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INTRODUCTION

REGIONAL GEOLOGY

Questa caldera is located in northern New Mexico (U.S.A.) in the southern
part of the Sangre de Cristo Range of the Rocky Mountains, along the east
margin of the Rio Grande Rift zone (fig. 1).

Late Cretaceous to early Eocene time is marked, in the southern Rocky
Mountains, by the Laramide orogeny which rejuvenated Paleozoic uplifts (Tweto,
1975). Starting near the end of the Cretaceous, the orogeny was also
accompanied by magmatic activity, which had been essentially absert since
Precambrian time. Magmatic activity continued through middle Cenozoic time
with similar characteristics.

Both early and middle Cenozoic volcanism are characterized by continental
lavas and breccias of intermediate composition (andesite to rhyodacite)
erupted from many scattered volcanoes, through and onto orogenic and
postorogenic terranes (Lipman and others, 1972; Steven, 1975). Locally large
volumes of more silicic ash-flow tuff were subsequently erupted and caused
formation of calderas, especially in the San Juan Mountains (central southern
Colorado, fig.1). These lavas and ash-flow tuffs are interpreted as eruptive
products from underlying batholithic magma chambers (Lipman and others,

1972). In the southern Rocky Mountains these inferred batholiths are
characterized by low gravimetric anomalies and exposed epizonal plutons.

Andesitic volcanism is known to be related to plate convergence and
subduction, at island or continental-margin active arcs. Increase of alkali
contents in igneous rocks across such arcs is characteristic (Rittman,

1953). Study of Cenozoic volcanism through all western United States (Lipman
and others, 1972) shows alkali enrichment (especially in K) eastward from the
continental margin and suggests that the middle Cenozoic andesitic rocks were
related to a subduction system. Correlation of K0 content (at 60 wt$ Si0,)
with depth to the Benioff seismic zone beneath volcanoces of the western United
States (Lipman and others, 1972) according to the method of Hatherton and
Dickinson (1969) suggests the presence of two subparallel gently-dipping (209)
subduction zones underneath the western United States during early and middle
Cenozoic time; the western zone was emerging at the continental margin and the
eastern zone was beneath the continental plate.

As middle Tertiary volcanic activity ended, much of the southern Rocky
Mountains had been mantled by a volcanic plateau. Late QOligocene to early
Miocene time was characterized by a dramatic change in volcanic associations
in the southern Rocky Mountains (and in much of the western United States).
Volcanism becomes "fundamentally basaltice”" (Christiansen and Lipman, 1972) and
is accompanied by regional normal faulting and crustal extension. The
volcanic associations consist mainly of basaltic lava flows and silicic rocks
of lesser volume, including (1) basaltic fields, (2) differentiated basaltic
and alkalic fields, and (3) bimodal basalt-rhyoclite fields (Christiansen and
Lipman, 1972). Such fields are typical of areas characterized by tectonie
extension. This change in the tectonic regime of the western United States
during late Cenozoic time is interpreted as corresponding to the intersection
of the East Pacific Rise with a mid-Tertiary continental margin trench, around
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30 Ma (Atwater, 1970; Christiansen and Lipman, 1972). The collision resulted
in direct contact between the American and western Pacific plates along a
right-lateral fault system (the San Andreas fault system).

The extensional regime was characterized by the formation of numerous
basins and ranges over the same areas affected by deformation during the
Laramide orogeny (Christiansen and Lipman, 1972). In the southern Rocky
Mountains, the Rio Grande Rift zone is the dominant feature related to late
Cenozoic extension. It extends for more than 800 km, from central Colorado to
Mexico, and is 15 to 60 km wide. It consists of en-echelon grabens, bounded
on one side, or both, by fault-block mountains (Lipman and Menhert, 1975).

QUESTA MAGMATIC SYSTEM

Questa caldera is part of the Latir volcanic field, one of the largest
middle Tertiary volcanic systems in northern New Mexico (Lipman, 1983). The
Latir volcanic field is located southeast of the southern Rocky Mountains
Tertiary volcanic field defined by Steven (1975); it has been disrupted by
late cenozoic extensional faulting, and truncated along its west side by the
Rio Grande Rift zone. The Latir field encompasses the time of change from a
compressional to an extensional tectonic regime; volcanic activity started in
Oligocene time and the volcanic rocks most often directly overly Precambrian
metamorphic and plutonic rocks. Before eruption of the Amalia Tuff which
caused the formation of Questa caldera, dominantly intermediate composition =
but varying from basaltic to rhyolitic -~ lavas and tuffs were erupted from
central volcanoces clustered near the area of subsequent caldera collapse
(Lipman, 1983). Precaldera volcanism occurred during a relatively short
period of time, from 28.5 to 26.5 Ma (Lipman and others, 1986). Four
different precaldera volcanic units are recognized by Lipman (1983). Near the
base of the section are discontinuous rhyolitic tuff and lava flows of Tetilla
Peak. A second unit consists of dominantly intermediate-composition lavas and
associated volcaniclastic rocks, which range in composition from olivine
basalt to rhyodacite. The third unit, the Latir Peak guartz latite, is found
mainly as thick flows and domes in the northeast part of Questa caldera. The
last precaldera formation was the comendite of Ortiz Peak, which marks the
petrologic evolution of the Questa magmatic system just prior to caldera
formation.

Eruption of the Amalia Tuff, 26.5 Ma (Lipman and others, 1986), resulted
in formation of Questa caldera. Remnants of the Amalia Tuff have been found
as far as 25 km to the northeast of the caldera in the Underwood Lakes area
and 45 km to the southwest near the village of Peteca in the Tusas Mountains;
its volume has been estimated to more than 200 km3. It consists of high-
silica alkali rhyolite, and is weakly compositionally zoned from alkalic
fayalite rhyolite at the bottom to peralkaline rhyolite at the top. This
zonation probably reflects a zonation in the magma chamber itself at the time
of eruption (Hildreth, 1981). The peralkalinity of the Amalia Tuff makes it
unique in the southern Rocky Mountains., Mildly peralkaline rhyolitic lava
flows, associated with eruption of the Amalia Tuff and petrologically similar
to it, are locally preserved north and south of the caldera.

Rocks of the Latir volcanic field were subsequently overlain by
formations of the Santa Fe group. These formations consist mainly of



106°37'30" 105°30° 105°22'30"
952'30" i _
0 10 XILOMETERS

-

Rit
\0 . del M ed,o

El Rito

Rift

. 4

94 J92 \.1-28;
2-49 JM e an XGRS ‘
24) 2.33,34.41
162,63.66.66.67

36°45°

£

36°37°30" |- -

EXPLANATION

Lucero Peak
Arroyo Seco Seco m Cafiada Pinabete
0
s Virgin Canyon
(Q
38°30°

Fig. 2. Generalized geologic map of the Questa area showing distribution of
post-caldera plutons and sample locations. Geology from Reed and others
(1983) and Lipman and Reed (1986). Sample numbers shortened for clarity, i.e.
2-10 and J78 represent, respectively, 82QC10 and Q83J78. Stippled area
underlain by Precambrian rocks; unpattered area by pre-caldera volcanic rocks,
Amalia Tuff, and rift sediments.



sedimentary rocks, formed largely of Precambrian detritus, overlain by
unconsolidated Pleistocene fan deposits. Volcaniclastic components of the
sedimentary sequence include much detritus of the Latir volcanic field.
Interlayered with these sedimentary formations are basalt flows, which range
in composition from basanite to silicic alkalic basalt.

Subsequent to the formation of Questa caldera, nine intrusive bodies of
granitic composition were emplaced within a period of about 4 million years
(26 to 22 Ma), within and outside the caldera, over an area of 20 by 35 km
(fig. 2). Concurrent with this volcanic and plutonic activity, was the
opening of the Rio Grande Rift, which started 26-28 Ma. Extensional faulting
associated with the rift has controlled the structure of Questa caldera and
associated volcanic and plutonic rocks. Post-Miocene tilting to the northeast
has exposed deeper rocks to the south (Rio Hondo mesozonal pluton) and
shallower rocks to the north (volcanic rocks of the Latir volcanic field and
epizonal intracaldera plutons).

The granitic rocks associated with Questa caldera are thought to
represent high-level components of a large composite batholith, interpreted as
the source for the Amalia Tuff and cogenetic volcanic rocks (Lipman, 1983).
This is supported by regional gravity data (Cordell, 1978).

Concurrent studies have been done on this well-exposed complex which
exhibits relations between volcanic and plutonic cogenetic rocks. Areal
geology has been mapped by Reed, Lipman, and Robertson (1983). The chronology
of the nine bodies is somewhat difficult to determine, because they were
emplaced within a short period of time (about 4 m.y.) and the later intrusions
may well have reset the ages of the earlier ones. Five plutons were emplaced
at about 25-26 Ma, just after eruption of the Amalia Tuff. After a hiatus of
2-3 m.y., the four other plutons were emplaced at 21-23 Ma (Lipman and others,
1986). Among the older plutons, four are located inside the caldera and are
high-level subvolcanic intrusions interpreted as related to the resurgence of
the caldera; the larger and more mafic Rio Hondo pluton was emplaced south of
the caldera.

Paleomagnetic data have helped to establish the chronology of the older
intrusions. The first two bodies intruded after eruption of the Amalia Tuff
were the Virgin Canyon and Canada Pinabete plutons, located in the northern
part of the caldera. Both plutomns underwent the major tilting related to the
Rio Grande Rift which affected the precaldera volcanics and the Amalia Tuff
(Hagstrum and others, 1982; Hagstrum and Lipman, 1986). Both plutomns consist
mainly of fine-to-medium-grained metaluminous biotite granite, but are
bordered on their northern contacts by a 20-100 a thick "screen®" of
peralkaline granite containing sodic pyroxene and alkali amphibole. The
Virgin Canyon pluton has been dated at about 26 Ma (Lipman and others, 1986);
because of similarity of structure and petrographic units, the Canada Pinabete
pluton is also interpreted to have been emplaced at about 26 Ma.

The Rito del Medio pluton was emplaced next, and lies spatially between
the Virgin Canyon and Canada Pinabete plutons; it has been dated at 25-26 Ma
(Lipman and others, 1986). Paleomagnetic data show that this body is less
tilted than the Virgin Canyon and Canada Pinabete plutons, and therefore
indicate that it is slightly younger. The Rito del Medio pluton consists



essentially of quartz-alkalli feldspar granite, with minor biotite and
muscovite. Its most distinctive feature is the presence of miarolitic
cavities (up to 6 cm across) filled with quartz, alkali feldspar, muscovite,
and accessory fluorite and hematite.

The Cabresto Lake pluton is also related to resurgence of the caldera.
However it differs from the more silicic northern intracaldera plutons of
Virgin Canyon, Canada Pinabete, and Rito del Medio, in having characteristics
that are transitional between them and the more mafic Rio Hondo pluton to the
south., The main unit of the pluton is an amphibole-biotite granite,
characterized by the presence of small dark enclaves. The Cabresto Lake
pluton has yielded discordant K-Ar and fission track ages of between 24.6 and
21.5 Ma, which are interpreted as recording a time of emplacement at about 25-
26 Ma, with resetting at 22-23 Ma associated with emplacement of intrusions
along the southern caldera margin (Lipman and others, 1986).

The Rio Hondo pluton, emplaced south of Questa caldera, displays features
of a deeper intrusion and grades from biotite-amphibole granodiorite in lower
and more southerly parts of the pluton, to biotite-bearing silicic granite
near the roof of the pluton and, in greater volume, to the north in the canyon
of Columbine Creek. The granodiorite contains large alkali feldspar
megacrysts and, in certain areas, numerous dark microgranular enclaves. The
pluton is cut by a northeast-trending dike swarm of rhyolitic to basaltic
composition, with rhyolitic to quartz latite compositions being most common.
The Rio Hondo pluton has also yielded discordant ages between 26 and 19 Ma
(Lipman and others, 1986). Rb/Sr mineral isochrons (C. M. Johnson, written
communication, 1983) give an age of 25.7 + 2 Ma. These data are interpreted
as indicating primary cooling of the pluton at 25-26 Ma, and resetting
associated with emplacement of the younger intrusions at 21-23 Ma.

Among the four younger intrusions, three are located along the south
caldera margin: the Bear Canyon and Sulphur Gulech plutons and the Red River
intrusive complex. They are thought to be parts of a ring intrusion, and
postdate caldera collapse (Lipman, 1983; Lipman and others, 1986). These
plutons were probably emplaced at about 22-23 Ma (Lipman and others, 1986) and
are thought to have caused partial resetting of K-Ar ages for the Cabresto
Lake and Rio Hondo plutons., Study of these caldera ring intrusions is
somewhat difficult because of alteration and poor exposure. They are
pyritized and the Sulphur Gulch pluton hosts a major molybdenum deposit.

The Lucero Peak pluton is the youngest intrusion of the Questa magmatic
system (21-22 Ma; Lipman and others, 1986). It crops out just to the
southeast of the Rio Hondo pluton but lacks the cross-cutting dikes typical of
the Rio Hondo pluton; this indicates younger emplacement for the Lucero Peak
pluton, in agreement with geochronologic data. The Lucero Peak pluton
consists of medium-grained biotite granite, which is locally altered and
contains pyrite and molybdenite.

THIS STUDY
The present study is concerned with the petrology and mineralogy of the

granitic plutons, based on petrographic study and extensive electron
microprobe analyses of mineral phases, principally opaque oxide and mafic



silicate minerals. Rock chemistry is also briefly presented. Further
interpretation of whole-rock chemical and isotopic variations in both plutonic
and cogenetic volcanic rocks can be found in Johnson (1986).

The granitic rocks of the Questa area crop out as nine discrete plutons,
emplaced in an area of only 20 X 35 km, over an interval of about 4 m.y.
(Lipman and others, 1986). Viewed as samples of a magma chamber of
batholithic dimensions (Lipman, 1983 and 1984), it was anticipated that there
might be similarities and unifying trends in the mineralogical characteristics
of the plutons. On the other hand, considering numerous distinct differences
in the character of the plutons in outcrop and the shallow levels of magma
emplacement, it was expected that there would be distinctions of mineral
assemblage and mineral chemistry among, and even within, plutons.

Based on numerous previous studies of granitic rocks, it was decided that
study of the mafic silicate phases could be expected to give significant
insight into the similarities and distinctions among the plutons. Moreover,
even though Fe,Ti-oxide minerals are typically reequilibrated in granitic
rocks, preliminary microscopic studies indicated that, in association with
sphene, the relations among the opaque oxide minerals were sufficiently varied
and complex to make their study significant.

