, P, some Mg, Cu, and Zn by ICP-Aes using multiple acid digestion; F by ISE after

pyrohydrolytic evolution; all other elements by ICP-Ms using multiple acid digestion. With the exception of sample J85-55,

Fe is erroneously high in all Round Top samples due to contamination by steel during crushing.
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TABLE 4. COMPARISON OF ROUND TOP RHYOLITE WITH TRIPPLE HILL AND SIERRA BLANCA RHYOLITES
AND WITH TOPAZ RHYOLITES FROM UTAH*

Topaz rhyolites Triple Sierra Round Top**
sm-ast SM-61at SM-29-206t HillS Blanca$

(wt. %)
Si0, 73.9 75.0 76.2 71.9 74.4 725 -
TiO, 0.06 0.28 0.07 0.27 0.02 0.03 -
AlxOg 13.1 131 12.7 14.8 14.1 13.7
FeO (total) 1.29 1.13 0.89 1.38 0.79 1.34
MnO 0.06 0.04 0.07 0.03 0.05 0.08
MgO 0.08 0.19 0.05 0.22 0.01 0.01 -
CaO 1.27 0.82 0.72 1.03 0.45 008 -
NayO 433 3.48 3.74 417 5.06 6.48 +
K>O 3.65 5.51 4.80 4.69 4.30 4.22
P2Os 0.00 0.02 0.00 0.08 <0.01 <0.01
LOI 3.55 2.97 2.84 0.69 0.33 0.13
F 1.10 0.19 0.32 0.19 0.65 194 +
-O for F -0.46 -0.08 -0.13 -0.08 -0.27 -0.82
Total 101.9 102.6 1023 99.4 99.9 99.7
{(ppm)
Li 80 20 60 28 170 490 +
Be 52 2 7 7 4 58
Rb 1060 186 433 n.a, 1090 1900 +
Sr 5 83 5 160 9 19
Y 135 35 75 54 200 210 +
Zr 120 190 100 290 100 1100 +
Nb 120 40 47 n.a. 72 380 +
Cs 58 25 9.7 n.a. 30 62
Bat (63) (41) (41) 860 16 8 -
La 59 73 18 87 20 22
Ce 137 132 53.1 130 54 80
Nd 51 63 31 64 26 28
Sm 17.8 8.8 75 13 9.2 10
Eu 0.04 1.2 0.065 1.9 0.1 0.1
Tb 34 1.3 1.9 1.7 24 37  +
Yb 15.7 40 9.6 31 24 46 +
Lu 2.6 0.53 1.7 0.6 3.6 6.6 +
Ta 25 2.3 54 n.a. 14 39 +
Pbt (56) (31) (31) 40 70 300 +
Th 69 25 47 40 860 200 +
u 38 5 19 4 14 47

*from Christiansen and others (1984).

tSM-35 = vitrophyre from Spor Mountain; SM-61a and SM-29-206 = vitrophyres from Thomas Range.

S§Data from Rubin and others (1987) and new analyses of Triple Hill sample J88-14 and Sierra Blanca sample 81-60.
**Major oxides for sample J85-55; trace elements are averages of first six samples in Table 2 (presumably the least
weathered and least altered by interaction with limestones). + = Round Top enriched relative to topaz rhyolites; - = Round
Top depleted.

tvalues in parentheses are averages from Christiansen and others (1986).
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samples containing high Mg, Ca, and Sr also contain groundmass
cryolite (Table 1) indicates that this modification did not selec-
tively leach Mg, Ca, and Sr. The most likely source of these
elements in relatively high-Sr (but otherwise apparently unal-
tered) samples is therefore the limestone country rock and its
contained ground water. Oxygen and strontium isotopic studies
are needed to substantiate this hypothesis.

If our hypothesis is correct that the Ca, Mg, and Sr contents
of the gray, apparently unaltered rhyolites containing high Sr
(Table 2 and the plus signs in Fig. 5) are largely the result of
interaction with the country rock, then an interesting corollary is
that apparently “fresh” samples of the Sierra Blanca rhyolites will
not necessarily yield Sr isotopic data that relate entirely to mag-
matic processes. It would have been extremely difficult to recog-
nize the addition of nonmagmatic Ca, Mg, and Sr had not the
magma been so unusually depleted in these elements.

Incompatible trace elements and trace minerals

Some of the highly enriched trace elements substitute in the
major silicate phases: Li in white to pale green mica, Zn in
Mau-rich annite and in the Li-rich mica, and Rb in feldspars and
micas (Rubin and others, 1987; plus new data from wavelength
dispersive spectrometer scans). Other highly enriched incompati-
ble trace elements form discrete minerals (Table 1).

