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ABSTRACT

New “"Ar/*Ar ages provide a refined chronological framework for the Taos
Plateau volcanic field (TPVF), northern New Mexico. The TPVF is the largest dominantly
basaltic volcanic field erupted in relation to the reinitiation of extension in the Rio Grande
rift in the middle to late Miocene. The lavas of the TPVF include the volumetrically
dominant highly fluid olivine tholeiites of the Servilleta Basalt and lesser amounts of
andesite, dacite, alkalic basalt, and basaltic andesite. Eighty-six “’Ar/*’Ar ages were
determined from 82 groundmass concentrates step-heated in a resistance furnace and 4
feldspar concentrates analyzed as single crystals with a CO; laser fusion.

The “ Ar/*’Ar ages show that the TPVF erupted regularly from approximately 5.9-
2.1 Ma, followed by a single small eruption at 1.1 Ma at the Mesita vent. Intermediate
composition pyroxene dacite and olivine andesite lavas were erupted episodically from 5.4
- 2.1 Maand 5.9 - 3.3 Ma respectively. These intermediate composition lavas include the
oldest lavas to be erupted within the TPVF. The three members (lower, middle, and
upper) of the Servilleta Basalt erupted from 4.8 - 2.6 Ma. The flows of the Servilleta
Basalt represent the most regularly erupted lavas within the TPVF. The basaltic andesites
and related alkalic basalts erupted primarily from 4.0 - 2.0, with an additional isolated
eruption at 1.03+0.01 Ma (Mesita vent).

The following table compiles the ages for prominent eruptive centers within the

Taos Plateau volcanic field:
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Eruptive Center Age (Ma)zxerror (1)

Cerro Montoso 5.88+0.18
Guadalupe Mtn. 5.34+0.08
Cerro Chiflo 5.32+0.08
Cerro de la Olla 4.974+0.06
Cerro de los Taoses 4 .8440.04
Cerro Negro 4.84+0.05
Tres Orejas 4.84+0.02
Los Mogotes 4.75+0.02
Cerro Mojino 4.32+0.03
No Agua Peak 4.06+0.05
Cerritos de los Cruz 3.94+0.05
Cerro del Aire 3.69+0.03
La Segita Peaks 3.53+0.09
San Antonio Mountain 3.05+£0.05
Red Hill 2.91+0.01
Ute Mtn. 2.70+£0.01
Pinebetoso Peaks 2.34+0.10
Mesita Vent 1.03+0.01

Eruptive activity in the TPVF generally tended to shift to the west and north with
time. The 6-4 Ma volcanic rocks are exposed along the eastern boundary of the TPVF
centered on the Red River gorge area. After 4 Ma the majority of the TPVF volcanism
shifted to the western margin of the field in the Tres Piedras - San Antonio Mountain area.
Two exceptions to this pattern are Ute Mountain and the Mesita vent which erupted after
3 Ma, but lie on the eastern margin of the TPVF, north of the 6-4 Ma lavas and eruptive
centers. Two possible explanations for this shift in volcanism are migration of the zone of

influx of new magma into the system with time, or, more probably, changing fault activity

controlling the spatial distribution of the TPVF lavas.




INTRODUCTION

The Taos Plateau volcanic field (TPVF) is located in the southern end of the San
Luis Basin of the Rio Grande rift in northern New Mexico and southernmost Colorado
(Figure 1). The TPVF is largest of several, primarily basaltic volcanic fields in New
Mexico associated with the reinitiation of rifting in the middle to late Miocene. The
TPVF is geographically related to both the Rio Grande rift and the Jemez Lineament. The
lavas of the TPVF are dominated by the tholeiitic Servilleta Basalts, but dacites,
andesites, basaltic andesites, and alkalic basalts are also present in the field.

Previous geochemical studies [e.g. Lipman and Mehnert, 1979; Zimmerman and
Kudo, 1979; Dungan et al., 1984b; Dungan et al., 1986, McMillan and Dungan, 1986;
McMillan and Dungan, 1993], accompanied by limited amounts of K-Ar dating[Ozima et
al., 1967; Lipman and Mehnert, 1979; Manly, 1979; Baldridge et al., 1980], have
produced a large body of geochemical data on the lavas of the TPVF. This body of data
has been used to develop a model [Dungan et al., 1984b; Dungan et al., 1986; McMillan
and Dungan, 1986; McMillan and Dungan, 1993] for the development and eruption of
the TPVF lavas over its history. This model suggests the presence of a complex plumbing
system beneath the TPVF through which magma was distributed to the various eruptive
centers following periodic influxes of new magma. It is believed that the Servilleta Basalt

represents the parental magma in the system and that its eruptive activity conforms to the

influx of new magma into the system. This has lead to the suggestion that the eruptive




history of the Serviileta Basalt can serve as a chronological basis for the eruptive history
of the TPVF [Dungan et al., 1984b].