The representative samples for which data are reported here were chosen
from a much larger sample collection. Whole-rock chemistry was obtained for
more than 140 plutonic rock samples and more than 200 samples were studied in
thin section.
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PART 1: PETROGRAPHY
1. VIRGIN CANYON

The Virgin Canyon pluton is the easternmost body among thi three northern
intracaldera plutons and outcrops over an area of about 0.3 km“, in Virgin
Canyon. Most of the outcrop is on the northeast side of the canyon (west
flank of Venado Peak), but outcrop is also found across the canyon om a spur
that extends northwest from Cabresto Peak. Among the four intracaldera
plutons, the Virgin Canyon pluton is the structurally highest intrusiom. It
intrudes Precambrian rocks and Tertiary volcanic rocks of the caldera floor.
Emplacement of the intracaldera plutons is interpreted to be related to the
postcollapse resurgence of the caldera, subsequent to the eruptiom of the
Amalia Tuff (Lipman, 1983). K-Ar sanidine and fission=-track zircon ages are
concordant at about 26 Ma for this pluton (Lipman and others, 1986) and
paleomagnetic data show that it has been tilted to the northeast (Hagstrum and
Lipman, 1986).

Three units constitute the Virgin Canyon pluton. Cropping out in the
north part of the intrusion on Venado Peak is peralkaline granite which
contains sodic pyroxene and alkali amphibole. Against Tertiary andesite, this
granite has a porphyritic texture, with a fine-grained groundmass; it grades
to a more equigranular rock to the south, away from the contact. A second
unit, early metaluminous biotite-bearing granite, crops out south and west of
the peralkaline unit. The contact between these two units is abrupt, occuring
beneath a meter width of talus, and is presumed to be intrusive. The texture
of the early metaluminous granite changes from porphyritic near the
peralkaline unit, to equigranular towards the core of the pluton. This
granite has crystallized later (if only by a few thousand years) than the
peralkaline granite. The third unit, a later metaluminous biotite-bearing
granite, intrudes the early metaluminous granite. As evidenced by
interfingering relations, this later granite was intruded while the early
granite was only partly crystallized. Apparently, small adjustments during
the emplacement and crystallization process have led to a sequence of auto-
intrusive events.

A 5m-wide rhyolite dike cuts the peralkaline unit of the pluton on the
southwest flank of Vemado Peak.

Petrogzaghz

The peralkaline granite is characterized by its texture and mineralogy.
It grades from very fine-grained porphyritic at the rim of the pluton (Plate
I.l, a), to almost seriate near the contact with the early metaluminous
granite (Plate I.l, b). Study of samples 83QC30, 83QC29, and 82QC38
representing a section on the flank of Venado Peak that extends from the
contact with Tertiary andesites to the contact with the early metaluminous
granite, shows that the proportion of phenocrysts and the grain size of the
groundmass increase away from the border of the intrusiom (Table I.l.1).
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The most abundant phases are alkali feldspar and quartz (Table I.l.l);
each forms phenocrysts and is a major constituent of the groundmass. As
phenocrysts, both display dominantly euhedral shapes, with irregular border
zones against the groundmass; these zones are especially well developed on
alkali feldspar. Thus, the phenocrysts finished crystallizing while the
groundmass was solidifying. Quartz phenocrysts are roughly equant, up to 12
mm across, but may contain embayments filled with groundmass minerals. Their
extinction is often undulatory, especially at the margin of the unit. Alkali
feldspar phenocrysts are elongated, and up to 20 mm long. They are
micromesoperthitic, and boundaries between different crystals are often
outlined by small albite grains; rarely they appear to be zoned. Plagioclase
is rare and mostly occurs as a groundmass phase, although exceptional
phenocrysts can be found. Its mode increases toward the margin of the unit.

Alkali amphibole and sodic pyroxene are the predominant mafic silicate
phases. These primary minerals crystallized over a considerable span of time,
as they can be found both as euhedral to subhedral phenocrysts or
microphenocrysts, and as anhedral grains in the groundmass. Alkali amphibole
phenocrysts are up to 4mm long, the sodic pyroxene phenocrysts up to 2.5 mm.
The earlier phase is probably alkali amphibole which is often more euhedral
than the sodic pyroxene and may be partly rimmed by it (Plate III.l, c).
Alkali amphibole is commonly zomed, with altered brown richteritic cores
surrounded by clear blue arfvedsonitic rims (Plate II1I.l, a). Tetrasilicic
mica occurs as a reaction product within the richteritic amphibole cores. It
may occur as single laths or as mats almost replacing the entire core (Plate
II1.1, b and c). Aggregates consisting mostly of tetrasilicic mica can also
be found, associated with biotite, opaque oxide minerals, and minor
arfvedsonite and sodic pyroxene (Plate III.l, d). Modal alkali amphibole
content increases from l percent at the border of the pluton (83QC30), to more
than 2 percent towards the metaluminous unit (82QC38, Table I.l.l ). Sodic
pyroxene is almost always fresh, and decreases in amount toward the core of
the intrusion where, near the contact with the metaluminous granite, it is a
trace constituent (Table I.l.l). Biotite is a rare unstable mafic phase in
the peralkaline facies, and appears either as phenocrysts or associated with
the tetrasilicic mica aggregates.

Accessory phases are diverse, but always amount to less than 2 modal
percent (Table I.l.l ), opaque oxide minerals being dominant. They include
the typical accessory minerals of granitic rocks, apatite, zircon, and
sphene. Fluorite is often present. The peralkaline facies is also
characterized by the rare-earth-bearing phase chevkinite-perrierite.
Magnetite and ilmenite are found in the groundmass, as well as forming small
phenocrysts (up to 1.5 mm across). Notable is the occurrence of sphene; near
the margin of the unit (83QC30 and 83QC29) sphene crystallized early and later
reacted to ilmenite; near the contact with the early metaluminous granite
(82QC38) it crystallized late and formed irregular rims around earlier
ilmenite crystals.

Plotted in the QAP diagram (fig. I.l), this unit falls in the alkali-
feldspar granite field (Streckeisen, 1976). Alkali feldspar being
mesoperthitic and the essential feldspar present, it is a hypersolvus granite
as defined by Bonin (1972, 1977).

12
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Table 1.1: Modal analyses of samples from the VIRGIN CANYON pluton (counted in thin
section, unless otherwise noted).

Table l.1.1: Peralkaline granite.

Sample number 82QC34 82QC38 83QC29 83QC30 Q83J62 Q83J63 Q83J67
Qﬂttz 29.6 28.2 35.0 40.1 31.9 29.5 26.8
Alkali feldspar 64.3 67.7 9.1 51.0 64.3 66.4 68.4
Phgioch‘e 0.1 0-0 0' 65 4.7 0.1 0-0 1-5
Acmite 1.9 0.3 1.7 0.9 1.4 0.0 0.7
Atfvedaonite 1.2 2-2 1-9 1.5 1.l 2.3 1-2
Opaque minerals 1.l i.1 0.9 1.2 0.95 l.1 0.9
Accessories 0. 6% 0.5 0.75# 0.6 0.25 0.7 0. 5@
Phenocrysts 51.8 - 47.0 39.8 51.8 - 57.2
&ouﬂdﬂ.‘ 48.2 - 5300 60-2 “-2 - ‘2-8
Size& 0.05~0.15 0.2-1.8 0.05~0.1 £0.05 0.05~0.15 0.1-2.2 0.05~0.15

* Accesgory minerals + 0.4 volX tetrasilicic mica.
# Accessory ainerals + 0.2 volX biotite + 0.3 volZ tetrasilicic mica.
@ Accesgsory minerals + 0.3 volZX tetrasilicic mica.
& range or size of groundmass.

Table I.l1.2: Early metaluminous granite.

Sample number  82QC33*°  820C39  82QC40  820C41  83QC25  83QC34  Q83J6S Q8366
Quartz 28.3 27.5 28.2 25.7 28.2 3l.1 26.9 20.8
Alkaii feldspar 52.7 46.3 48.1 45.2 49.4 48.1 47.9 48.6
Plagioclase 16.2 21.5 19.7 21.7 19.3 17.4 21.7 24.5
Biotite 1.3 2.4 1.8 3.6 1.5 1.9 2.0 3.2
Opaque minerals l.1 1.5 1.4 2.0 1.2 0.75 l.1 1.5
Accessories 0.4 0.8 0.8 1.8 0.4 0.75 0.4 1.4

* Quartz, alkali feldspar, and plagioclase counted on stained slabs.

Table I.l1.3: Later metaluminous granite.

Sample number 82QC35 83QC33 Q83J78 Q83J79

Quartz 33.1 32.9 32.4 29.0

Alkali feldspar 49.2 S4.1 52.5 55.2 2
Plagioclase 14.9 10.2 13.0 12.3

Biotite 1.2 1.2 1.0 1-4

Opaque minerals 0.8 1.2 0.6 1.7

Accessories 0.8 0.4 0.5 0.4
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The texture of the early metaluminous granite grades from porphyritic at
the contact with the peralkaline unit (Plate I.l, ¢), to more equigranular
away from the contact (Plate I.1, d), showing that the porphyricic texture is
due to chilling against the peralkaline granite. At the contact with the
later metaluminous granite, there is a margin, a few centimeters thick, of a
finer grained facies composed essentially of quartz and alkali feldspar and in
which thin plates of biotite form polygonal arrangements (Plate III.2, b).

The largest and most abundant phases are alkali feldspar, plagioclase,
and quartz (Table I.l1.2), which form phenocrysts in the porphyritic facies.
Euhedral to subhedral plagioclase is often zoned; the rims are often clear,
but the cores are altered. Alkali feldspar started crystallizing at the same
time as the other felsic minerals, but was probably the last phase to end its
crystallization, because it is often quite anhedral. It is perthitic,
although less so than in the peralkaline granite. Alkali feldspar may mantle
plagioclase.

Biotite, the only mafic mineral present, forms 1.3 to 3.4 volume percent
of the rock. In the porphyritic facies it forms small phenocrysts. It is
typically brown or greenish-brown, often with a distinct darker core
surrounded by a lighter rim (Plate III.2, a). The accessory minerals are more
abundant than in the peralkaline granite (1.8 to 3.8 volume percent).
Magnetite and ilmenite are most abundant; sphene appears as small euhedral
crystals and is nowhere reacted to ilmenite; apatite, zircon, and fluorite are
common; chevkinite {s rare.

This unit falls in the granite field and syenogranite subfield of the
Streckeisen diagram (fig. I.l; Streckeisen, 1976). This granite is subsolvus
in the sense of Bonin (1972, 1977), because it contains plagioclase as well as
alkali feldspar.

The texture of the later metaluminous granite is medium-grained
equigranular, with small vugs a few millimeters across filled with quartz,
alkali feldspar, opaque oxide minerals, muscovite, fluorite, and clay
minerals; locally the texture is micropegmatitic. The contact with the early
metaluminous unit is characterized by a margin, a few centimeters thick, of
finer grained granite containing almost no mafic minerals. This fine-grained
margin {s thinner than that which characterizes the early metaluminous granite
in 1icts contact with this unic.

The mineralogy is the same as that in the early metaluminous granite, but
the proportions of phases are rather different (Table I.l1.3). This unit
contains less plagioclase (10 to 15 volume percent) and more quartz and alkali
feldspar. The biotite content is about 1 percent and accessory minerals form
1 to 2 volume percent of the rock. As in the early metaluminous granite,
biotite is distinctly zoned. Clay minerals are notable and form pale yellow
aggregates sparsely distributed in the rock (0.5 percent), filling some of
the cavitites. Accessory minerals are opaque oxide minerals (0.6 to 1.7
volZ), sphene (sometimes reacted to ilmenite), apatite, zircon, fluorite,
allanite, and chevkinite.

This unit is also a syenogranite (fig. I.l; Streckeisen, 1976), and plots

between the peralkaline and early metaluminous granites. It is a subsolvus
granite in the sense of Bonin (1972, 1977).

15



Table I1.2¢! Modal analyses of samples from the CANADA PINABETE pluton (counted in thin section,
unless otherwise noted).

Table I.2.1: Peralkaline granite.

Sample number 82QC49 Q83J94 84QC7

Quartz 38.4 35.0 34.5
Alkali feldspar 52.3 60.1 60.0
Plagioclase 6.0 1.2 0.9
Arfvedsonite 2.6 2.0 3.8
Opaque minerals 0.4 0.85 0.5
Accessories 0.3% 0.85¢# 0.3%
Phenocrysts 41.2 45.0 45.3
Groundmass 58.8 55.0 5407

* Accessory minerals + sodic pyroxene.
# Accessory minerals + tetrasilicic mica.

Table I1.2.2: Metaluminous granite.

Sample number 82QC47 82QC48*  Q83J81* Q83J82 Q83J87% Q83J88* (Q83J93* 84QC2

Quartz 29.3 29.7 30.4 26.8 29.8 34.0 25.2 30.9
Alkali feldspar 54.9 47.3 56.9 53.7 54.5 52.1 49.6 47.1
Phgioch'e 12.7 19.4 10.4 15.6 13.8 11.8 23.1 19.9
Biotite 1.6 3.0# 1.3 2.0 0.7 1.8 ) 0.9
Opaque ainerals 0.7 0.3 0.65 1.3 1.1 Oaz 2.1 0.7
Accessories 0.8 0.3 0.35 0.6 0.1 0.1 ) 0.5

* Quartz, alkali feldspar, and plagioclase counted on stained slabs.
# Biotite + amphibole.

Table 1.3: Modal analyses of samples from the RITO del
MEDIO pluton (counted in thin section, unless otherwise
noted).

Ssaple number 81524 82QC17* 82QC18* 82QC22

Quartz 28.8 37.8 37.7 30.2
Alkali feldspar 57.5 57.2 56.8 65. 6 *
Plagioclase 11.1 3.6 3.5 0.8
Biotite 1.6 ) ) 1.4
Opaque minerals 0.75 1.4¢4 2.0¢ 1.5
Accessories 0,25 ) ) 0.5

* Modal analyses on stained slabs.
# Biotite + muscovite + opaque minerals + accessories,
as indicaced by use of )'s.
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2. CANADA PINABETE

The Canada Pinabete pluton is exposed along the western front of the
Sangre de Cristo mountains. It crops out l.5 km north and south of the Canada
Pinabete, over an area of about 3 kmz. The pluton intrudes Precambrian
schists and quartzites and Tertiary volcanoclastic sedimentary rocks of the
caldera floor and is interpreted to be related to postcollapse resurgence of
the caldera (Lipman, 1983; Lipman and others, 1986). This pluton has not been
dated, but from petrographic and structural similarities with the Virgin
Canyon pluton, its age is inferred to be about 26 Ma. The Canada Pinabete
pluton probably represents the same intrusive sequence as the Virgin Canyon
pluton, the main argument being that the Canada Pinabete pluton has been
tilted to the northeast like the Virgin Canyon pluton (Hagstrum and Lipman,
1986), while the other intracaldera plutons have not been.