Thorium is one of several particularly enriched incompatible
elements. Concentrations of Th, unlike most other trace elements,
are similar in all published work on the Sierra Blanca rhyolites
(Shannon, 1986; Matthews and Adams, 1986; and this study);
weathering probably did not significantly mobilize Th (Fig. 4).
Thorium contents indicate significant differences between the su-
perficially similar intrusions. The Round Top, Little Round Top,
and Little Blanca rhyolites are much more enriched in Th than
the Sierra Blanca rhyolite, which in turn, is more enriched than
the Triple Hill rhyolite. Shannon (1986) and Shannon and
Goodell (1986) used REE data to show that the Triple Hill
rhyolite is the least evolved of the five laccoliths. The Triple Hill
rhyolite is also petrographically least evolved; it contains more
plagioclase and biotite and fewer quartz phenocrysts than the
other rhyolites.

Many of the enriched trace elements form discrete minerals
rather than trace substitutions in solid solutions. For example,
thorite is ubiquitous in the Round Top and Little Blanca intru-
sions. It commonly forms small (<5 pm) grains in zircon crystals
but also forms relatively large (as much as 200 um long) euhedral
crystals intergrown with anhedral zircon (Fig. 6). Rubin and
others (1989) described magmatic and hydrothermal zircons
from the Sierra Blanca intrusions. In the less Th-rich Sierra
Blanca rhyolite, however, thorite has not been identified, but Th
occurs in solid solution in zircon (Rubin and others, 1987). Other
ubiquitous trace minerals include cassiterite, cerfluorite, bastnae-
site(?), changbaiite, columbite, and zircon (Table 1). Tourmaline,
which might be expected from the anomalously high amounts of
B in the Sierra Blanca rhyolites (as much as 100 ppm; W. P.
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Figure 6. Backscattered electron image of thorite (Th), zircon (Zr), co-
lumbite (Cb), Mn- and Fe-rich cassiterite (Ct), and coffinite (Cf) in
sample J87-73. The thorite grain is 110 mm long.

Leeman, personal communication, 1987), occurs locally on frac-
tures at Little Blanca and Sierra Blanca.

Identification of trace minerals and of solid solutions is facil-
itated by the use of backscattered electron imaging on the elec-
tron microprobe coupled with energy and wavelength dispersive
analysis. A wealth of unusual trace minerals in the Round Top
rhyolite has been identified with this technique (Table 1). Because
our microprobe lacks the capability to detect light elements, in-
cluding C, O, B, Li, and Be, some of the identifications (e.g.,
bastnaesite) are at this time tentative. Small grain size (trace
minerals commonly <10 pgm long) makes unambiguous identifi-
cation with conventional optical microscopy impossible.

Several REE-bearing fluorides are tentatively identified by
their energy dispersive spectra. Yttrocerite, or cerian fluorite, has
discrete Y, HREE, LREE, F, and minor Ca peaks. Yttrofluorite,
or fluocerite-(Y), has Y, HREE, F, and minor Ca peaks, but lacks
LREE. Cerfluorite, or fluocerite-(Ce), has Ce, LREE, and minor
Ca peaks, but lacks HREE. Bastnaesite (?) has an F peak less
pronounced than cerfluorite. More definitive identification of
these phases awaits quantitative chemical analysis and diffraction
studies.
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Trace minerals detected by backscattered electron imaging
and identified by energy dispersive spectra account for many of
the enriched trace elements in the rhyolites (Tables 1 and 2). For
example, Nb occurs in columbite, changbaiite, and to a lesser
extent, Nb-bearing rutile. Tantalum substitutes for Nb in these
minerals and in the Little Blanca intrusion, also occurs as tantalite
(Rubin and others, 1987). Tin occurs in pure cassiterite and in an
Fe- and Mn-rich cassiterite or other tin oxide. Heavy rare earth
elements and Y are contained in the trace minerals yttrofluorite,
yttrocerite, and xenotime. Light rare earth elements are domi-
nantly in cerfluorite, bastnaesite(?), yttrocerite, and an unnamed
Ca-Th-Pb-REE fluoride(?). Several phases account for Pb:
changbaiite, kasolite(?), Ca-Th-Pb-REE fluoride(?), Pb-rich Mn
oxide, and, in a weathered sample, cerussite. Additional Pb is
probably incorporated in K-feldspar but has not been detected on
scans using wavelength-dispersive spectrometers.