The purpose of this study was to obtain more complete and precise
geochronologic data from the lavas of the TPVF to provide increased resolution over the
previous K-Ar studies, which are not sufficient to quantitatively model the geochemical
evolution of the TPVF through time [Dungan et al., 1984a). This is in part due to the
inability of the K-Ar method to provide the precision necessary to resolve the ages of the
frequent eruptions within the study area. The K-Ar dating technique was also not able to
address potential geochronological complications such as the presence of extraneous “Ar
and possible xenocrystic contamination of the TPVF lavas [Ozima et al., 1967; Lipman
and Mehnert, 1979). The *°Ar/*° Ar dating with its demonstrated high precision is ideal
for this type for study [e.g. Baski, 1987; Lanphere, 1988; Mcintosh and Cather, 1994,
Singer and Pringle, 1996; Singer et al., 1997]. Additionally, the **Ar/*°Ar technique’s
ability to produce incremental heating age data can help to detect extraneous Ar and
possible xenocrystic contamination, and in some cases, correct for them in the calculation
of ages [Lanphere and Dalrymple, 1976; Fleck et al., 1977 ; McDougall and Harrison,
1988].

The dates produced in this study have been used to construct a refined eruptive
history for the TPVF lavas. This eruptive history illustrates the temporal relation between
the production of the Servilleta Basalt and lavas of other compositions. This temporal

relation, when combined with the existing geochemical data, may help to better establish

the geochemical evolution of the TPVF lavas with time. These ages also illustrate the




(V)

migration of eruptive activity across the field, possibly tracking the movement of the

magma source over time or indicating changing tectonic controls on volcanic activity.




GEOLOGIC SETTING

Regional Overview

The Rio Grande rift, a major intracontinental extensional structure in the North
American Plate, extends from central Colorado through New Mexico and into northern
Mexico and western Texas where it merges with the southern basin and range [Cordell,
1978]. The rift (Figure 1) is expressed topographically as a series of en echelon, fault-
bounded basins resulting from middle and late Cenozoic extensional deformation. A
well-defined series of axial grabens makes up the northern and central parts of the rift,
which separates the stable platform of the Colorado Plateau from the craton of the Great
Plains. The southern portion of the Rio Grande rift is the site of the earliest and greatest
amount of crustal extension, becoming less distinct as it merges with the southern basin
and range [Chapin, 1979; Cordell, 1982, Seager et al., 1984; Perry et al., 1987].

Geophysical studies of the Rio Grande rift have allowed the lithospheric structure
undeﬂying the rift to be inferred. These studies have shown that the crust of the Rio
Grande rift is generally 30-35 km thick in north and 25-30 km thick in the southern half
of the rift. This thickness is less than either that of the Great Plains (50 km) or the
Colorado Plateau (40-45 km) [Keller et al., 1979; Sinno et al., 1986]. The lithospheric
thickness for the Rio Grande rift region has been interpreted [Sinno et al., 1986; Olsen et

al., 1987] as being the same as, or close to, the crustal thickness. This suggests that the

asthenosphere is near to, or in direct contact with, the crust with little or no intervening
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FIGURE 1. Generalized map of New Mexico showing the study area and its relation to other
volcanic fields and geologic structures discussed in the text (Chapin, 1979; Gornitz, 1982,
Baldridge et al., 1987; McMlllan and Dungan, 1988; Mcintosh et al., 1990; Thompson and

McMillan, 1992).




lithospheric mantle. This indicates in anomalously high temperatures at depth in the
upper mantle beneath the Rio Grande rift.

Tectonic activity associated with rifting began around 30 Ma and occurred in two
major phases [Chapin and Seager, 1975; Seager et al., 1984]. The first was marked by a
major phase of extensional deformation throughout the region. Broad basins formed
bounded by low-angle faults with a pronounced NW trend. At around 20 Ma the tectonic
activity associated with rifting lessened dramatically until around 16 Ma when rifting was
reinitiated. This new phase of rifting was distinguished by development of N-trending,
high-angle faults separating deep, narrow, asymmetric grabens {Chapin and Seager,
1975; Seager et al., 1984; Cather et al., 1994].