Because of the relatively low elevation (2400 to 2900 m), bushy
vegetation covers most of the pluton and contacts are not seen. The main
facies of the intrusion is a very fine-grained, light-coloured biotite
granite, which becomes coarser and richer in biotite to the north. At the
north end of the pluton, one finds scattered outcrops of peralkaline granite
porphyry containing alkali amphibole and rare sodic pyroxene; this unit is
indistinguishable from the peralkaline granite of Virgin Canyon. Although no
contact can be seen between the biotite granite and this peralkaline unit, it
can be inferred from a sharp break in topography.

Petroggaghz

The texture of the peralkaline gramite is porphyritic with a very fine-
grained groundmass (Plate I.l, e).

Quartz and alkali feldspar phenocrysts are euhedral, with irregular rims
against the groundmass. The alkali feldspar is micromesoperthitic and albite
grains are common between grains. Arfvedsonitic amphibole forms subhedral,
fresh phenocrysts, ingrequently containing tetrasilicic mica. Rarely, the
association tetrasilicic mica + biotite + arfvedsonite + quartz can be
found. The groundmass contains the same phases, as well as sodic pyroxene,
opaque oxides and other accessory minerals. Plagioclase is rareand exists
essentially as a groundmass phase. Sodic pyroxene is rare and can be
considered an accessory mineral, along with sphene, apatite, zircon, and
fluorite. Sphene has reacted to opaque oxide minerals, which can also form
small phenocrysts.

This granite 1s identical to the peralkaline granite of Virgin Canyon,
except for the amount of sodic pyroxene. Based on the QAP diagram
(Streckeisen, 1976), it is an alkali-feldspar granite (Table I1.2.1, fig. I.1l);
it is a hypersolvus granite as defined by Bonin (1972, 1977).

The texture of the predominant biotite granite is mostly fine-grained
equigranular, often granophyric (Plate I.1, f), and the rock resembles the
later metaluminous granite of Virgin Canyon. Miarolitic cavities (Plate I.1,
f) filled with quartz, alkali feldspar, opaque oxides, muscovite, and clay
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minerals, are characteristic of some localities. Northwards, the granite
becomes medium-grained, and does not contain cavities; some of the coarser
grained samples in this area resemble the porphyritic facies of the early
metaluminous granite in Virgin Canyon.

The main phases are alkali feldspar, quartz, and plagioclase (Table
I1.2.2). The alkali feldspar is microperthitic, altered, and may surround
plagioclase, which is sometimes zoned. Biotite, the typical mafic minmeral,
often displays dark irregular cores and lighter rims. Coarse muscovite grainms
are common in the cavities, and finer grained muscovite can be found in the
rock itself (sometimes as radiating aggregates). In the coarser facies to the
north, amphibole locally occurs with biotite. The abundance of the accessory
minerals is similar to that in the peralkaline granite; apatite, sphene,
zircon, fluorite, chevkinite, and opaque oxides are common, while allanite,
chevkinite, euxinite, and monazite are rarer phases. Davidite is well
represented in one sample.

This rock falls in the syenogranite subfield of the granite field of the
QAP diagram (fig. I.l; Streckeisen, 1976); it is a subsolvus granite as
defined by Bonin (1972, 1977).

PLATE I.l: Textures of granitic rocks from the Virgin Canyon, Canada Pinabete,
and Rito del Medio plutons. Thin sections 20 X 40 mm.

(a) Peralkaline granite of Virgin Canyon. Porphyritic facies from near
contact with wall rock andesite; sample 82L62A.,

(b) Peralkaline granite of Virgin Canyon. Seriate facies from near
contact with early metaluminous granite; sample 82QC38.

(c) Early metaluminous granite of Virgin Canyon. Porphyritic facies
from near contact with peralkaline granite; sample Q83J65.

(d) Early metaluminous granite of Virgin Canyon. Typical more
equigranular facies; sample Q83J66.

(e) Peralkaline granite of Canada Pinabete. Porphyritic texture with
large dark aggregates of alkali amphibole; sample 84QC7.

(£} Metaluminous granite of Canada Pinabete. Granophyric facies with
large miarolitic cavity from close to border of pluton; black grains on sides
of cavity are hematite intergrown with ilmenorutile; sample 82QC45.

(g) Granite of Rito del Medio. Granophyric texture with miarolitic
cavities; sample 81528.

(b) Granite of Rito del Medio. Fine-grained texture typical of the
contaminated border facies; sample 82QC22.
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3. RITO del MEDIO

The Rito del Medio pluton, one of the three northern intracaldera
plutons, is emplaced spatially west of the Virgin Canyon pluton and north of
the Canada Pinabete pluton. It is exposed at the range front, both north and
south of the Rito del Medio, over an area of about 3 kmzo The pluton intrudes
Precambrian schists and quartzites of the caldera floor; it is interpreted as
being emplaced during the resurgence of the caldera (Lipman, 1983). K-Ar
dating gives an age of 25-26 Ma (Lipman and others, 1986). Paleomagnetic data
indicate that it is not tilted like the Virgin Canyon and Canada Pinabete
bodies, showing that its emplacement probably followed the structural
disruption related to the Rio Grande Rift (Hagstrum and others, 1982; Hagstrum
and Lipman, 1986).

The granite of Rito del Medio is quite homogeneous. Only close to the
sharp roof contact with Precambrian rocks does it show variation in texture.
There, within a zone several meters wide, it msy become irregularly richer in
quartz or biotite, and may be characterized by the presence of pegmatite and
aplitic dikes. Textures reminiscent of unidirectional solidification textures
(Shannon and others, 1982) are locally present.

Petrogzaghz

The texture of the Rito del Medio granite is medium=- to coarse-grained
equigranular, commonly granophyric (Plate I.l, g). Characteristic miarolitic
cavities, up to 6 cm, but typically less than 1 cm across, are filled with
quartz, alkali feldspar, and muscovite; fluorite and opaque oxides are common
but less abundant.

Quartz and feldspars form at least 96.5 volume percent of the rock (Table
I.3). Quartz is an earlier phase than alkali feldspar, which is
microperthitic and often altered; plagioclase is not abundant. The
predominant mafic phases are biotite and muscovite. Biotite is often in small
irregularly zoned crystals, muscovite is common in the cavities, but also
occurs as radiating aggregates or as inclusions in alkali feldspar. The most
abundant accessory minerals are opaque oxides; others are sphene (often
reacted to ilmenite), zircon, apatite, and fluorite; rare chevkinite,
monazite, and thorite occur in vugs.

Samples with a granophyric texture contain more biotite, while those with
an equigranular texture coantain more muscovite. Near the margin of the
" pluton, samples richer in biotite contain no muscovite, and bilotite occurs as
thin elongate plates (Plate I.l, h). Such samples are also characterized by
abundant euhedral sphene crystals.

This rock is an alkali-feldspar granite (fig. I.l), as defined by

Streckeisen (1976); it is a hypersolvus granite in the sense of Bonin (1972,
1977).
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4. CABRESTO LAKE

This pluton is located essentially north of Cabresto Creek, in the
Cabresto lake area, spatially between the three northern intracaldera plutons
and the intrusions along the south caldera ring fracture. It is exposed over
an area of about 1.75 kmz. The Cabresto lake pluton is one of the four
intracaldera intrusions emplaced during the resurgence of the caldera (Lipman,
1983). It mainly intrudes Precambrian schists and quartzites of the caldera
floor (Reed and others, 1983). This intrusion has yielded discordant F-T and
K~-Ar ages of between 24.6 and 21.45 Ma. These data are interpreted as
recording initial emplacement and cooling (at about 25-26 Ma), then reheating
and partial resetting (at about 22-23 Ma) related to the emplacement of
intrusions along the southern caldera margin (Lipman and others, 1986).
Paleomagnetic data show that the pluton is not tilted (Hagstrum and Lipman,
1986), indicating that this intrusion is younger than the Virgin Canyon and
Canada Pinabete plutons.

The Cabresto lLake pluton consists mainly of coarse—grained amphibole-
biotite granite, with a porphyritic tendancy (Plate I.2, a). On the edges of
the intrusion (especially the Weary Willy mine, west of Italian Canyon), the
rock is finer grained and porphyritic (Plate I.2, b). This facies is a border
phase (an apophysis?) of the intrusion. Many very fine-grained, angular-
shaped xenoliths indicate the proximity of the country rocks. In the same
area, west of Italian Canyon, the granite is heterogeneous, probably due to
uncomplete mixing between the granitic magma itself and a more mafic magma
(Plate 1.2, c). In this "mixed unit”, the texture remains fine-grained
porphyritic; rapakivi feldspars and quartz xenocrysts surrounded by mafic
silicates are typical. However, all intermediates are found in the mixed unit
between light-colored and darker colored monzogranite. Another feature of the
Cabresto lake pluton is the presence of numerous, varied enclaves, which will
be described in the discussion of petrography.

A few late aplite dikes cut the intrusion, especially around Cabresto
Lake.

Petroggaghz

The texture of the granitic unit 1s coarse-grained, with a porphyritic
tendency (Plate I.2, a); crystal sizes vary from 1 to 10 mm. The dominmant
minerals are alkali feldspar, plagioclase, and quartz (Table I.4.l1); mafic
minerals constitute 6 to 8 volume percent in the typical facies, 2 to 3
percent in the border facies.

Alkall feldspars are microperthitic and altered; they can be mantled by
plagioclase (rapakivi texture). Alkali feldspar crystallized quite early as
large subhedral crystals, but ended crystallization last as small grains.
Quartz finished crystallizing before alkali feldspar. Plagioclase is euhedral
to subhedral, often zoned, mostly longer than 5 mm, and often has altered
cores.
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Table I.4: Modal analyses of samples from the CABRESTO LAKE pluton.

Table 1.4.1: Granite.

typical facies border facies
Sample number CL 82QC51 82QCS1b 83qQcl1o 83QClé 83qQC17 83QCl18
Quartz 19.7 20.2 20.7 17.5 25.1 16.8 24.2
Alkali feldspar 45.2 41.0 34.4 47.9 50.3 44.9 57.4
Plagioclase 29.3 32.3 37.0 28.8 22.0 35.0 14.9
Mafic minerals 5.8 6.5 7.9 5.8 2.6 3.3 3.5
Amphibole 0.7 0.6 0.7 0.0 0.0 0.0 0.0
Biotite 3.2 4.8 4.7 3.4 1.5 2.5 1.7
Opaque minerals 1.3 0.7 1.5 1.6 0.9 0.5 1.5
Accessories 0.6 0.4 1.0 0.8 0.2 0.3 0.3

Felsic minerals counted on stained slab, mafic minerals counted in thin section.

Table I.4.2: Mixed facies.

lighter darker
Sample number 85QCl11 83QC14 85QC12

Quartz 19.9 26.6 21.5
Alkali feldspar 43.5 29.7 29.3
Plagioclase 29.9 31.4 36.0
Amphibole 0.2 6.8 7.5
Biotite 3.6 2.9 4.0
Opaque minerals 2.0 1.4 1.1
Accessories 0.9 1.2 0.6
Total mafic

minerals 6.7 12.3 13.2

Modal analyses in thin section.

Table I.4.3: Enclaves.

bbe ., abe
Sample number 82QC51b 83QCl4 83qC16 83QC17 83qQCl2

Quartz

11.5 14.5 8.0 12.2 11.5
Alkali feldspar 0.0 1.5 0.0 0.0 2.4
Plagioclase 71.0 57.1 64.0 68.0 57.6
Amphibolee 0.0 3.2 0.0 0.0 19.9
Biotite 12.6 18.2 20.4 14.1 2.0
Opaque minerals 2.4 2.7 6.9 2.9 6.3
Accessories 2.5 2.8 0.7 2.8 0.3
Total mafic
minerals 17.5 26.9 28.0 19.8 28.5

Modal analyses in thin section.



Biotite and amphibole are the mafic mineral phases. Amphibole is always
euhedral and contains many inclusions (sphene, biotite, apatite, and opaque
oxides). It may be altered to chlorite along cleavages. Amphibole content is
always less than 0.5 volume percent and grains may be up to 8 mm long.
Biotite is sometimes zoned, with a darker core; it is mostly euhedral to
subhedral, but may be anhedral. It usually contains many inclusionms,
especially apatite, but also zircon, sphene, and opaque oxides, and is often
partly altered to chlorite. Accessory minerals average 2 volume percent,
opaque oxides about 1 volume percent. Among the other accessory phases,
sphene is the most conspicuous; it forms large euhedral crystals to 0.3 X 1.8
me and commonly 1.0 mm long. large grains of apatite, zircom, and allanite
are also present.

The border facies has a more porphyritic texture (Plate I.2, b) with a
groundmass grain size less than 0.1 mm, and phenocrysts up to 8 mm long.
Except for the lack of amphibole, the border facies contains the same minerals
as the typical facies, but in different proportions (Table I.4.l) because it
is more felsic.

The typical facies falls on the limit between the quartz-monzonite field
and the monzogranite subfield of the QAP diagram (fig. I.l; Streckeisen,1976),
and might best be termed an amphibole-biotite monzogranite. The most felsic
samples of the border facies are syenogranite. The typical facies is a
subsolvus granite as defined by Bonin (1972, 1977).

The texture of the mixed unit is fine-grained porphyritic (Plate I.2, ¢),
with quartz xemocrysts surrounded by mafic silicates, and rapakivi
feldspars. In the lighter facies, felsic minerals form more thaan 90 volume
percent of the rock (Table I.4.2). Perthitic rapakivi feldspar and
plagioclase are the main phenocrysts. Biotite and rare amphibole may also be
found as phenocrysts. Plagioclase is zomed, cores often being full of
inclusions and altered, rims being limpid. The groundmass consists of the
same minerals, as well as quartz and accessory minerals. Among the latter,
opaque oxides are the most abundant, while sphene and apatite are less
abundant.

In the darker facies, felsic minerals form less than 90 volume percent of
the rock (Table I.4.2). In contrast to the lighter facies, plagioclase is
more abundant than alkali feldspar and is the main phenocrystic phase. It can
be surrounded by alkali feldspar and is typically zomed, with an altered core
full of inclusions. Alkali feldspar is less perthitic than in the lighter
facies. Alkali feldspar and quartz are mainly comstituents of the
groundmass. Amphibole and biotite form more than 10 volume percent of the
rock, amphibole being more abundant than biotite, in contrast to the lighter
facies. Both mafic minerals form small phenocrysts, but are mainly found in
the groundmass. Accessory minerals are the same as in the lighter facies, but
are less abundant.

This mixed facies falls in the monzogranite subfield (fig. I.1) of the
Streckeisen diagram (1976). The lighter facies is quite similar to the
granitic facies, but the darker facies is more mafic and contains less alkali
feldspar.
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PLATE 1.2: Textures of granitic rocks from the Cabresto Lake and Rio Hondo
plutons. Thin sections 20 X 40 mm.

