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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
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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).
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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<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>