Volcanism in the region of the Rio Grande rift began as early as the Cretaceous
and has continued into the Holocene. The Cretaceous magmatism consisted primarily of
plutonism associated with the Laramide deformation [Morgan and Golombek, 1984].
The next regional phase of magmatism occurred during the Oligocene, with eruption of
major silicic fields such as the Mogollon-Datil [Chapin and Seager, 1975, Seager et al.,
1984; Mcintosh et al., 1990] and the San Juan [Lipman et al., 1970; Riciputi and
Johnson, 1989] volcanic fields. These fields are part of the Oligocene-Miocene
“ignimbrite flare-up” and consist primarily of calc-alkaline compositions, and their
activity continued well after the initiation of rifting [Gornitz, 1982]. These fields,

however, are geochemically distinct [Dungan et al., 1984b] from the later Oligocene

volcanism associated with the Rio Grande rift (Figure 1) in their lack of alkali-rich, high-




$i0, rhyolites such as those of the Questa caldera in the Latir volcanic field [Johnson and
Lipman, 1988; Czamanke et al., 1990].

Volcanism directly associated with rifting occurred in two major pulses from 30-
18 Ma and from around 10 Ma to the present. These two pulses are separated by a mid-
Miocene lull in volcanism that coincides with the lull in tectonic activity within the rift
[Chapin and Seager, 1975; Baldridge et al., 1980; Gardner and Goff, 1984; Seager et al.,
1984]. The early 30-18 Ma pulse produced both silicic and mafic volcanism in south-
western and southern New Mexico [Ofsen et al., 1987] and some intermediate to silicic
volcanism such as the Latir volcanic field in northern New Mexico [Johnson and Lipman,
1988; Czamanke et al., 1990].

The majority of the volcanism associated with late stage Rio Grande rift extension
is basaltic {Olsen et al., 1987], although the silicic Jemez and Mount Taylor volcanic
fields are notable exceptions [Luedke and Smith, 1987]. The Mafic compositions include
nephelinite, basanite, alkali olivine basalt, hawaiite, mugearite, and olivine tholeiite. Both
tholeiitic and mildly alkalic lavas have been erupted within the rift axis and on its flanks,
often occurring together within individual volcanic fields [Laughlin et al., 1972, 1982;
Stormer, 1972; Lipman and Mehnert, 1975, 1979; Aoki and Kudo, 1976; Baldridge,
1979, Baldridge et al., 1987]. The compositions cannot be consistently correlated with
the location of the field in relation to the rift structure, although the majority of alkalic
compositions tend to occur in those fields on the shoulders of the rift axis [Lipman and

Mehnert, 1975; Dungan et al., 1983]. This 16 Ma and younger volcanism is voluminous

and widespread. and is temporally associated with tectonic rejuvenation of the rift.




The range of compositions in lavas of the late stage volcanic fields is believed to
be the result of differing depths of generation for parental magmas beneath the rift [Perry
et al., 1987]. Differences in the geochemical signatures of the parental magmas indicates
different sources of the melts within the underlying mantle, as well as varying amounts of
crustal contamination or assimilation. It has been proposed that these correlations, both
geochemical and spatial, were the result of progressive thinning of the crust and
associated upwelling of the asthenosphere. This progressive upwelling resulted in
changing temperatures at the depths the melts were generated, which in turn affected
compositions of the erupted lavas within the volcanic fields [Perry er al., 1987].

The distribution of volcanism is not controlled completely by the structure of the
rift, but also by the Jemez lineament. The Jemez lineament (Figure 1) is an approximately
700 km long northeast trending zone of late Cenozoic volcanic ficlds extending from the
San Carlos volcanic field of Arizona to the Rayton-Clayton volcanic field of northeastern
New Mexico and onto the Great Plains [Laughlin et al., 1976; Smith and Luedke, 1984].
The western part of the Jemez lineament broadly corresponds with the boundary that
separates the extended and thinned lithosphere to the southeast, including the rift, from
the core of the Colorado Plateau to the north [Baldridge and Olsen, 1989]. Structural

studies in the Sangre de Cristo and Picuris mountains indicate that the lineament can be

linked to a zone of Precambrian structural weakness [Nielson et al., 1983].




Taos Plateau Volcanic Field

The Taos Plateau volcanic field (TPVF, Figure 1 and Figure 2) 1s located in the
southern end of the San Luis Basin of the Rio Grande rift in northern New Mexico and
southern Colorado. The TPVF is one of the largest and most compositionally diverse
volcanic fields associated with late-stage Rio Grande rift extension during the last 16 m.y.
[Thompson and McMillan, 1992]. The TPVF was defined initially by Lipman and
Mehnert (1975, 1979) as a distinct volcanic feature within New Mexico. Previously, the
lavas of the TPVF had been classified as the volcanic members of the Servilleta
Formation by Butler (1946). The lavas of the TPVF cover approximately 15,000 km® of
the San Luis Basin, an asymmetric, actively subsiding basin [Dungan et al., 1984;
Thompson and McMillan, 1992]. The basin is bounded to the east by a major fault system
against the Sangre de Cristo Mountains, and to the west by the Tusas Mountains which
consist of Precambrian metamorphic rocks overlain by eastward-tilted early-and pre-rift
volcanic and sedimentary units [Lipman and Mehnert, 1979; Dungan et al., 1984a;
McMillan and Dungan, 1988].