Fluorine occurs not only in micas but also in numerous
fluoride minerals: cryolite, yttrocerite, yttrofluorite, cerfluorite,
bastnaesite(?), and rarely, zunyite, elpasolite, thomsenolite, fluel-
lite, Ca-Th-Pb-REE fluoride(?), and fluorite. Somewhat surpris-
ingly, topaz has not been found. The following reaction, used by
Burt and London (1982) to describe the relative stabilities of
topaz and cryolite, illustrates some of the possible causes for the
lack of topaz:

2 NajAlFg (cryolite) + SiO, + 2 H,0 = ALSiO,4F, (topaz) + 6 NaF + 4 HF.

The vapor or hydrothermal phase that deposited cryolite in the
Round Top rhyolite could have been exceptionally rich in Na or
F, or it could have been relatively poor in H,O. Because quartz
appears to be a stable phase in the Round Top rhyolite as well as
in topaz-bearing rhyolites, it is unlikely that the absence of topaz
is due to low activity of silica in the fluid.

Weathering modified the chemical and mineralogic compo-
sition of some rhyolite samples. Although the two obviously
weathered samples that were collected from outcrops (Tables 1
and 2) are not so highly weathered that all magnetite has been
destroyed or that feldspars have been significantly attacked, they
do differ significantly from the 13 relatively “fresh” samples in
several respects. The weathered sample containing cerussite also
contains barite and is an order of magnitude more enriched in Ba
than other samples (Tables 1 and 2). The source of Ba and sulfate
in this rock may have been the overlying (now eroded) Creta-
ceous sedimentary rocks, which are regionally gypsiferous. Cryolite
that may have been in the groundmass of weathered samples has
been destroyed. McAnulty (1980) identified gearksutite, ralston-
ite, and thomsenolite, common alteration products of cryolite, in
altered rhyolite breccias near the contacts between Sierra Blanca
Peaks rhyolites and the limestone country rock. Thomsenolite
and other fluorides occur in some “fresh” samples (Table 1) but
not in the two weathered samples that were studied in detail.

Samples with high U contents generally contain discrete U
minerals: coffinite and kasolite(?); uraninite has been identified in
one sample (Table 1). As would be expected from the high
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Figure 7. Plot of Yb vs. SiO,. Symbols as in Figures 3 and 5.

mobility of U in oxidizing waters, the weathered samples have
lower U concentrations and do not contain discrete U minerals.
Variability in U content among the 13 “fresh” samples (Table 2),
coupled with relatively constant Th contents and the ubiquitous
presence of secondary hematite rimming magnetite grains, sug-
gests that at least some oxidizing waters penetrated the entire
mass of the laccolith.

Petrogenesis—Comparison with topaz rhyolites

Although highly evolved in terms of most trace- and major-
element characteristics, the Sierra Blanca rhyolites are not partic-
ularly high in silica. In fact, some of the most incompatible
element-enriched rocks are low-silica rhyolites (Table 2 and
Fig. 7). Quartz occurs as both groundmass grains and as
phenocrysts in the rhyolites. Crystal fractionation involving re-
moval of quartz could explain the increasing REE content with
decreasing silica concentration. Quartz fractionation may also
link the Round Top intrusion to Sierra Blanca, which is relatively
enriched in silica and depleted in REE (Figs. 7 and 8), Th
(Fig. 4), and other incompatible elements (Shannon, 1986; Rubin
and others, 1987; Table 4). As noted by Shannon and Goodell
(1986), using the data of Manning (1982) on the effect of F on
the crystallization of granitic melts, the bulk compositions of the
Sierra Blanca rhyolites project into the quartz liquidus field on an
NaAlSi30g-K AlSi3Og-SiO, diagram at low water pressures and
F contents comparable to those analyzed. Christiansen and others
(1984) favored quartz fractionation in the geochemical evolution
of topaz rhyolites, which have many geochemical similarities to
the Sierra Blanca Peaks rhyolites.

Crystal fractionation involving one or more REE-enriched
phase, such as those listed in Table 1, is an unlikely alternative
explanation for the observed increase in REE concentration with
decrease in silica content (Fig. 7). Because essentially all in-
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compatible trace elements are more enriched in the low-silica
Round Top rhyolite than in the high-silica Sierra Blanca rhyolite
(Table 4), many incompatible element-bearing phases would
have to be fractionating simultaneously.