(a) Granite of Cabresto Lake. Typical facies with porphyritic texture
characterized by large euhedral biotite and amphibole; sample 82QC51b.

(b) Granite of Cabresto Lake. Border facies with porphyritic texture
characterized by large feldspar and quartz grains and lozenge-shaped
aggregates of biotite and quartz; sample 83QCl8.

(¢) Mixed unit of Cabresto Lake. Fine-grained porphyritic texture with
quartz xenocryst (center left) surrounded by fine-grained mafic silicates;
note biotite-bearing enclave (lower right); sample 83QCl4A.

(d) Amphibole-bearing enclave (right) in the granite of Cabresto Lake
(left); note large resorbed quartz xenocryst; sample 83QCl2.

(e) Granodiorite of Rio Hondo. Coarse-grained porphyritic texture with
euhedral biotite and amphibole phenocrysts; sample 82QC26.

(£) Granite of Rio Hondo. Brecciated facies near contact with
Precambrian roof; note post-consolidation hairline fractures; sample 82QC30.

(g and h) Mafic magmatic enclave in the granodiorite of Rio Hondo. Note
sharp rounded contact of enclave with host granodiorite, and occurrence of
alkali-feldspar megacryst across contact; sample 82QCl2.l.

The Cabresto lake pluton is characterized by the presence of two types of
enclaves; both types are found in the granitic unit as well as in the mixed
unit. One type contains biotite as the predominant mafic silicate and is
termed biotite-bearing enclave or "bbe”. The other contains amphibole and is
therefore called amphibole-bearing enclave or “abe”.

Biotite-bearing enclaves are usually rounded and small (a few centimeters
across, rarely up to 10 cm across; Plate 1.2, c¢). They are common and may
constitute 0.3 volume percent of the rock. Their texture is equigranular,
medium~ to fine-grained. The main mineral phases are plagioclase and biotite
(Table I.4.3), biotite usually being less well formed than plagioclase. Both
are altered: plagioclase to sericite and biotite to chlorite. Quartz averages
10 volume percent. Opaque oxide minerals, sphene, and apatite are the typical
accessory phases. Sphene appears mostly as late anhedral interstitial
grains. Apatite forms large grains as well as acicular crystals. Acicular
apatite grains are commonly included in plagioclase. In a QAP diagram
(Streckeisen, 1976), this type of enclave is a quartz diorite (fig. I.1), and
can be termed a biotite quartz diorite.

Amphibole-bearing enclaves (Table I.4.3) are less common; they are larger
(more than 10 cm across) and have crenulated margins; their texture {is
microgranular porphyritic (Plate I.2, d). Some large quartz crystals are
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probably xenocrysts and some coarse—grained fragments with sharp outlines,
enclosed in these enclaves, probably represent pieces of the host granitoid.
The groundmass consists mainly of plagioclase, amphibole, opaque oxides, and
acicular apatite; scarcer biotite and quartz also occur. Plagioclase is the
most common phenocryst; it is always zoned, often rounded, and encloses
acicular apatite. Other phenocrysts are amphibole, rare biotite, quartz, and
opaque oxides. Alkali feldspar is rare. The main accessory minerals are
opaque oxides and apatite (as large crystals and acicular crystals); sphene is
scarce. Based on the QAP diagram, this type of enclave may be called a
biotite—amphibole quartz diorite (fig. I.l; Streckeisen, 1976).

Based on the presence of acicular apatite (Wyllie and others, 1962) in
both types of enclave, they are interpreted as microgranular enclaves (Didier,
1959), microgranitoid enclaves (Vernon, 1983), or mafic magmatic-enclaves
(Bernard Barbarin, personal communication). They are interpreted to record a
mixing event between a mafic magma and a more felsic magma.

S RIO HONDO

The Rio Hondo pluton is located south of Questa caldera. It is the
largest intrusion in the Questa area and crops out west of Columbine Creek,
and mostly north of the Rio Hondo, over an area of about 8 x 9 km. The Rio
Hondo pluton mainly intrudes metamorphosed plutonic rocks of Precambrian age
(Reed and others, 1983). On the northeast side of the pluton, the contact is
lipear and steep, and seems to be localized by a major regionmal northwest-
trending fault. Otherwise, most visible contacts dip gently and appear to
reflect the roof of the intrusion (Lipman, 1983). large areas of the pluton
are cut by hundreds of northwest-trending rhyolitic to quartz latitic dikes,
interpreted to represent intrusions of liquid interior portions of the
batholith into its consolidated margins (Lipman, 1983). From isotopic data,
primary cooling of this pluton is estimated at about 26~25 Ma (Lipman and
others, 1986).

The Rio Hondo pluton consists mainly of coarse-grained granodiorite
(Plate I.2, e) which grades into silicic granite in the roof zone and toward
the north along the west side of Columbine Creek. A significant feature of
the main granodiorite facies is the presence of mafic-magmatic enclaves of
varying size and character (Plate 1.2, g and h). As easily seen in road cuts
east of Italianos Canyon, these enclaves are most abundant where the
granodiorite contains more abundant alkali-feldspar phenocrysts (to 5 cm
across); such areas can also be characterized by biotite-rich schlieren (Plate
I.3, a and b). The 3540-meter peak just northwest of Gavilan Canyon is a
revealing locality. There, porphyritic granodiorite, similar to that exposed
at the 2700-meter level in Hondo Canyon, persists to within a few tens of
meters of the summit. The summit itself, however, is composed of finer
grained, more silicic granitic rock, believed to have formed a zone just
beneath the Precambrian roof. Finer grained silicic granite has also been
noted in exposures on the west side of Columbine Creek, between 2640 and 2940
meters elevation, on the southeast corner of the nose that lies opposite the
confluences of Deer Creek and Placer Fork. There, one finds a gradual
decrease in grain size within rocks of similar mode (Table I.5.2), toward the
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contact with the Precambrian roof. At the contact, a classic coarse
unidirectional solidification texture (Shannon and others, 1982) or "stock
scheider™ is developed; inward pointed quartz crystals to 10 c¢cm across are
common and apparently coherent, skeletal crystals to 40 cm across can be

seen. Bladed alkali feldspar crystals, several centimeters across, are
common. On the northeast side of the nose, directly west of the confluence of
Deer Creek, are spectacular cliffs which form the extreme north end of the Rio
Hondo pluton. These cliffs are composed of a highly silicic rock (78.5 wtX
510,) which appears to have been hydraulically fractured to form an auto-
breccia (Plate I.2, f). Tiny late quartz crystals line open gashes less than
1 mm wide, but up to several centimeters long.

Many dikes cut the Rio Hondo pluton; most are of rhyolitic compositionm.
They may be up to 10 m wide, with sharp chilled margins several centimeters or
tens of centimeters thick. There are fewer quartz latite dikes, which have
less sharp contacts than the rhyolite dikes, and still fewer dikes of basaltic
composition. It is possible to find, in some talus in the Gavilan Canyon
area, blocks with complicated relations between quartz latite and
granodiorite. Contacts may be rather irregular and are sometimes
characterized by a mixed zome between granodiorite and quartz latite. These
quartz latite dikes were probably intruded while the plutom was still partly
molten.

Petroggaghz

The texture of the granodiorite is porphyritic with a medium-grained
groundmass (1 to 5 mm; Plate I.2, es, but in the southwest part of the pluton

it is more equigranular. Mafic and accessory minerals form 10 to 20 volume
percent of the rock (Table I.5.1).

Plagioclase is euhedral to subhedral, zoned, and commonly altered.
Alkali feldspar is perthitic and also altered; it is an early phase as
phenocrysts and can be mantled by plagioclase (rapakivi texture). It was the
last mineral to crystallize in the groundmass. Quartz is often interstitial,
but ended its crystallization before alkali feldspar. Amphibole and biotite
may constitute up to 17 volume percent of the rock, but typically compose 10
percent. Amphibole and biotite are both euhedral and contain inclusioms such
as opaque oxides, apatite, zircon, and sphene; inclusions are more abundant in
biotite, and amphibole can contain biotite as inclusion. Biotite can be
altered to chlorite. The most abundant accessory minerals are opaque oxides
(predominantly magnetite) and sphene. Sphene forms euhedral crystals to 4 mm
long, sometimes containing opaque oxide minerals as inclusions. Apatite is
common and can be up to 0.7 mm long. Allanite and zircom, often included in
biotite, are present.

This facies mainly falls in the granodiorite field of the QAP diagram
(fig. I.1; Streckeigen, 1976); it is an amphibole-biotite granmodiorite.
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Table I.5: Modal analyses of samples from the RIO HONDO plutoa.

Table I.5.1: Granodiorite.

Sample number 82QC12 82QC26 82Qcas Q83J55 Q83J5s8 Q83J59 Q83J61 84QC32
Quartz 24,2 13.0 25.2 20.8 21.4 20.6 22.4 22.5
Alkali feldspar 20.4 24.0 23.7 23.4 23.0 23.1 25.6 1647
Plagioclase 43.5 43.2 41.0 43.6 44.0 44.6 40.0 50.2
Mafic minerals 11.9 19.8 10.1 12.2 11.6 11.7 12.0 10.6
Mphibolﬁ - 1003 - 50 6 - 4. 5 3- 0 45
Biotite - 6.8 - 4.8 - 4.7 7.2 4e5
Opaque minerals - 1.7 - 1.2 - l.4 1.0 1.1
Accessories - 1.0 - 0.6 - 1.1 0.8 0.5

Modal analyses on stained slabs; mafic minerals, when detailed, were counted in thin section.

Table I.5.2: Silicic granite.

Semple number Q83sL27 84QC9 84QC11 84QC12 84QC13
Quartz 36.2 34.3 34.3 37.2 34.3
Alkali feldspar 31.3 35.3 35.7 37.6 36.3
Plagioclase 29.0 27.1 26.4 22.2 26.4
Mafic minerals 3.5 3.3 3.6 3.0 3.0
Biotite 1.7 2.4 2.5 1.5 1.7
Opaque minerals 0.9 0.6 0.5 0.9 l.1
Accessories 0.9 C.3 0.6 0.6 0.2

Felsic minerals counted on stained slabs, mafic minerals

Table I.5.3: Enclaves.

counted in thin section.

Sample oumber 82QC12.1 82QCl12.6 82QC28 84QC31 85QC27 85QCc28 85QC29
Quartz 9.5 14.9 4.7 9.3 10.7 8.5 10.7
Alkali feldspar C.0 1.1 0.0 0.0 0.0 0.0 0.0
Plagioclase 40.3 53.8 5.9 44.5 48.1 50.2 43.8
Hornblende 14.0 11.5 1.6 19.6 16.1 16.0 15.2
Biotite 30.3 15.5 30.0 20.9 18.4 19.4 24.8
Opaque minerals 2.2 1.8 2.0 2.4 2.9 1.7 1.6
Acces‘cties 307 l.4 1-8 303 308 4o 309
Total mafic

minerals 50.2 30.2 35.4 46.2 41.2 41.3 45.5

Modal analyses in thin section.
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The texture of the silicic granite is coarse-grained, slightly
porphyritic, with mainly plagioclase phenocrysts and a few rapakivi
feldspars. It becomes medium— and fine-grained porphyritic near the contact
with Precambrian granite. The rock consists of quartz, alkali feldspar, and
plagioclase; the mfic and accessory mineral content is always less than 4
volume percent (Table I.5.2).

Plagioclase is euhedral to subhedral, with sericitized cores, and is
often zoned. Alkali feldspar is perthitic, sometimes mantled by plagioclase
(rapakivi texture), and usually altered. Quartz and plagioclase crystallized
about at the same time, and alkali feldspar is mostly a later phase. The only
mafic mineral is biotite; it contains many inclusions (opaque oxides, apatite,
and zircon) and is often chloritized. Other than opaque oxides, the most
abundant accessory phase is sphene, which is present as euhedral crystals up
to l.4 mm long. Apatite and zircon are common; allanite is less abundant.

This facies falls in the monzogranite subfield of the QAP diagram (fig.
I.1; Streckeisen, 1976); it is a biotite monzogranite.

The mafic-magmatic enclaves are varied in size, grain size, texture, and
mafic silicate content. They always have a rounded shape, and lack chilled
margins (Plate I.2, g and h). Their texture can be equigranular
(microgranular to fine grained), or porphyritic, containing plagioclase
phenocrysts (up to 15 mm long, typically 5 mm long), mafic mineral clots (a
few mm across), and alkali feldspar phenocrysts similar to those in the

granodiorite.

The enclaves are mainly composed of plagioclase and mafic silicates
(Table I.5.3). Plagioclase is usually zoned and is altered in many samples.
Biotite and amphibole, the only mafic silicates present, are found in all
enclaves. Biotite is always more abundant than amphibole and both minerals
can be found in quite different amounts in different enclaves. Both mafic
minerals occur as small individual, subhedral crystals as well as clusters.
Quartz occurs both as an interstitial phase (as a constituent of the enclave)
and as large crystals with undulatory extinction, surrounded by fine-grained
mafic silicates. These large crystals are interpreted as xenmocrysts from the
host granitoid (Cantagrel and others, 1984). Alkali feldspar, as a late
interstitial phase, ig rare; it is more common as randomly distributed
phenocrysts. These phenocrysts may lie across the contact between enclave and
granodiorite, and are xenocrysts as well. Accessory minerals form 3 to 6
percent of the enclaves (Table I.5.3); these are mainly opaque oxides (about 2
volume percent), sphene (1-3 volume percent), and apatite (1-3 volume
percent). Opaque oxides are present as early euhedral crystals. Sphene can
be euhedral, but is often corroded or anhedral. Apatite occurs as large
prismatic crystals, as in the enclosing granitoid, and as long narrow needles
which are often broken. These apatite needles are enclosed in other phases,
mainly plagioclase (groundmass and phenocrysts) and biotite; they are less
common in amphibole and sphene. They are also found in the margins of the
quartz Xenocrysts.

These enclaves are amphibole-biotite quartz diorites, sometimes quite
tonalicic (fig. I.l; Streckeisen, 1976).
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6. SOUTHERN CALDERA MARGIN INTRUSIONS

The southern caldera margin intrusions, including the Bear Canyon pluton,
the Sulphur Gulch pluton, and the Red River intrusive complex, are
characterized by notable alteration. These intrusions are of significant
interest because the Sulphur Gulch pluton hosts a world-class molybdenum ore
body. Significant Mo is also present in the Bear Canyon pluton. Drilling has
shown the Bear Canyon and Sulphur Gulch plutons to be connected in the shallow
subsurface. Poor outcrops and extensive alteration obscure relations in the
Red River area and the highly variable intrusive units there have been grouped
into an "intrusive complex” for lack of better understanding.