Exposures of volcanic units that predate the eruption of the TPVF lavas are
present within the TPVF. These older units were erupted prior to and during the initial
phases of extension and are not directly related to the TPVF lavas [Thompson and

McMillan, 1992]. They are dominated by 26 - 22 Ma calc-alkaline lavas and pyroclastic

flows associated with the nearby Latir volcanic field. These outcrops are exposed within
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the TPVF on intra-rift horsts at Brushy and Timber mountains (Figure 2) [Thompson et
al.. 1986]. The time span from 20-10 Ma was marked by a mid-Miocene lull in both
volcanic and tectonic activity in the northern Rio Grande rift. The few volcanic units
erupted during this period include minor intrusions and lavas exposed on the flanks of the
rifts from the nearby Tusas and Sangre de Cristo Mountains [Thompson and McMillan,
1992].

Plio-Pleistocene volcanic rocks within TPVF are volumetrically dominated by
three lithologies, the tholeiitic Servilleta Basalts (>200 km’), pyroxene dacites (31 kmz),
and olivine andesite (26 km") [Ozima et al., 1967, Lipman and Mehnert, 1979; Thompson
and McMillan, 1992]. Smaller amounts of silicic alkalic basalts, xenocrystic basaltic
andesite, and rhyolite are also present [McMillan and Dungan, 1988]. Previous K-Ar
studies of TPVF [Ozima et al., 1967; Lipman and Mehnert, 1979; Baldridge et al., 1980]
have suggested that the field was active from 4.5 to 1.8 Ma and that the majority of the
basaltic volcanism in the TPVF occurred during three major episodes that produced the
three members (Upper, Middle, and Lower) of the Servilleta Basalt [Dungan et al.,
1984b; Dungan et al., 1986] from 4.5 to 3.0 Ma [Ozima et al., 1967, Lipman and
Mehnert, 1979; Baldridge et al., 1980].

The three pulses of Servilleta Basalt activity are defined by the eruptions of three
major chemical varieties of basalts, the primitive LSKI (Low Silica, K,0, Incompatible
trace elements; Dungan et al., 1986) basalts, more evolved tholetitic basalts, and the San

Cristobal lavas [Dungan et al., 1984b; Dungan et al., 1986; Thompson and McMillan,

1992]. The first of these, the LSKI are the most primitive compositions erupted in the
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TPVE. The second type, the tholeiitic basalts, are slightly higher in SiO, and
incompatible trace elements then the LSKI basalts. The San Cristobal lavas have the
highest concentrations of incompatible trace elements, SiO,, and K,O of all the Servilleta
Basalt compositions. The San Cristobal lavas have been modeled as mixtures between
more typical Servilleta Basalts and magmas compositionally similar to the pyroxene
dacites and olivine andesites of the TPVF [Dungan et al., 1986; Thompson and
McMillan, 1992]. The lower Servilleta Basalt consists of lava flows spanning
compositions from LSKI to tholeiitic. The oldest lavas of the lower Servilleta Basalt are
mostly LSKI in composition and become more tholeiitic with time. The middle Servilleta
Basalt inclydes a few small flows of the LSKI and tholeiitic compositions, but is
dominated by massive flows of the San Cristobal lavas. The upper Servilleta Basalts are
similar to the lower Servilleta Basalts in compositional diversity.

Intermediate composition lavas (pyroxene dacites and olivine andesites) were also
being erupted during the same interval as Servilleta Basalt activity. Stratigraphic
relationships from the Red River and Rio Grande gorges [McMillan and Dungan, 1986]
show that the eruption of intermediate lavas was contemporaneous with emplacement of
the three members of the Servilleta Basalt. According to Lipman and Mehnert (1979)
these intermediate lavas became more prevalent toward the end of each subsequent pulse
of Servilleta activity, and continued on until 1.8 Ma, after the Servilleta basaltic activity
ceased around 3.0 Ma. Minor amounts of silicic alkalic basalts and xenocrystic basaltic

andesites were also erupted during the last stages of Servilleta activity and later as well.

Two additional lava compositions erupted were the rhyolite of No Agua (3.9 Ma, K-Ar
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by Lipman and Mehnert, 1979) and the quartz latite of Cerro Chiflo (5.32 Ma, this study).
These two centers appear as isolated occurrences, with no similar lavas found elsewhere
in the TPVF [Thompson and McMillan, 1992].