The rhyolites of Sierra Blanca Peaks are quite unusual in
their rare earth patterns (Fig. 8). They are extremely enriched in
HREE, so much so that the chondrite-normalized REE patterns
have positive slopes. Conversely, most rhyolites have negative
slopes. The ratio of Yby to Ndy is used in Figure 9 as a measure
of the slope of the REE pattern. It is clear from this plot that the
Round Top, Little Blanca, and Sierra Blanca rhyolites are highly
enriched in HREE. Rhyolites elsewhere in the world that are
most similar to the Sierra Blanca Peaks are topaz rhyolites and
related ongonites, which typically have Yby/Ny values of ap-
proximately 1 (Christiansen and others, 1986). Most other rhyo-
lites, including calc-alkaline and peralkaline varieties and the
more typical metaluminous and peralkaline rhyolites of Trans-
Pecos Texas (Barker, 1987; Cameron and Cameron, 1986; Ca-
meron and others, 1986) typically have Yby/Ndy values less
than 1.

The slope of a chondrite-normalized rare earth pattern
generally becomes increasingly more positive with differentiation
of rhyolites (Hildreth, 1979; Christiansen and others, 1984,
1986). Similarly, samples of the highly evolved Round Top rhyo-
lite have more positive slopes than the less evolved Sierra Blanca
and Triple Hill rhyolites (Figs. 8 and 9).

The rhyolites of Sierra Blanca Peaks are similar to topaz
rthyolites (Christiansen and others, 1986) in other geochemical
respects. They all have pronounced negative Eu anomalies, are

Round Top

log (chondrite-normalized abundance)

La Ce Nd Sm Eu Tb Yb Iu

Figure 8. Chondrite-normalized rare earth abundances. The range of 13
gray, unaltered rhyolite samples from Round Top (see Tables 1 and 3) is
indicated. Topaz rhyolites are samples SM-35 (73.9 percent SiO;) and
SM-61a (75.0 percent SiO,) from Christiansen and others (1984). A =
Triple Hill; A = Sierra Blanca (Table 4).
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Figure 9. Plot of Yby/Ndy vs. Yb for individual rhyolite samples.
Yby/Ndy is a measure of the slope of the chondrite-normalized rare
earth plot; a value greater than 1 indicates a positive slope (HREE
>LREE), and a value less than 1 indicates a normal, declining rare earth
pattern. Round Top samples: ® = gray, relatively unaltered, low Sr; + =
gray, high Sr; x = weathered. Samples of other laccoliths: A = unweath-
ered Little Round Top and Little Blanca; & = unweathered Sierra
Blanca and Triple Hill; [ = topaz rhyolites from Table 4 (Christiansen
and others, 1986).

enriched in F and many incompatible elements (Li, Be, Rb, Nb,
Cs, Y, Ta, Th, U), and are depleted in many compatible elements
(St, Ba, Ti, P). The Round Top rhyolite is, however, extreme in
these enrichments and depletions. Relative to topaz rhyolites
(Christiansen and others, 1984, 1986), the Round Top rhyolite is
more enriched in most incompatible elements and HREE and
more depleted in compatible elements and LREE (Table 4 and
Fig. 8). Our REE data support the conclusion of Shannon (1986)
and Shannon and Goodell (1986) that the Round Top and Little
Blanca rhyolites are more highly evolved than the Sierra Blanca
rhyolite, which comes close to approaching the values of topaz
rhyolites (Fig. 8). The rhyolites at Sierra Blanca Peaks thus ap-
pear to be extreme differentiates of magmas similar to topaz
rhyolites. Round Top, Little Round Top, and Little Blanca are
more highly evolved than Sierra Blanca proper (Figs. 4 and 8).
The Triple Hill rhyolite, the least evolved of the laccoliths, has an
REE pattern most comparable to topaz rhyolites (Fig. 8 and
Table 4).

It is uncertain what roles liquid-state differentiation (Hil-
dreth, 1979) and vapor-phase transport and crystallization have
played in the extreme HREE, Th, and other trace-eclement en-
richments of Round Top rhyolite samples. London and others
(1987), in experimental studies of the crystallization of peralumi-
nous, F-rich magmas, concluded that HREE are more soluble in
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Figure 10. Histogram of F concentrations. Round Top samples (see
Table 1): L = gray, relatively unaltered, low Sr; H = gray, high Sr; W =
weathered. SB = other Sierra Blanca rhyolites.

a vapor phase than are LREE. It is possible that some of the
variability in REE contents in the Round Top rocks (Table 2,
Figs. 7 and 9) is the result of vapor-phase crystallization. Differ-
ences in Na and F contents, expressed by differences in cryolite
content, are clear indications of variability in the degree of vapor-
phase crystallization. The Round Top rhyolites are, however,
broadly homogeneous in their REE and other trace-element con-
tents. Analyzed samples were collected from the top, bottom, and
interior of the laccolith. If vapor-phase processes are in part re-
sponsible for the extreme HREE enrichments, then these proc-
esses have affected the entire mass of the laccolith.