Because of limited time, concurrent mineralogical studies of the mine
units by Steven A. Atkin of Molycorp, and the complexities of the Sulphur
Gulch and Red River areas, the southern caldera margin intrusives have not
been as thoroughly studied as other plutons of the Questa area.

The Bear Canyon pluton, the westernmost intrusion along the southern
margin of the caldera is located mostly south of the Red River and crops out
over an area of about 3.5 km“. The Sulphur Gulch pluton crops out mostly
north of the Red River, between the Bear Canyon pluton and the Red River
intrusive complex; it underlies an area of about 3 km“. The Red River
intrusive complex is mainly located north and west of the town of Red River;
it crops out over a large area of about 30 kmz.

These three intrusions follow the south margin of the caldera and post-
date its formation. They intrude the Precambrian schists and granites of the
caldera wall and the Tertiary volcanic rocks of the caldera floor and fill.
They are hydrothermally altered and contain molybdenum mineralization (Lipman,
1983; Leonardson and others, 1983). Because of its location, and its contacts
(steep to the northeast, gentle to the southwest) the Bear Canyon pluton is
thought to be controlled by the same structures which controlled emplacement
of the Rio Hondo pluton (Lipman, 1983). The Bear Canyon and the Sulphur Gulch
plutons have yielded K-Ar biotite ages of about 23 Ma (laughlin and others,
1969).

The Sulphur Gulch pluton, has been mined for molybdenum for many years.
From underground cross—sections in the mine, Steven A. Atkin (persomal
communication) has been able to distinguish two major units: a carapace
granite and a source aplite. As suggested by their names, the carapace is
recognized as a slightly older unit, into which the source aplite was
emplaced. The carapace rock is a heterogeneous porphyritic aplite, which may
be in contact with Precambrian schists or Tertiary andesitic rocks. The
source aplite is rarely in contact with Tertiary andesitic rocks and displays
three facies: (1) a non-porphyritic equigranular aplite, (2) a coarse
granite, and (3) a seriate granite. The source aplite is commonly cut by
quartz veins which can form up to 90 percent of the rock. Because of
extensive migration of fluids through the rock it is extremely difficult to
obtain representative samples in which mafic silicates and opaque oxide
minerals can be studied. Relatively less altered samples of underground
exposures have been provided by Steve A. Atkin.
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The Red River intrusive complex seems to consist of a different rock type
at each good exposure (granodiorite to granite porphyry) and each rock type
may represent a different phase of magmatic activity.

Petroggaghz

1) Bear Canyon (Table I.6)

The texture of the Bear Canyon granite is fine-grained porphyritic to
medium grained, less porphyritic. The rock is leucocratic and the essential
minerals are alkali feldspar, quartz, and plagioclase (Plate I.3, c). Alkali
feldspar is perthitic, euhedral to anhedral, often altered; exsolved albite
can be found between alkali-feldspar grains. Plagioclase is zoned and cores
are altered; it is never anhedral. Quartz has slightly undulatory
extinction. 1In the finer grained facies, these minerals form phenocrysts with
rims intricately intergrown with the groundmass, indicating that they ended
their crystallization at the time the groundmass solidified. The only mafic
mineral, biotite, is not abundant and is an earlier phase. It encloses
accessory phases such as apatite and opaque oxides. The most abundant
accessory minerals are opaque oxides; apatite, zircon, allanite, and sphene
are minor phases; chevkinite and euxinite are rare.

The Bear Canyon granite is a biotite monzogranite (fig. I.l; Streckeisen,
1976).

2) Sulphur Gulch (Table I1.7)

The carapace granite is porphyritic, with a fine-grained groundmass (0.05
to 0.2 mm); phenocrysts can be up to 8 mm long. The most abundant phenocrysts
are large euhedral quartz grains, sometimes embayed by alkali feldspar.
Plagioclase phenocrysts are euhedral and zoned; small plagioclase phenocrysts
can be found enclosed in alkali feldspar. Perthitic alkali feldspar
phenocrysts can be euhedral, but are more commonly anhedral; rims are often
intergrown with the groundmass. In the freshest samples, biotite occurs as
phenocrysts, partially reacted to chlorite and opaque oxide minerals; often
mafic silicates are completely reacted to chlorite (after biotite) or to
chlorite and calcite (after amphibole?). Accessory phases such as opaque
oxide minerals (to 0.7 mm across), apatite, and large zircon grains (to 0.05 X
0.18 mm) are common. Early sphene may form large (to 2.1 mm long) euhedral
crystals and allanite is common. The groundmass is essentially formed by
alkali feldspar and quartz; rarely plagioclase occurs as a groundmass
constituent as well.

The aplitic facies of the source aplite is fine grained (to 0.3 mm),
equigranular, and mainly constituted of alkali feldspar and quartz. Biotite
is rare and shows anhedral margins. Euhedral pyrite is quite common and there
are no opaque oxides minerals.
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Table 1.6: Modal analyses of samples from the BEAR CANYON pluton.

Sample number 82Qc8 82QC9 82qc1o
Quartcz 34,7 33.5 31.5
Alkali feldspar 39.9 36.3 36.1
Plagioclase 23.9 29.0 29.2
Mafic minerals 1.5 1.2 3.2
Biotite 0.8 0.6 1.9
Opaque ainerals 0.7 0.6 1.3

Felsic minerals counted on stained slabs; mafic minerals counted

in thin section.

Table I.7: Modal analyses of samples from the SULFUR GULCH pluton.

Carapace Source aplite
aplite coarse seriate

Sample number 3417 3439 3440 1685 82QC 55 3438
Quartz 33.7 32.0 262 35.5 36.6 45.5
Alkali feldspar 47.7 49.0 48.6 63.2 44,0 42.2
Phgioclﬂse 15.7 16.1 21-6 017 17.1 11.2
Biotite® 0. 5 1.9 1.6 0.3 0.8 0.6
Opaque minerals 1.6 1.0# 1.2 0.3 1.5 0.5
* Biotite and or chlorite.
# 0.6 volX Opsque minerals + 0.4 volX sphene.
Table 1.8: Modal analyses of samples from the RED RIVER intrusive complex.
Sample aumber 82QC44* 820C43 85QC36.2 82QC32c* 85QC36.1  82QC31 85QC378
Quartz 16.5 17.0 29.1 41.9 6.0 12.4 13.4
Alkaldi feld‘p‘r 21.2 6303 ‘8-2 55.7 0-0 4.6 0.6
Plagioclase &4.7 16.5 13.1 0.1 64.3 67.4 72.8
Biotite 5.6 1.8 8.2 0.6 20.0 12.0 10.2
Amphibole 9.2 :
Opaque minerals 2.5 1.4 {.0 1.7 7.4 3.6 3.0
Accessories 0.3¢ - 0.4@ - 2.38 - -

* Felsic minerals counted on stained slabs.
# Sphene; @ Apatite + Sphene; & Apatite.
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_ The coarse granite (0.3 to 0.6 mm) contains some larger crystals (to 5
mm). Slightly perthitic alkali feldspar, quartz, and plagioclase are
essential phases; plagioclase is subhedral, while alkali feldspar and quartz
are more anhedral. Biotite is the only mafic silicate and is often reacted to
chlorite. Pyrite is a common accessory phase and there are no opaque oxide
minerals.

The seriate granite has a distinct porphyritic texture, with a very fine-
grained groundmass (less than 0.05 mm). Euhedral quartz grains (to 5 mm) with
grountmass embayments constitute the majority of the phenocrysts. Perthitic
alkali-feldspar phenocrysts (to 5 mm) are euhedral, but may have margins
intergrown with groundmass minerals. Plagioclase phenocrysts (to l.6 mm) are
euhedral. There is sparse chlorite after biotite. Pyrite, anhedral
magnetite, and a few zircons formerly enclosed in biotite are the only
accessory phases.

Except for the aplitic facies of the source aplite which is an alkali-
feldspar granite, the Sulphur Gulch pluton is formed of syenogranite (fig.
I.1l; Streckeisen, 1976). The main petrographic distinction between the
carapace unit and the source aplite is in the accessory assemblage: it is more
diverse in the carapace granite. (euhedral sphene-apatite-zircon-opaque oxide
minerals-allanite) than in the source aplite (pyrite-rare zircon).

3) Red River (Table I.8)

Four different rock types (possibly corresponding to three different
magmatic phases) were studied from four localities of the Red River intrusive
complex; their field relations are obscure. The most mafic sample (82QC44) is
a granodiorite in the QAP diagram (fig. I.l; Streckeisen, 1976). Its texture
is porphyritic, with a fine-grained groundmass (0.1 to 0.2 mm) and feldspar
phenocrysts up to 5 mm long (Plate I.3, d). Plagioclase occurs as large,
euhedral zoned phenocrysts and is free of inclusions. Alkali feldspar is
found both as anhedral perthitic phenocrysts, commonly containing amphibole
and/or opaque oxides as inclusions, and as a groundmass constituent. Quartz
occurs mainly in the groundmass. Amphibole 1s present as large euhedral
phenocrysts, which often enclose biotite, and as small euhedral crystals which
probably crystallized just before the groundmass of quartz and alkali
feldspar. Biotite occurs only as phenocrysts; partial alteration to chlorite
is common. Common accessories are opaque oxides, sphene, and apatite. Opaque
oxide grains are usually small for this relatively mafic unit (to 0.24 mm),
euhedral, and enclosed in other phases such as alkali feldspar and
amphibole. Euhedral sphene can be up to 1.5 mm long and may enclose opaque
oxides.

A second rock type, a syenogranite (fig. I1.1; Streckeisen, 1976), was
found in two localities (samples 82QC43 and 85QC36). It is also porphyritic,
with a fine-grained groundmass (usually less than 0.l mm; Plate I.3, e).
Phenocrysts are plagioclase, alkali feldspar, quartz, and biotite; the
groundmass is predominantly quartz and alkali feldspar. Plagioclase
phenocrysts (to 1 cm) are rather euhedral and zoned; quartz phenocrysts can be
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up to 0.8 cm across; alkali feldspar phenocrysts (to 2 mm) are rounded and
perthitic. Biotite occurs as euhedral phenocrysts (to 1 mm) often containing
apatite and/or zircon, or as finer grained aggregates of laths in different
orientations, associated with quartz. Sphene, pyrite, and opaque oxides are
the most abundant accessory minerals. Notable in this rock type are small
rounded enclaves rich in plagioclase and biotite, which resemble the biotite-
bearing enclaves found in the Cabresto lake pluton (Plate I.3, e). They also
contain quartz, pyrite, opaque oxides, and acicular, as well as blocky,
apatite. Interstitial alkali feldspar may be present. Local pyrite
concentrations in the host rock may be related to the presence of these
enclaves.

The most silicic sample from the Red River complex (82QC32) is an alkali-
feldspar granite (fig. I.l; Streckeisen, 1976). Its texture is porphyritic,
with a fine~grained groundmass (to 0.4 mm; Plate I.3, f). Alkali feldspar
phenocrysts (to 3 mm across) are predominant; quartz also occurs as
phenocrysts (to 3 mm). Alkali feldspar and quartz constitute the groundmass,
where quartz may be rather euhedral. Opaque oxides can be euhedral to rather
anhedral; biotite is usually anhedral, apparently having crystallized after
quartz. Monazite is rare.

A fourth rock type (82QC31 and 85QC37b) is found at the locality of
sample 85QC36; its texture is equigranular, fine grained (0.1 to 0.2 mm; Plate
1.3, g). This rock is essentially made up of subhedral plagioclase (to 0.2
mm) and biotite (to 0.1 mm). Quartz is common, opaque oxides and acicular
apatite are typical, and alkali feldspar is rare and perthitic. Aggregates of
calcite and opaque oxide minerals are the apparent replacements of primary
amphibole. This rock, which resembles the small rounded enclaves described
for the syenogranite, is a quartz diorite (fig. I.l; Streckeisen, 1976)

PLATE I.3: Textures of granitic rocks from the Rio Hondo, Bear Canyon, and
Lucero Peak plutons and the Red River intrusive complex. Thin sections 20 X
40 mm.

(a and b) ,Schliefen in the granodiorite of Rio Hondo; note coarse-
grained texture of schlieren; sample 82QCl2.3.

(c) Granite of Bear Canyon; sample 82QC8.

(d) Granodiorite of Red River. Porphyritic texture with fine-grained
groundmass; sample 82QC44.

.

(e) Granite of Red River. Porphyritic texture; note presence of small
rounded enclave; sample 85QC36.2.

(f) Alkali-feldspar granite of Red River; sample 82QC32c.
(g) Quartz diorite of Red River; sample 82QC3l.

(h) Granite of Lucero Peak. Coarse-grained equigranular texture; sample
82QCl15.

35



Although not so well exposed, the locality represented by samples 82QC3l
and 85QC36 is reminiscent of the locality in the Cabresto Lake pluton at the
Weary Willie mine. Both localities are characterized by enclaves and examples
of intimate "mixing” between a felsic matrix and a more mafic component. 1In
both cases, the process has apparently led to precipitation of pyrite.

7. LUCERO PEAK

The Lucero Peak pluton is not completely mapped, because the southern
part of {t is on Indian sacred land. That part which is mapped {8 located
between Hondo Canyon to the north and Arroyo Seco to the south. It covers an
area of at least 20 km“. The Lucero Peak pluton was emplaced farthest from
the caldera, directly south of the Rio Hondo pluton, but everywhere separated
from it by a septum of Precambrian rocks (Reed and others, 1983). K-Ar and
fission-track ages are concordant at about 21 Ma (Lipman and others, 1986).

Intrusive relations of the Lucero Peak granite with the Precambrian
country rocks are sharp and show moderate to steep dips outward; xenmoliths of
country rock are extremely rare. However, the contacts are nearly flat lying
over the central part of the body. Under the flat lying roof the granite has
a finer grained facies a few meters thick. The western slopes of Lucero Peak
appear to be the exhumed roof of the pluton. Over the entire area, the
granite is broken, and characterized by numerous silicified fractures, quartz
veins, and aplite dikes. The dikes and quartz veins are often deformed by
displacement or by chevron-type folding. This border zone is also
characterized by small slickensides. These features show that there was
motion after crystallization of the intrusion and suggest that the granite of
Lucero Peak was forcefull intruded in the brittle zone, with movement during
and after the final stages of the crystallization. In the 300-m-deep gorge
east of Lucero Peak, the granite is unusually broken by many fractures, and
large xenoliths of Precambrian roof rocks are found. Development of the zone
of weakness that evolved into the gorge may have been related to extension
assoclated with development of the Rio Grande Rift during comsolidation of the
Lucero Peak pluton.

Petroggaghz

The texture of the Lucero Peak granite is coarse-grained equigranular
(Plate 1.3, h). The rock was deformed when it was largely crystalline,
leading to undulatory extinction in quartz, kink-bands in biotite, and
granulation along grain boundaries.