A crude, concentrically zoned distribution to the vents of the TPVF (Figure 2)
was described by Lipman and Mehnert (1979). In this zoned pattern the basalt cones of
the TPVF were erupted in a group of low shields along the western margin of the field,
andesitic lava centers form a partial ring around the basalt vents, and the dacitic shields
are located on the margins of the field. The largest of these dacitic shields (San Antonio,
Ute, and Guadaloupe Mountains) developed on older shields of olivine andesites. Lipman
and Mehnert (1979) suggested that this distribution of vents, combined with existing
dates and geochemical data, indicated a close genetic relationship among the TPVF lavas.
Lipman and Mehnert (1979) suggested that the source of the TPVF lavas was an area of
higher temperatures in the upper mantle underlying the TPVF that experienced partial
melting, resulting in the formation of basaltic magmas. The more silicic magmas
represent fractional crystallization of magmas that resided in chambers and also
assimilated crustal material over time.

The contemporaneous production of varied TPVF lavas, the pattern of the vents,
and the demonstrated mixing of parental LSKI basalt and dacite [McMillan and Dungan,
1986] are interpreted as indicating that the magmas of the TPVF evolved in a unified or
interconnected magmatic system. Geochemical studies [Lipman and Mehnert, 1979;

Dungan et al., 1986; McMillan and Dungan, 1986] have shown the dacites erupted early

in the history of the field do not significantly differ in geochemical or mineral
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composition from those erupted late in the history of the TPVF activity. Also, the
parental LSKI Servilleta basalts were erupted during all three basaltic pulses, which
indicates that similar petrogenetic processes were active throughout the lifetime of the
magmatic system. Thus Dungan et al. (1986) and McMillan and Dungan (1986)
suggested that a complex system of interconnected magma chambers existed under the
TPVF. This system received periodic recharge from the upper mantle, and crystal
fractionation, assimilation of crustal material, and mixing within these chambers 1s
responsible for the variation seen in the compositions of the TPVF lavas [Thompson and
MeMillan, 1992]. They also suggested that the distribution of the vents on the surface is
related to clustering of chambers, and that the marginal vents that erupted silicic lavas

were more isolated from the mafic magma source than the basaltic centers clustered in the

center of the TPVF.
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FIELD AND ANALYTICAL METHODS

A total of ninety-three samples for Yar Ar age analysis were collected from
unweathered interiors of lava outcrops of the Taos Plateau volcanic field. Seventy-four
samples were collected from eruptive centers, and nineteen samples were collected from
lava flows not physically associated with locatable eruptive centers. These samples were
collected to allow the inclusion of lavas erupted from sources that have been buried by
younger lavas. Twelve of these samples were collected from flows of the Servilleta Basalt
in four locations in the Rio Grande Gorge: near its northern end at Old State Bridge,
Dunn Bridge at Arroyo Hondo, 1.6 miles south of the Rio Grande Gorge Bridge, and near
the southern edge of the gorge at Rinconada.

YAr P’ Ar age determinations were made on 89 groundmass concentrates and 4
feldspar mineral separates. Sample preparation began with crushing and then sieving to
obtain material of the desired size. The groundmass concentrates were sized to one of
three ranges: 850 to 500, 425 to 300, or 300 to 250 um. The smaller sizes were used for
samples with small phenocrysts or potential contamination from xenocrystic material.
The feldspar concentrates were sized to the 425 to 300 um range.

Both feldspar and groundmass concentrates were passed through a Frantz
magnetic separator to remove any strongly magnetic material, and to remove
noncrystalline material in the case of the feldspar separates. Next the samples were

ultrasonically cleaned in a solution of 10% hydrochloric acid (groundmass) or 15%

hydrofluoric acid (feldspar) and then rinsed in deionized water. The washing removed
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any carbonate and clays that may have been present in the samples, as well as removing
any glass or groundmass from the feldspars. After washing, the groundmass concentrates
were evaluated under a binocular microscope and hand-picked to remove phenocrystic or
xenocrystic material. Once washed, feldspar separates were processed in lithium
metatungstate solutions to remove phases of unwanted densities, and finally hand-picked
and inspected under a microscope.

Completed separates were packaged in aluminum disks and sealed into glass vials
with Fish Canyon Tuff feldspar (FC-1, 27.84 Ma [Deino and Potts, 1990] relative to
Mmhb-1 at 520.4 Ma [Samson and Alexander, 19787]) as a monitor of neutron flux (J-
values), along with potassium and calcium salts for measuring interfering nuclear
reactions produced during irradiation. Samples were irradiated at the research reactor
facility at Texas A&M in four separate irradiations (Table A).