Uncertainties abound regarding the origin of the rhyolites at
Sierra Blanca Peaks. Are they simply extreme differentiates of
rocks similar to topaz rhyolites, which appear to have developed
from melting of granulitic crust (Christiansen and others, 1986)?
To what extent were Precambrian cassiterite-topaz—bearing gran-
ites, like those exposed in the Franklin Mountains 120 km to the
northwest (Harbour, 1960, 1972; Thomann, 1980, 1981), melted
to yield “second-cycle” rhyolites? How do the Sierra Blanca rhyo-
lites relate to other Tertiary rhyolitic rocks in the Trans-Pecos
region, which largely appear to be differentiates from mantle-
derived mafic magmas (Price and others, 1987; Henry and others,
1988) and which are characteristically enriched in many of the
same trace elements (Li, Be, F, Nb, REE, Th, U, etc.) found in
extreme quantities at Round Top? Isotopic data, especially Nd,
Pb, and O isotopes, are needed to resolve these uncertainties.
Xenoliths of biotite schist occur in the Triple Hill rhyolite, the
least differentiated of the five laccoliths. They are similar to rocks
of the Precambrian Carrizo Mountain Group that crop out 30 km
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Figure 11. Histogram of Be concentrations. Symbols as in Figure 10.

to the east and suggest that crustal melting may have been impor-
tant in the origin of the Sierra Blanca magmas.

RELATION TO ORE DEPOSITS

The Round Top intrusion is extremely enriched in F and Be
(Figs. 10 and 11). Typical rhyolites contain only 0.08 percent F
and 3 ppm Be (Rose and others, 1979). Round Top is undoubt-
edly the source of these elements in high-grade beryllium ores in
fluoritized limestones along the contacts with the laccolith. The
contact deposits were examined as sources of fluorite by Mc-
Anulty (1974, 1980) and are currently being evaluated by Cyprus
Minerals Company as sources of beryllium. Topaz rhyolites asso-
ciated with the large-tonnage beryllium deposits at Spor Moun-
tain, Utah, are similarly enriched in F and Be. Details of the
mineralogy of the Round Top ores and their relation to the
Na-Al-F-rich vapor phase that deposited cryolite in the rhyolites
are reported by Rubin and others (1988).

The rhyolites themselves are so enriched in a number of
trace elements that they should be considered large-tonnage, low-
grade resources of several rare metals, including Y, HREE, Nb,
Ta, Li, and Th. For example, the average Th content of the
Round Top rhyolite is 3.6 times higher than that of the Conway
Granite, New Hampshire, which is considered a large-tonnage
resource of Th (Finch and others, 1973). Recent breakthroughs in
research on superconducting materials may dramatically increase
the long-term demand for certain rare metals, including yttrium
and both LREE and HREE (Geballe and Hulm, 1988). The fact
that many of the economically interesting trace elements occur in
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discrete minerals in the Round Top intrusion (Table 1) is encour-
aging, and resources are vast: the Round Top laccolith alone has
a mass of at least 1,600 Mt.

CONCLUSIONS

The Round Top and other laccoliths at Sierra Blanca Peaks
are chemically and mineralogically unusual. Although they are
part of the main phase of Tertiary subduction-related magmatism
in the Trans-Pecos region, they are chemically unusual in that
they are peraluminous, unlike the regionally more typical
metaluminous and peralkaline rhyolites. The Sierra Blanca
rhyolites are chemically somewhat similar to incompatible
element-enriched topaz rhyolites (Christiansen and others, 1986)
but are even more enriched in most incompatible trace elements
(Table 4). The Sierra Blanca rhyolites, which formed in a mildly
compressive tectonic setting, further contrast with topaz rhyolites,
most of which were emplaced in an extensional environment.
The rhyolites are the sources of Be and F in economically impor-
tant Be deposits in fluoritized limestones in contact with the
Round Top laccolith. The rhyolites are also large-tonnage, low-
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