The dominant minerals are quartz, alkali-feldspar and plagioclase, in
about equal proportions (Table I.9). Among them, zoned plagioclase is the
earlier phase; alkali feldspar and quartz crystallized essentially at the same
time and are each subhedral to anhedral; alkali feldspar is always
microperthitic. Biotite is the only mafic mineral; having crystallized before
the main phases, it is mostly euhedral. Biotite contains early accessory
minerals such as apatite and opaque oxides. The most characteristic accessory
minerals are apatite, allanite, and opaque oxides; sphene and zircom are more
rare.
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Table 1.9: Modal analyses of samples from the LUCERO PEAK pluton.

Sample number 80L20 82QC15s 82Qc2s

Quartz 33.6 31.7 36.2
Alkali feldspar 33.4 34.5 30.1
Plagioclase 31.3 29.9 30.7
Mafic min. 1.7 3.9 3.0
Biotite 1.2 2.6 2.2
Opaque minerals 0.3 0.9 0.8
Accessories 0.2 0.4 0.0

Felsic minerals counted on stained slabs; mafic aminerals counted
in thin section.

In the Streckeisen diagram (1976), the granite of Lucero Peak falls in
the monzogranite subfield (fig. I.l); it is a biotite monzogranite.

8. DISCUSSION

lameyre and Bowden (1982) have distinguished four major series of
granitolds on the quartz-——alkali-feldspar-—plagioclase (QAP) diagram (fig.
I.2). Three of these associations ~—the calc-alkaline, alkaline, and
tholeiitic series— include trends from mafic to silicic compositions which
relate to fractional crystallization. The fourth association——mobilizates
associated with migmatites——is always characterized by quartz-rich
compositions.

The calc-alkaline and alkaline associations are of particular interest
among the granitic rocks associated with Questa caldera. Thée calc-alkaline
series is subdivided into a low-K or calc-alkaline trondjhemitic series, a
medium-K or calc-alkaline granodioritic series, and a high-K or calc-alkaline
monzonitic series. To the alkaline series also belong metaluminous rocks
which plot in the syenogranite and granosyenite fields of the QAP diagram.

Calc-alkaline series rock associations are related to compressive areas
(orogen or subduction zones) such as the Sierra Nevada and the mountain chains
of Peru and Chile. Alkaline series rock associations are related to extensive
areas (oceanic or continental rifts) such as those in Niger, Nigeria, Corsica,
the Oslo graben, and the Kerguelen islands.

o lameyre and Bowden (1982) relate the three major trends of the calc-
alkaline associations to space and time within the orogen, with an evolution
from early, internal, low-K magmatism, to 2 late, external, high-K
magmatism. Notable about the Questa magmatic system is the absence of
syenitic rocks commonly associated with alkaline magmatism.
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Fig. I.2. All Questa granitic rocks plotted in a QAP diagram showing
the median trends in various plutonic suites (lameyre and Bowden,

1982): 1, tholeiitic; 2 and 3, calc-alkaline trondhjemitic (low K);

4, 5, and 6, calc-alkaline granodioritic (medium K); 7, calc-alkaline
monzonitic (high K); 8, aluminous trend in alkaline provinces; 8', al-
kaline silica oversaturated; g, granitic differentiates; shaded area,
granitic rocks of crustal origin. Crosses: Virgin Canyon, Canada Pina-
bete, Rito del Medio, and Cabresto lLake plutons. Diamonds: Rio Hondo,
Bear Canyon, Sulphur Gulch, and Lucero Peak plutons and Ked River intru-
sive complex. °
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Plotting 88 modal analyses for the Questa granitic rocks in the QAP
diagram shows interesting features (fig. 1.2). All units of the Rio Hondo
pluton and the granites of the Bear Canyon and Lucero Peak clearly cluster
around the calc-alkaline granodioritic trend of lameyre and Bowden. The mixed
unit of the Cabresto lake pluton and the granodiorite, quartz diorite, and
enclaves in the granite of the Red River intrusive complex also plot om the
same medium=K calc-alkaline trend. The granite of Cabresto lake plots on the
calc-alkaline monzonitic trend. The metaluminous granites of the Virgin
Canyon and Canada P{nabete plutons fall between the calc-alkaline monzonitic
trend and the trend defined by metaluminous rocks associated with alkaline-
series rock associations; the granite of the Red River intrusive complex plots
in that same area. The peralkaline granites of the Virgin Canyon and Canada
Pinabete plutons fall at the end of the trend defined by alkaline-series rock
associations. Typical Rito del Medio granite, the aplitic facies of the
source aplite unit of Sulphur Gulch, and the alkali-feldspar granite of Red
River all fall in the alkali feldspar-granite field of the QAP diagram, near
the field of granitic differentiates of Lameyre and Bowden (fig. I.2).

Based on the Lameyre and Bowden interpretation, the Questa magmatic
system records evolution from medium=K to high-K, calc-alkaline magmatism,
related to compressional tectonics, followed by alkaline magmatism, related to
extensional tectonics . This is in agreement with the geologic history of the
area, in that the middle Tertiary marked the time of change from a
compressional regime associated with calc-alkaline magmatism to an extensiomal
regime associated with alkaline magmatism. However, geochronological studies
based on K-Ar and fissiom track dates, as well as paleocmagnetic measuremeunts,
show that the plutons associated with Questa caldera obey an inverse time
relation; the northern, more alkaline, intracaldera plutons being slightly
older than the southern more calc-alkaline intrusioms.

K-Ar ages and paleomagnetic data relate to time of solidification and
therefore give only the chronology of solidification of the plutoms. The Rio
Hondo pluton, which is petrographically similar to granitoids from the Sierra
Nevada batholith and shows the most typical calc-alkaline features, is
chemically similar to precaldera volcanic rocks of intermediate composition
(Johnson, 1986). Lipman (1983) considers the Rio Hondo pluton to represent a
deep part of the magma chamber related to the Latir volcanic field and the
Questa magmatic system. Lower parts of the magma chamber may well have
evolved at an early stage, before the change in tectonic settings, whereas the
upper parts of the magma chamber appear to have evolved toward peralkaline
compositions at the time of extension. The small peralkaline stocks of Virgin
Canyon and Canada Pinabete probably cooled quickly after emplacement at a high
level in the crust. It 1is not surprising that they might have solidified
before the southern calc~alkaline intrusions, which represent more slowly
cooled, deeper parts of the magma chamber. This is also supported by
structural data which show that the base of the volcanic rocks of the latir
volcanic field is about two kilometers higher to the south than in the
north. This structural feature may be related to differential post-Miocene
uplift (Lipman, 1983) which could be due to the rise of these light magmas
through the crust (Lipman, 1986, personal communication).
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Notable about the calc-alkaline association of the Questa magmatic system
is the compositional gap between the compositions of granodiorite and mafic-
magmatic enclaves. This shows that crystal fractionation was not the only
process involved in the evolution of the Questa magmatic system and that
mixing probably occurred between more mafic and more silicic magmas. Such
mixing is recorded by the presence of enclaves in the Cabresto lake and Rio
Hondo plutons and in the Red River intrusive complex.

Only one phase of magma mixing may have occurred during evolution of the
Rio Hondo pluton, where only one type of mafic-magmatic enclave is found.
Evolution was afterwards controlled by crystal fractiomation, as shown by the
trend from granodiorite to granite compositions that characterizes this
pluton.

In the Cabresto lake pluton, two phases of magma mixing may have
occurred, as shown by the presence of two types of mafic-magmatic enclaves; an
early mixing is recorded by small diffusely-bounded biotite-bearing enclaves
and a later mixing by the larger and more irregular, sharply-bounded
amphibole-bearing enclaves. Occurrence of a mixed unit also attests to magma
mixing during evolution of the Cabresto Lake magma; the mixed unit is thought
to be related to the same mixing event as the amphibole-bearing enclaves.
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PART II: WHOLE-ROCK CHEMISTRY

More than 140 samples of Questa granitoids were analysed by X-ray
fluorescence analysis in the USGS laboratories in Denver, Colorado. Trace-
element data obtained by an energy dispersive (Kevex) procedure, rare—-earth-
element data obtained by isotope dilution, and O, Pb, Nd, and Sr isotopic data
for many of these rocks are presented and discussed by Johnson (1986). Data
for selected samples are presented in Table 1.10. Also reported in Table I.10
are rock norms and agpaitic indices ((sto+g 0)/A1,04, molar ratio). The
following discussion is based on study of these seiecCed samples; for further
discussion see Johnson (1986).

(Na,0+K,0)/A1,05 ranges from 0.96 to 1.03 in peralkaline rocks, and from
0.65 to 0.96 in all other rock types; values less than 1 are coumon in
peralkaline rocks. Although an agpaitic index of 1 or more has long been
considered an index of peralkalinity, Giret and others (1980) show that values
as low as 0.9 can be appropriate for distinguishing peralkalinity. The
present study, based on occurrence of sodic phases such as alkali amphibole
and sodic pyroxene, shows that an agpaitic index of about (.96 is the
distinction of peralkalinity in the Questa granitic rocks.

Data in Table I.10 are presented in Harker variation diagrams (fig. I.3),
which show a regular evolution from mafic compositions (granodiorite, mafic-
magmatic enclaves, and quartz latite dikes in the Rio Hondo pluton;
granodiorite and quartz diorite in the Red River intrusive complex) with high
A1203 FeOt, Mg0, CaO, and TiO, contents, toward more silicic compositioms.
Nazo is rather constant thtougg the whole range of SiOz content; K20 increases
slightly with §i0, content.

As seen in Table I.10 and figure 1.3, aspects of the chemistry of the
peralkaline rocks distinguish them from other rocks. Most notably, FeOt is
relatively high and Al,0, relatively low in the peralkaline units compared to
the metaluminous units og the northern intracaldera plutons. The composition
of the peralkaline granites of Virgin Canyon and Canada Pinabete is similar to
that of the Amalia Tuff and cogenetic peralkaline rhyolite.

A plot of Na 0+K,0 against 510, (fig. I.4) shows that the granite of
Cabresto lake falls in an area distinct from the regular trend defined by
units in the Rio Houndo pluton; it contains more Na,0+K,0 and plots among data
representing the northern intracaldera plutons. is is in agreement with
modal analyses which show a greater proportion of alkali feldspar in the
granite of Cabresto lake, as compared to the granodiorite or granite of Rio
Hondo (fig. I.1l).

Plotting the data of Table I.10 in a ternary diagram for the system
Quartz-Albite-Orthoclase~Hy0 (fig. I.5) gives information related to
conditions of crystallization in these different plutons. An important
conclusion of the work of Tuttle and Bowen (1958) was that minimum melting
compositions of crystallizing granitic melts, represented by the system Q-Ab-
Or-H,0, reflect pressure of crystallization. Subsequent studies, cited in the
caption to figure I.5, have evaluated the effects of pressure, absence of an
aqueous phase, and addition of anorthite to the system. The Questa granitic
rocks which contain over 70 weight percent Si0, have an average An content of
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Table I.10~~continued.

BEAR CANYON SULPHUR GULCH RED RIVER INTRUSIVE COMPLEX LUCERQO PEAK
PLUTON PLUTON Alkali- PLUTON
Source Grano- feldspar Quartz
Granite Carapace aplite diorite Gtani:c anite diorite Cranite
§20C10 82QC8 3440 1685 820C44 E"‘ez 32C 320C31 820C15 80L20
§104 75.G  76.2 72.4 77.0 64e3 71.9 75.8 63.4 75.9 76.8
Al,0, 13.1 12.4 13.6 12.60 14.9 14.4 13.1 17.0 12,7  12.9
Fe,0, 0.68 0.36 1.95 0. 65 2.02 0.98 0.51 2.17 0.55 0.6l
Fel 0.43 0.28 0.90 0.40 2.21 0.47 0.30 2.12 0.42 C.28
Mg0 G.19 0.15 0. 52 0.20 2.28 0.42 0.17 1.58 0.23 0.20
Cal 0.71 0.4l 1.17 0.55 3.65 0. 67 0.22 2.49 0.79 G.S50
&20 3.8 3.35 4.39 2.90 3.80 4,47 4.21 4.99 3.57 3.70
K0 4.46 5.04 4,34 5.10 3.52 4.73 5.07 2.91 4032 482
T10, 0.19 0.10 0.20 0.10 0.64 0.32 Q.15 0.82 0.14 Q.11
Py0¢ <0.05 <0.05 0.09 0.07 0.31 0.10 <0.05 0.35 <0.05 <0.10
Mn0 0.03 <0.02 0.06 0.03 0.05 0. 04 0.02 0.15 0.04 0.04
co, <0.01 <0.01 0.23 <0.01 0.24 - - - <0.01 <0.01
LO1 0.56 0.95 0.90 0.84 0.84 0. 64 0.28 1.13 0.24 0.12
Total 99.09 99.32 100.52 100.45 98. 52 99.14 99.88 99.11 98.96 99.99
Q 34.9 36.4 27.4 39.3 18.4 26.0 31.3 16.1 36.6 36.5
(o4 1.05 0.81 - 1.48 - 0.95 0.41 1.95 0.84 1l.14
Or 26.4 29.8 25.6 30.1 20.8 28.0 30.0 17.2 25.5 27.3
Ab 3l.1  28.3 37.1 2405 32.2 37.8 35.6 42.2 30.2 131.3
An 3.20 1.7% 4.59 2.27 13.2 2.67 0.77 10.1 3.59 1.83
D1 - - 0.49 - 2.30 - - - - -
By 0.47 0.46 1.07 0.5% 8.01 1.05 0,42 4.96 0.73  0.49
Mt 0.93 0.52 2.52 0.94 2.93 0.72 0. 60 3.15 0.80 0.71
Ha 0.04 - 0.21 - - 0.49 0.10 - - 0.12
11 0.36 0.19 0.38 0.19 1.22 0.61 0.29 1.56 0.27 Q.21
Ap 0.12 0.12 0.21 0.16 0.72 0.23 0.12 0.81 0.12 0.23

(Na+K)/Al 0.83 0.88 0.88 0.82 0.68 0.87 0.95 0.67 0.83 0.86

Fig. I.3. Variation of oxides (wtl) against Si0p (wtX) for the Questa
granitic rocks (after Harker, [909). Crosses, peralkaline granites of Virgin
Canyon and Canada Pinabete, Amaliz Tuff, and peralkaline rhyolite; digmonds,
metaluminous granites of Virgin Canyon and Canada Pinabete and granite of Rito
del Medio; triangles, units and rock types of the Cabresto Lake plutonm; x's,
units and rock types of the Rio Hondo pluton; inverted triangles, units and
rock types of the late mineralized plutonms.
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Fig. I.4. Naj0+K,0 (wtX) against S10; (wtl) for the Questa
granitic rocks (after Miyashiro, 1978?. Dashed line sepa~
rates the alkalic field (above) from the subalkalic field
(below). Same symbols as in fig. I.3.

about 3 mole percent. Figure 1.5 shows that the trend of the data points
corresponds well with the experimental studies and converges in a region
expected for crystallization at pressures of about 1 kbar in water-saturated
melts. It is of interest that the mafic-magmatic enclave (Q84J6I) and quartz
latite dike (Q83J100) from the Rio Hondo pluton correspond well with the
general trend. The three points which are comspicuously aberrant in figure
I.5 can be readily explained. Sample 82QC22 is from the contaminated contact
facies of the Rito del Medio pluton, whereas samples 82QC30 and 1685 are
silicified samples of the granite of Rio Hondo and the source aplite of
Sulphur Gulch, respectively.