All A Ar analyses were performed in the New Mexico Geochronological
Research Laboratory at New Mexico Institute of Mining and Technology in Socorro,
New Mexico. Isotopic ratios were measured by a Mass Analyzer Products (MAP) 215-50
mass spectrometer utilizing an electron multiplier with an effective gain of approximately
10,000, giving a net sensitivity approximately 2x107™" moles/pA. The mass spectrometer
was connected to a two-stage all-metal vacuum extraction line with two options for
heating samples: a CO, laser and a Ta double vacuum resistance furnace capable of
reaching 1750°C. The first stage of the extraction line contained a SAES AP-10 getter

(later changed to a SAES GP-50) and the second stage a SAES GP-50 getter to remove

reactive, non-noble gases from the sample gases.
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Sample analysis was carried out using one of the two sample heating options
based on the material being analyzed. The CO, laser was used to fuse single crystals of
feldspar. The gas produced was passed through the second stage only and exposed to the
SAE GP-30 getter for 3 minutes before being expanded into the mass spectrometer. The
resistance furnace was used to heat 100 to 50 mg groundmass concentrate samples.
Heating schedules for these samples consisted 9 to 15 steps and from 600 to 1750°C. The
gas was held within the first stage getter for 6 minutes then expanded into the second
stage and exposed to its getter for 5 minutes before being introduced into the mass
spectrometer. Data for analysis was corrected for the extraction line blank. The YAr,

? 9Ar, 3'SAr, 37Ar, and “®Ar blanks for furnace analyses averaged 839.1,4.1,0.9,1.9,3.9x
107"® moles. The 4OAr, 39Ar, 38Ar, 37AI, and *°Ar blanks for laser analyses averaged 118.2,
26,0519, 1.6x 10" moles.

Irradiation parameters were calculated using the FC-1 monitor loaded in the
aluminum disks with the samples. Six single crystals of the FC-1 monitor were taken
from each monitor position and fused individually in the CO, laser to determine the J-
values for each irradiation. These values were averaged, yielding standard deviations in J-
value per monitor location typidally less than £0.25% (1o). The J-values were calculated
for each sample position around the circumference of the irradiation disk and applied to
the appropriate samples during analysis.

All “Ar”’Ar ages were determined using the decay constants recommended by

Steiger and Jager (1977). Uncertainties in ages are reported at the 1o level and include

errors in J-values, isotope measurements, correction factors and background. All data is
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shown in complete detail in Appendix A and as spectra and isochrons (step-heating) or
probability distribution diagrams (laser) in Appendix B. Age spectra and ideograms are
accompanied by plots of K/Ca (a function of measured 7 A1/’ Ar) and radiogenic yield (

the percent of measured “Ar that cannot be attributed to trapped argon of atmospheric

compositions, assumed 4()Ar/36Ar=295.:">).
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RESULTS

Single-Crystal Total-Fusion Analyses

Four feldspar separates from the No Agua Peaks rhyolite were analyzed by single-
crystal total-fusion of twenty-five grains from each sample in the CO, laser extraction
system (Appendix A). Probability distribution diagrams with auxiliary plots of K/Ca and
radiogenic yield (Appendix B) were plotted to help evaluate the ages of individual
analyses for a given sample. Analyses that varied significantly from the mean age and/or
had anomalous K/Ca or radiogenic yield values were eliminated from the data set.
Weighted mean ages were then calculated from the edited data set by weighting the
individual analyses by the inverse of their variance [Samson and Alexander, 1987].

The main criteria used to eliminate analyses from the data set was radiogenic
yield. Analyses with radiogenic yields greater 100% or less then 60% were eliminated.
Anomalously high yields were likely the result of inaccurate blank measurement and
subsequent correction for atmospheric *Ar in the sample, causing the percent of
radiogenic “Ar to be overestimated. Low yields resulted from samples that had low
signal to blank ratios (low total gas yields) and high associated errors. K/Ca ratios for the
overall data set of single-crystal analyses averaged approximately 0.27, with a few values
as high as 9. The lower K/Ca values indicate that the samples consisted mostly of
plagioclase, with rare sanidine or other high-potassium phases being present. The

majority of the crystals with higher K/Ca ratios were eliminated because they often had

low gas yields or problematic radiogenic yields (<60% or >100%).
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Weighted mean ages for single-crystal total-fusion samples (Table 1) ranged from

51 - 4.22 Ma with 1o errors from +0.05 - 0.14 Ma. The ages of two samples (RA-004

-
By
-

and RA-005) were within 1o of each other, the remaining two samples (RA-001 and RA-

003) have large errors and mean ages that differ by more than 1o in age from the other
wo samples and each other. Ages for samples RA-004 and RA-005 are assigned
moderate confidence levels and believed to be representative of eruption ages, where as
the ages for RA-001 and RA-003 were assigned low confidence levels and excluded from

further discussion.

Furnace Step-Heating Analyses

Results for the eighty-nine samples (Appendix B) analyzed by step-heating in the
resistance furnace were first plotted as spectra accompanied by auxiliary plots of
radiogenic yield and K/Ca ratios. The spectra were then examined to see if they met the
criteria for plateau selection. Plateaus in spectra were defined as three or more contiguous
steps, totaling more than 50% of the *Ar released, that agreed within analytical error at
the 95% confidence level (Fleck et al., 1977). Plateau ages for the 61 samples that met
plateau criteria were calculated by weighting of the steps in the plateau by the inverse of
their variance. Next, preferred ages were calculated for fifteen of the remaining spectra by
using steps that differed by slightly more then 2c or that totaled somewhat less then 50%
of the 39Ar released. Preferred ages were calculated from the inverse-variance-weighted
average of the selected heating steps. The remaining thirteen samples yielded highly

disturbed spectra for which no plateau or preferred ages could be calculated.
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Inverse isochrons were also plotted for all the samples analyzed by step-heating,
and accompany the appropriate spectra in Appendix B. Inverse isochrons are plots of the
36 Ar/**Ar versus the **Ar/**Ar ratios of a sample and offer an alternative means to
calculate ages from the step-heating data, as well evaluating whether the trapped argon
component has a atmospheric composition (40Ar/36Ar=295.5), an assumption implicit in
the age spectrum plot. The isochron ages (Table-B, Appendix B) are assigned errors at
the +16 level and are accompanied by values for MSWD and *°Ar/*°Ar intercept. MSWD
or mean standard weighted deviation is a measure of the closeness of fit of the individual
data points to a linear regression line. An MSWD cut-off of 10 was selected as the
minimum acceptable level for the data sets to compensate for possible under estimation
of error in correction factors. This is seen in the relatively small associated error elipses
for the individual data points resulting in artificially high MSWDs to apparent linear data
sets. Initial “Ar/*®Ar intercepts values for many of the spectra were greater than 300.
After editing the data by removing steps that appeared to have high associated errors due

to low gas yield or other complicating factors, the average O arfe

Ar intercept more
closely approach the atmospheric value of 295.5. MSWD values in the initial plots ranged
from around 600 to I, with the majority falling between 20 and 1. After editing, MSWD
values tended to decrease, dropping the average range to approximately 10 to less than 1.
Eruption ages (Table 1) for the step-heated samples were assigned one of four
confidence levels (high, moderate, low, and none) as indicators of their accuracy and

precision. The confidence levels were assigned on the basis of several properties of the

spectra and isochrons for each sample(Table 2). These factors include agreement between
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spectra and isochron ages, behavior of radiogenic yields and K/Ca ratios, relative errors
of the steps used in calculating plateau and preferred ages for spectra, error on the final
ages, A1/ Ar intercept, and MSWD values, The cited confidence levels are used in this
study as a tool for weighting the relative worth of a particular eruption age in the creation
of a more detailed eruptive history for the TPVF.

Forty-eight of the eighty-nine step-heated sample ages were assigned a high
confidence level (Figure 3A-E). Greater than 90% of these samples had both spectrum
(plateau or preferred) and isochron ages that agreed within 2o of each other. All had
uniformly high radiogenic yields (>60%) and relatively constant K/Ca ratios. Samples
that yielded preferred ages in some cases had K/Ca ratios that decreased by an order of
magnitude from their lowest to highest temperature heating step. Most of the ages had
associated errors that were £2-5% at the 16 level. Two samples that were assigned high
confidence levels failed to yield plateau or preferred ages, but did yield isochron ages that
had acceptable MSWDs (<10) and errors from 2-5% at the 1o level. These samples on
average had “ A1 Ar ratios that indicated a high trapped component (>295.5), uniformly
distributed throughout the sample. The remaining high confidence level samples had
MSWD values averaging less than 10, with *°Ar/*°Ar ratios that were within 26 of the
atmospheric value 0f 295.5.

Fourteen of the eighty-nine step-heated sample ages were assigned a confidence
level of moderate (Figure 3F-G). These samples had spectra that showed higher average

errors than the high confidence samples, typically around 10% at the 1o level. The

radiogenic yields for these samples were also not as high, typically ranging from 10-40%
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RA-012, basaltic andesite, No Agua roadeut, groundmass concentrate
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RA-027, Servilieta Basalt, Dunn Bridge, groundmass concentrate
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Figure 3. Examples of spectra and isochrons
generated by step-heating analyses of
groundmass concentrates in this study and
their associated confidence levels- high (A-E),
moderate (F-G), low (H-I), and none J-K) The
grey steps on the spectra were used to
calculate plateau or preferred age. The dotted
line on the isochron represents the best fit line
for the edited data set.
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overall. The final MSWD values for these samples were closer to the cutoff value of 10
then those of the high confidence level. The CarlAr intercept ratios were also higher,
typically ranging from 300-320 after editing. The spectra and isochron ages were
generally within 2o of each other. The eruptive ages, except for two, are isochron or
edited isochron ages, because the Oar/CAr intercept values indicated that the assumption
of a trapped atmospheric component of **Ar/”°Ar = 295 5 implicit in the construction of
the age spectrum was incorrect.