Chemical data for the Questa granitic plutons show that there are two
main rock series (fig. I.4), in agreement with data from modal analyses.
Johnson (1986) demonstrates, based on Pb isotopic data, that the silicic
resurgent intrusions were derived from different sources and/or parental
magmas than are represented by the Rio Hondo plutomn.

Because of continuation of chemical and mineralogical zonmation, the
peralkaline granites are interpreted as unerupted portions of the magma which
produced the Amalia Tuff and associated peralkaline rhyolite. Complexities in
this correlation, such as lack of Zr zonation in the peralkaline granites, are
probably related to evolution of the magma between the time of caldera
collapse and resurgence (Johnson, 1986).
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Fig. I.5. Representation of bulk compositions of Questa granitic rocks (Table
1.10) in terms of normative Q+Ab+Or. Virgin Canyon pluton represented by
small dots; Canada Pinabete and Rito del Medio plutons by large dots; Cabresto
Lake and Rio Hondo plutons by squares; Bear Canyon, Sulphur Gulch, Red River,
and Lucero Peak plutons by triangles. Minima at indicated pressures (in
kilobars) as follows: Y are taken from Luth and others (1964) and relate to
the "granite" system, Si0,-NaAlSi,Og KA181308-320 where Pgq PLorals T are
from James and Hamilton (f969) and relate to addition of 3, g and ; ; wtZ An
to the "granite" aya:en at Ppon ® Prope; ™ 1 Kbar; x are fton Luth (1969) and
relate to the dry "granite'system where Pgao ™ 9-

Although good trends appear in Harker diagrams (fig. I.3) Johmnson (1986)
indicates that the Questa granitic plutons are not related by simple crystal
fractionation processes. For example, the northern intracaldera plutons
cannot be derived by crystal fractionation from magmas represented by the
granite of the Cabresto lake or the granodiorite of Rio Hondo, or from
intermediate-composition magma such as that represented by the precaldera
quartz latite. Moreover, within the northern intracaldera plutomns, the
peralkaline granites cannot be simply related to the metaluminous granites by
crystal fractionation. However, Johnson shows that crystal fractiomation may
have been an important process in the differentiation of individual plutons;
the different facies of the Cabresto lake and Rio Hondo plutons were probably
derived by crystal fractionation, as already suspected from modal analyses.
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Consideration of trace element data (from Jonhson, 1986) brings up an
interesting feature of the Questa granitic rocks. The REE pattern is the same
as that reported by Harris (1985) for the Jabel Sayid complex in the Arabian
shield. Alkaline rocks (peralkaline and metaluminous granites from Virgin
Canyon and Canada Pinabete) are HREE enriched with strong negative Eu anomalies,
while calc-alkaline rocks are HREE depleted with no Eu anomalies (fig. I.6).

The alkaline rocks are Sr depleted (to 23 ppm in peralkaline granite and to 225
ppm in metaluminous granite) and the cale-alkaline rocks display high Sr content
(to 1000 ppm).

A plot of Nb '+ Y against Rb (after Pearce and others, 1984) allows the
geochemical characteristics of the Questa granitic rocks to be related to
tectonic environment (fig. I.T). The Nb- and Y-enriched peralkaline rocks plot
in the WPG (within-plate granite) field while the Nb- and Y-depleted
cale-alkaline rocks plot in the VAG (volcanic are granite) field of Pearce. The
metaluminous rocks from the Virgin Canyon and Canada Pinabete plutons mainly
plot in the WPG field but some fall also in the VAG field. The Cabresto Lake
units plot in the VAG field and overlap with data from the metaluminous
granites. Data from the late mineralized plutons plot in the VAG field and,
except for the Red River intrusive complex, are characterized by high Rb
compared to all other Questa granitic rocks.

From Pb and Nd isotopic data, Johnson (1986) concludes that "...most of the
Questa parental magmas have interacted with the crust prior to eruption or
solidification.” He considers the peralkaline rocks to have been derived from
magmas which interacted most extensively with the crust; direct melting of a

1000 + 1000 t
e 1001 _ 100 t
2 g
5 s
$ a
e «
e 104 10 +
—— i 1 : : y
Ce Nd Sm Gd Dy Er Yb 1 10 100 1000
Nb+Y
5,45 o et s e i o
of he Questa systemn .
perakaline granite of Virgin Canyon; black squares, peraikali Fig. L.7. Nb + Y against Rb (ppm) for Questa granitic rocks (data
medngamwmnmmg'::d from Johnson, 1986; field boundaries from Pearce and others,

Virgin Canyon; black triangies, later metaiuminous granite of 1964). Dots, peralafine granites of Virgin Canyon and Canada

Virgin Canyon; triangies, granodiorite of Rio Hondo; crossas,
maficmagmatic enclave in Rio Hondo granodiorntte. Mﬁmwmc&mmmﬁomz
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Pb-enriched, previously hybridized, crust is even a possibility. He also
suggests that the metaluminous granite in the northern intracaldera plutons may
have originated in the crust, although this indiecation is not as clear as for
the peralkaline rocks.

The Cabresto Lake and Rio Hondo plutons have the same Sr, Nd, and Pb
isotope compositions as precaldera, intermediate-composition quartz latite.
Furthermore, major-element and trace-element compositions of the mafic granitoid
units in these plutons are indistinguishable from those of the precaldera
intermediate-composition roecks. Johnson (1986) suggests that these two plutons
represent the "...waning stages of the precaldera magmatism."™ and that they
"...may have been ascending from the lower crust as peralkaline magmas were
generated at higher levels in the crust."™ By the time of emplacement, these two
plutons were largely cerytalline and could not assimilate as much country rock as
the magmas related to the northern intracaldera plutons.

Notable about the granite of Cabresto Lake is the fact that its character
is intermediate between that of the granodiorite of Rio Hondo and the northern
intracaldera metaluminous granites; this is evident in medal, major-element, and
trace-element data. The Cabresto Lake granite is characterized by low Mg and Ca
and high Na+K contents compared to the granodiorite of Rio Hondo. At a given Sr
content, the Cabresto Lake pluton is Ba, Y, Zr, and Nb enriched, and Th depleted
compared to the Rio Hondo pluton; concentrations of these elements are closer to
those in the northern intracaldera plutons (Johnson,1986).

Of interest in the Cabresto Lake and Rio Hondo plutons is the presence of
mafic-magmatic enclaves which record a mixing event. Good correlation between
MgO and Ni in the mafic units of the Rio Hondo pluton suggests that these units
are the product of mixing between intermediate-composition magmas and relatively
primitive basaltic magmas (Johnson, 1986). OQccurrence of distinct
biotite-bearing and amphibole-bearing enclaves in the Cabresto Lake pluton may
record two mixing events.

Sr and Pb isotopic data allowed Johnson (1986) to conclude that late-
stage assimilation of upper crustal rocks ocecurred during differentiation of the
late mineralized plutons, but do not indicate whether they are products of
erystal fractionation of intermediate-composition magmas or direct melts of
erustal rocks. Trace-element data for the Bear Canyon and Sulphur Gulech plutons
(high Rb, Y, Nb, HREE, Pb, Th, and U) are incompatible with the former
interpretation; thus, different source rocks of parental magmas are required to
explain their origin.

Petrographic and chemical data indicate the occurrence of two rock series
among the Questa granitic rocks. As shown by trace-element and isotope data,
they are related to several different sources. Geochemical (fig. I.7) and
tectonic characteristics relate the alkaline rocks at Questa to within-plate
intracontinental magmatiswm, derived from upper mantle sources. Isotope data (Pb
and Nd) indicate large interactions with the upper crust. From their chemistry
and tectonic environment, the calc-alkaline rocks can be related to a voleanice
are, calc-alkaline, intracontinental environment. As indicated by.isotope data,
the Cabresto Lake and Rio Hondo plutons did not interact as much with the upper
crust as the northern intracaldera plutons because they were emplaced as
crystal-rich magmas. They are characterized by one or more mixing events with
more mafic magmas at some time during their differentiation.

=38
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PART I:TEXTURES

A number of textures are widespread among the opaque oxide minerals of
the Questa granitic rocks and are summarized in Table II.l. Most of these
textures are of an exsolution type, resulting either from unmixing or from
oxidation or reduction "exsolution” of a dissolved comnstituent. Other
textures are of a replacement type, caused by metasomatism or oxidation.

1. EXSOLUTION TEXTURES

a) Ilmenite-hematite exsolution intergrowths can be of two types: (1)
ilmenite grains containing hematite exsolution bodies, and (2) hematite grains
containing ilmenite lenses or blebs. These intergrowths are the only true
exsolution textures found in the Questa granitic rocks.

It has been long recognized that hematite and ilmenite form a continuous
solid-solution series at high temperature. Carmichael (196l) estimated that
temperature to be above 950°C. Lindsley (1973) suggests from natural
occurrences (e.g. Rumble, 1971; Kretchsmar and McMutt, 1971) and experimental
data that the consolute temperature must be no higher than 800°C. In his
theoretical model, Burton (1985) calculates a temperature of 714°C.

At lower temperatures, hematite and ilmenite are not miscible in all
proportions and over an intermediate range of compositions a solvus is
intercepted (fig. II.1) and exsolution takes place along the (0001) direction
of the host crystal. From experiments on natural hemo-ilmenite crystals,
Carmichael estimated that compositions in the range Ilmg to Ilmgg would
exsclve an ilmenite- or hematite-rich solid solution. However, etchsmar and
McMutt (1971), based on electron microprobe analyses of natural samples, moved

that range to higher ilmenite compositions (Ilmsg to Ilmgs). Theoretical
considerations strongly support this more asymmetric solvus (Burton, 1985).

Authors have commonly observed two sets (generations) of exsolutions in
ilmenite-~hematite crystals; an earlier get of larger, somewhat irregular
lenses or blebs of hematite in ilmenite or ilmenite in hematite, which, in
turn may contain a later set of thinner, more regular lenses or lamellae of
the host (Plate Il.l, d; Edwards, 1954; Carmichael,196l; Ramdohr,1969;
Kretchsmar and McMutt, 1971). Burton (1985) presents a detailed explanation
of the relation between these two exsolution processes. The larger bodies are
referred to as discontinuous (Yund and McCallister, 1970; Kretchsmar and
McNutt, 1971), "non-coherent” (Brett,1964), or asymmetrical exsolution
(Burton, 1985); the smaller bodies, also considered to be later, are said to
result from continuous, "coherent”, or symmetrical exsolution. Kretchsmar and
McMutt accepted Carmichael’s consolute temperature of 950°C and found that the
change from discontinuous to continuous exsolution occurs at about 800°C on
both limbs of the solvus, at the approximate compositions Ilmgg and Ilm,q. It
should be noted that these data are not in accord with Lindsley's estimate
that the consolute temperature lies at less than 800°C (fig. II.l). Burton
estimates the change between asymmetric and symmetric two-phase regions to
occur between 550° and 500°C. According to Kretchsmar and McMutt's
interpretation of their data, five different textures can result from slow
cooling, depending on the initial composition in. the system ilmenite-hematite
(Table II.2).
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Table II.l: Inventory of opaque oxide textures in the Questa granitic plutoms.

Textural feature

PLUTON Unit or facies (1) (2) (3) (4) (5),(6) (8) (9
(7)
Peralkaline XX X XX 5 X
VIRGIN Early
CANYON meta luminous X X X xx
later
metaluminous X X X X XX
CANADA Peralkaline h.0:0.4 X b oot
PINABETE Metaluminous X X o4 XX
RITO del MEDIO b0 4 h.0:0¢ X X =
Granite X X 6 X X
Mixed X X 6 X X
CABRESTO Biotite-bearing
LAKE enclaves X X X X
Amphibole-bearing
enclaves X X 6 X X
Granodiorite X X 6,7 X X
RIO HONDO Granite X X 6 X XX
Enclaves X X 6,7 X X
BEAR CANYON X X X X
SULPHUR GULCH, Carapace X X X X X
RED Granodiorite X X 6y7 X X
RIVER Granite X X X X
INTRUSIVE Alkali-feldspar
COMPLEX granite X
Quartz diorite X
LUCERO PEAK X X X X

Note. X = present; XX = common; XXX = abundant. Textural features: (1) ilmenite-
hematite exsolution intergrowths;(2) ilmenite-magnetite intergrowths; (3) magnetite-
ilmenite intergrowths; (4) ilmenite aggregates after sphene; (5) irregular sphene
after ilmenite; (6) euhedral sphene after ilmenite and magnetite; (7) sphene coromas
around magnetite; (8) oxidation of ilmenite to hematite plus rutile; (9) -exidatiom
of magnetite to hematite.
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Temperature, °C

1000 |~

500
Carmichael (1961)
Kretchsmar and McNutt (1971)
» Lindsley (1973)
1 1 | | | ] | |
0 0.2 0.4 0.6 0.8 1
Fe,04 Mole fraction FeTiOg FeTiO,
Hematite limenite

Fig. II1.1. The system hematite~ilmenite, showing the miscibil-
ity gaps reported by Carmichael (1961; solid), Kretchsmar and
McNutt (1971; long dashes), and Lindsley (1973; short dashes).
Data for the Questa granitic rocks are represented by dots.
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Table II.2: Types if ilmenite-hematite exsolution intergrowth.

Composition range

Process

Texture

Ilmy-Iim,g No exsolution Homogeneous hematite

Ilmyg-Ilm4g Continuous exsolution of Small lenses or lamellae
ilmenite from hematite of ilmenite in hematite

Ilm,o=Ilmgs Discontinuous exsolution large discs or lenses and
down to 800°C, followed smell lenses or lamellae
by continuous exsolution of exsolved phase in host

phase

Ilmg s~Ilmgs Continuous exsolution of Small lenses or lamellae
hematite in ilmenite of hematite in ilmenite

Ilngs-llmloo No exsolution Homogeneous ilmenite

Ilmenite-hematite exsolution intergrowths are common, but not everywhere
present in the Questa granitic plutons. In the Virgin Canyon and Canada
Pinabete plutons, they are rare and only present in the metaluminous
granites. Ilmenite is the host and hematite exsolved as very small droplets
or lamellae (<0.005 mm across).

In the Rito del Medio pluton these intergrowths are more common; one
finds both hematite containing ilmenite exsolution lenses (Plate II.l, a and
b) and ilmenite containing hematite exsolution lenses (Plate II.l, c). More
rarely, some intergrowths could be the result of discontinuous exsolution,
followed by continuous exsolution.

PLATE II.1: Photomicrographs of ilmenite-hematite exsolution intergrowths.

(a and b) Hematite (light gray) containing one set of ilmenite
exsolution lamellae (dark gray). Exsolution-free overgrowth of hematite is
oscillatory zoned with respect to Ti02 (7.2 to 2.6 wtX). Vug, Rito del Medio
granite, sample 82QCl7. Bars are 100 microns long.

(c) 1Ilmenite (light gray) containing one set of fine hematite exsolution
lamellae (white). Rito del Medio granite, sample 81S28. Bar is 50 microns
long.

(d) Complex oxide assemblage enclosed in translucent sphene. Ilmenite
(gray) contains two sets of hematite exsolution bodies (light gray). Larger
bodies of hematite contain fine exsolution lenses of ilmenite. Next to lower,
large hematite exsolution body is an oxidation mat of hematite plus rutile.
At edge of ilmenite are angular medium-gray magnetite grains. Mafic magmatic
enclave in granodiorite of Rio Hondo, sample 82QCl12. Bar is 50 microns long.
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Only one type of exsolution lamellae is found in the Cabresto Lake
pluton; hematite is always exsolved from ilmenite as thin long lenses or
lamellae.

Ilmenite is quite rare in the Rio Hondo pluton and, in both the
granodiorite and the granite, ilmenite-hematite intergrowths occur only in
rounded grains enclosed in sphene (Plate II.l, d). Both continuous and
discontinuous exsolution processes occurred, one set of exsolution lenses
being predominant. When two sets of exsolution products are present, ilmenite
is always in greater proportion than hematite.

Rare fine hematite exsolution lenses occur in ilmenite in the Bear Canyon
pluton. In the carapace unit of the Sulphur Gulch pluton and in the
granodiorite of the Red River intrusive complex, both primary isolated
ilmenite and rounded ilmenite grains enclosed in sphene may contain one set of
hematite exsolution products.

Hematite is commonly exsolved from ilmenite in the Lucero Peak pluton.
The exsolution products occur as lenses which are so small as to be hardly
seen under the microscope at 400X magnification.

b) Ilmenite-magnetite intergrowths compose textures in which magnetite
is the host phase and magnetite-ilmenite intergrowths are those in which
ilmenite is the host phase. These two textures are not true exsolution
textures because they do not result from simple unmixing of a dissolved
constituent.

(1) Ilmenite-magnetite intergrowths are common in igneous rocks and often
have been described in mafic suites. They are also common in more silicic
rocks and are well displayed in the Questa granitic rocks, especially within
the intracaldera plutonms.

Ilmenite-magnetite intergrowths were long interpreted as due to unmixing
of a FeTiO4 component dissolved in magnetite at high temperature. However,
experiments have shown that it is impossible to homogenize such intergrowths
by simple heating (Vincemt and others, 1957; Basta, 1960). Furthermore, the
solubility of ilmenite in magnetite at high temperature (above 10G0°C) is too
limited to explain the extensive ilmenite-magnetite intergrowths found in many
natural samples. From heating experiments, Basta (1960, p. 1026) concluded:

"e..sat the temperature of formation of igneous rocks, only very
restricted solid solution is possible between magnetite (Fe304)
and alpha-FeTiO5 (ilmenite); possibly not more than 5 to 10X of
alpha-FeTi05."”

Ti07 in titaniferous magnetite is therefore considered to be dissolved as
ulvospinel (FezTioé). Magnetite and ulvospinel are known to form a complete
solid solution at temperatures above 600°C (Vincent and others, 1957) and a
temperature of less than 455°C was suggested recently for the consolute
temperature of the magnetite-ulvospinel solvus (Price, 1981). Moreover, by
heating ilmenite-magnetite intergrowths in a reducing atmosphere, Wright
(1959) obtained homogeneous magnetite-ulvospinel solid solutions. Thus, it is
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now accepted that ilmenite-magnetite intergrowths are due to oxidation of the
ulvospinel component from a magnetite—ulvospinel solid solution. Note that
ilmenite intergrown along (111) planes of magnetite cannot be due to oxidation
of earlier exsolved ulvospinel, because ulvospinel unmixes along the (100)
planes of magnetite. From his experimental data, Lindsley (1962, p. 106)
suggested that ilmenite-magnetite intergrowths originate by direct oxidation
of magnetite-ulvospinel solid solutions to magnetite-rich spinel and ilmenite.

The term "exsolution™ will be used as defined by Buddington and Lindsley
(1964, p. 322) to refer to ilmenite-magnetite intergrowths resulting from
oxidation of magnetite-ulvospinel solid solutions. The differeat textures
which can result from such an oxidation were described by Buddington and
Lindsley (1964, p. 323) as follows:

"From the microtextures of natural oxide minerals we conclude

that increasing degrees of oxidation and diffusion result in a
systematic series of fabrics from (1) a single-phase homogeneous
spinel; through (2) trellis intergrowths of thin ilmenite

lamellae in all sets of (1ll) planes of the host; (3) sandwich
intergrowths of thick ilmenite lamellae predominantly in one set of
(111) planes; (4) granules of ilmenite within the magnetite; to

(5) granules or occasional lamellae of ilmenite on external borders
of the magnetite.”

It is to be noted that in some cases it is difficult to decide whether
ilmenite granules next to magnetite grains are due to type (5) "exsolution”
from magnetite, or to primary crystallization of ilmenite. Some of these
ilmenite granules could have a compound origin, and may consist of a primary
core, surrounded by secondary ilmenite “exsolved” from magnetite (Kretchsmar
and McMutt, 1971).

All five types of intergrowth can be observed in the granitic rocks
associated with Questa caldera (Table II.3). Bomogeneous magnetite is more
common in plutons located outside the caldera, whereas “exsolution™ textures
are well displayed within the intracaldera plutons. Estimates of the
abundance of the various types of intergrowths within each pluton are
summarized in Table II.3.

The peralkaline granite of Virgin Canyon is characterized mainly by
ilmenite granules within or along the borders of magnetite grains (Plate II.2,
d); type (3) lamellae are usually rare, but locally more abundant. In both
metaluminous granites, types (2) and (3) ilmenite lamellae are most abundant;
granules are more rare and are developed mainly at the borders of magnetite
grains. Locally, magnetite can be homogeneous, especially in samples
containing little ilmenite.

Ilmenite-magnetite intergrowths in the peralkaline granite of Canada
Pinabete are similar to those in the peralkaline granite of Virgin Canyon. In
the metaluminous granite, magnetite can be locally homogeneous, but usually
one or more "exsolution” textures occur. Short type (2) lamellae evenly
distributed in all (111) planes of magnetite (Plate II.2, c) are as commonly
seen as broader (up to 0.003 mm wide) type (3) lamellae. Types (4) and (5)
ilmenite granules are common as well (Plate II.2, c).
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Table II.3: Inventory if ilmenite-magnetite intergrowths in the Questa granictic
plutons.

PLUTON Unit or facies Type (1) Type (2) Type (3) Type (4) Type (5)

Peralkaline X X XX X
VIRGIN Early
CANYON metaluminous X X XX X X
later
meta luminous X h.0:0.4 X X
CANADA Peralkaline XX XX
PINABETE Metaluminous X X X X X
RITO del MEDIO XX b o0 ¢ X X
Granite X xx X X
Mixed X X ).9.0.4 X X
CABRESTO Biotite-bearing
LAKE enclaves XX X
Amphibole-bearing
enclaves X X XX
Granodiorite X X
RIO HONDO Granite X X X X
Enclaves XX X X
BEAR CANYON XX X
SULPHUR Carapace X X
GULCH Source aplite X
RED Granodiorite XX X
RIVER Granite X X
INTRUSIVE Alkali~feldspar
COMPLEX granite x
Quartz diorite XXX
LUCERO PEAK XX X X

Note. X = present; XX = common; XXX = abundant. Textural features: (1) single-
phase homogeneous magnetite; (2) trellis intergrowths of thin ilmenite lamellae
in all sets of (111) planes of the host; (3) sandwich intergrowths of thick il-
menite lamellae predominantly in one set of (111) planes; (4) granules of i{lmen-
ite within the magnetite; (5) granules or occasional lamellae of ilmenite on ex-
ternal borders of magnetite. 58



In the Rito del Medio granite, ilmenite “"exsolution" is most common as
types (2) and (3) lamellae (Plate 1I.2, a), granules being much less common.
Type (2) lamellae are the best displayed; these short ilmenite lamellae
usually contain small black grains which are presumed to be gahnite spinel
based on electron microprobe traverses.

The Cabresto lake gramite and its mixed facies are mostly characterized
by broad type (3) ilmenite lamellae and fewer ilmenite granules of types (4)
and (5). Both types of enclave within the Cabresto lake pluton contain broad
(up to 0.01 mm across) type (3) ilmenite lamellae (Plate 1I.2, b); amphibole~
bearing enclaves also contain a set of short lamellae hosting small spinel
grains.

In the granodiorite of Rio Hondo, ilmenite "exsolution” from magnetite is
rare and only seen as type (3) lamellae; magnetite is most often homogeneous
(following reequilibration). Ilmenite-magnetite intergrowths are a little
more common in the granite; type (3) lamellae are most abundant and granules
rare. Also scarce in the mafic-magmatic enclaves, ilmenite “exsolution™
textures are of types (3) and (4).

In the Bear Canyon pluton, ilmenite "exsolved” from magnetite as type (5)
granules only. Ilmenite in the carapace unit of the Sulphur Gulch plutom is
found as both types (&) and (5) granules.

Ilmenite "exsolved™ from magnetite is rare and occurs as type (3)
lamellae in the granodiorite of the Red River intrusive complex. Ilmenite in
the Red River granite is found as type (5) "exsolution” granules.

In the Lucero Peak granite, the most common texture resembles type (5)
exsolutions; it is not obvious, however, whether these ilmenite granules
result from oxidation of magnetite or from primary crystallization. The
granules associated with magnetite are quite large and could be the product of
both processes. Type (3) lamellae are present in the Lucero Peak granite, but
are rare.

(2) Magnetite lamellae in ilmenite have not often been described in the
literature. They have been found in metamorphic rocks such as orthogneisses
of the Adirondack area (Buddington and others, 1963) and paragneisses of the
Franklin area (Baker, 1955; Buddington and Lindsley, 1964). They were also
described in trachy basalts from Teneriffe (Baggerty and others, 1966).

In these intergrowths, magnetite occurs as lamellae parallel to the basal
plane of the host. Buddington and Lindsley (1964) reproduced such textures in
synthetic material by reducing Fe,03-rich ilmenites in an f0y-buffered
atmosphere. Magnetite lamellae in ilmenite are interpreted as due to
reduction "exsolution” of Fey03 dissolved in ilmenite (Buddington and others,
1963; Buddington and Lindsley, 1964). In studying the paragneisses of the
Franklin area, Buddington and Lindsley (1964) concluded that this partial
reduction probably occured subsequent to the oxidation processes leading to
the formation of hematite after magnetite, and hematite plus rutile after
ilmenite. Textures in the Questa granitic rocks indicate the opposite
sequence of events; magnetite “"exsolved”™ from ilmenite is commonly oxidized to
hematite.
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PLATE II.2: Photomicrographs of ilmenite-magnetite intergrowths.

(a) Magnetite containing types (2) and (3) ilmenite "exsolution"
lamellae (darker gray). Finer, type (2) lamellae are punctuated by minute
gahnitic spinel grains. Magnetite is slightly oxidized to hematite (white).
Rito del Medio granite, sample 82QC16. Bar is 100 microns long.

(b) Magnetite (light gray) containing type (3) ilmenite "exsolution"
lamellae., Amphibole~bearing enclave in granite of Cabresto Lake, sample
85QC9. Bar is 100 microns long.

(¢c) Magnetite containing types (2), (4), and (5) ilmenite "exsolution"
products (darker gray) and partially oxidized to hematite (white).
Metaluminous granite of Canada Pinabete, sample 82QCu46.1. Bar is 100 microns

lone,

(d) Magnetite containing types (4) and (5) ilmenite "exsolution"
products, Martitization (white) of magnetite is extensive. Peralkaline
granite of Virgin Canyon, sample 83QC29. Bar is 100 microns long.

Among the Questa plutons, magnetite lamellae in ilmenite occur only
locally in the peralkaline granite of Virgin Canyon; they characterize samples
having a more seriate texture. Magnetite lamellae occur in ilmenite graims of
irregular shape which may be bordered by an irregular and incomplete rim of
sphene (Plate II.3, a and b). This association can be found enclosed or
partially enclosed in alkali amphibole. The magnetite lamellae can be up to
0.005 mm wide when individual and up to 0.04 mm across when coalescent. The
lzmellae are partially oxidized to hematite along their (111) planes.
Magnetite lamellae in ilmenite are found in samples in which ilmenite
“exsolved” from magnetite by oxidation of its Fezrioa component (Plate II.3,

b).
2. REPLACEMENT TEXTURES

a) Textures involving small-scale metasomatism occur locally in the
Questa granitic plutons. In these textures sphene is involved, either as a
teactant (1) or a product (2) to (&).

(1) Granular aggregates of ilmenite grains in different crystallographic
orientations often conform to an obvious lozenge shape and are considered to
represent a replacement of sphene (Plate II.4, a). This texture is found in
the Virgin Canyon and Rito del Medio plutons and in the Red River intrusive
complex. In the Virgin Canyon pluton, ilmenite aggregates are typical of the
marginal facies of the peralkaline granite near its contact with wall-rock
andesite, and of the later metaluminous granite. A sphene grain with an
ilmenite corona was found in the later metaluminous granite (Plate I1I.3, c)
and a sphene relict was also found within an ilmenite aggregate in the
peralkaline granite (Plate II.3, d). In the Rito del Medio granite, ilmenite
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b) Probably the last to occur are oxidation processes which lead to the
formation of hematite plus rutile after ilmenite and hematite after magnetite.

(1) Oxidation of ilmenite to hematite plus rutile has been recognized in
different types of rocks. Buddington (1963) refers to "meta—~ilmenite” in the
Adirondack metamorphic rocks, while Czamanske and Mihalik (1972) describe
“irregular, patchy mats” in the granite of the Finnmarka complex, Norway.
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