Twenty of the remaining sample ages were assigned a low confidence level
(Figure 3H-I). These samples typically had low radiogenic yields (<15%) and analytical
errors of 10-15% at the 1o level. The plateau or preferred ages and isochron ages were
generally not within 26 of each other. The MSWDs of these samples were close to or
higher then the cut-off value of 10 even after editing. The *°Ar/*®Ar intercepts generally
ranged from 300-330 after editing. The plateau or preferred ages were chosen as the
eruptive age if the isochron ages agreed within 26. The uniformly low radiogenic yield
caused the points to form tight clusters on the gas isochron plots. Because of this
clustering due to low radiogenic yield and large analytical errors, ages and “°Ar/*’Ar
values for these samples are strongly affected by any editing of the data sets.

The remaining seven sample ages were assigned a confidence level of none
(Figure 3J-K). These samples did not yield a plateau or preferred age and had isochron
ages with associated errors greater £20%. The MSWD values for these samples were
generally greater then 30-40 even after editing. The **Ar/*°Ar intercepts for theses

samples varied from 295 to 327. Radiogenic yields for these samples were typically




around 10%, but in some cases as low as 5%. The low radiogenic yields of these samples
. . . : : 36

may reflect alteration of interstitial glass. The high MSWD and varying YA P Ar

intercepts may indicate that these samples contain variable trapped components that are

not homogeneously distributed in the sample.

Summary of Results

A total of ninety-three samples (See Figure 2) were analyzed, 4 feldspar separates
by single crystal laser fusion and furnace step-heating of 89 groundmass concentrates,
producing 86 acceptable CarPAr ages for the Taos Plateau volcanic field. Ages were
calculated using weighted means for samples analyzed by single-crystal total-fusion, and
from isochron plots and age spectra of the step-heated samples. These ages range from
17.54 to 1.03 Ma, primarily falling between 5.88 and 2.10 Ma. Errors at the 1o level for
these samples range from =0.01 to £0.46 Ma, but most are less than £0.15 Ma. A
complete summary of ages is given in Tables 1.

A comparison of ages produced by previous K-Ar studies (Figure 4) shows that
the *"Ar/*’ Ar ages for this study tend to be older, and show considerably less error at the
lo level. The ages from the two techniques however fall on the 1:1 line at the 1o level,
except for Cerro de la Olla, Guadalupe Mountain,San Antonio Mountain and Cerro
Chiflo. The ages for Guadalupe and San Antonio Mountains lie close enough to the 1:1
line to allow them to be grouped with the other samples. The age for Cerro Chiflo is
significantly younger then the previous K-Ar and most likely is the result of better

correction for extraneous argon that may have been present in the sample that the K-Ar
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technique was unable to compensate for in its age calculation. The significantly older age
for Cerro de la Olla, however, is not due to the same factor. If it was the K-Ar would be
older, not younger as is the case. It is possible that some analytical correction made in the
9 Ar/* Ar technique either allowed a better estimation of the age, or else artificially
increased the *"Ar radiogenic used to calculate the sample age in the sample. It is also

possible that this may also be affecting the ages for San Antonio and Guadalupe

Mountains.




ERUPTIVE HISTORY

Servilleta Basalt

Lavas of the Servilleta Basalt are volumetrically dominant erupted in the TPVF
and cover the largest portions of the study area. Previous workers [Ozima et al., 1967,
Lipman and Mehnert, 1979; Dungan et al., 1984b] based the bulk of their interpretations
of the eruptive history of the Servilleta Basalt upon the thick sections of flows exposed
within the Rio Grande gorge. Early K-Ar dates from the Dunn Bridge area by Ozima ef
a/. (1967) indicated an eruptive age range for Servilleta Basalt of approximately 4.5 - 3.6
Ma. Geochemical analysis of the flows of the Servilleta Basalt by Lipman and Mehnert
(1979) and later by Dungan et al. (1984b) showed that the lower, middle, and upper
members of the Servilleta Basalt were erupted in three distinct geochemical pulses. All
the known vents of the Servilleta Basalt and the volumetric majority of its flows,
however, occur outside the immediate vicinity of the Rio Grande Gorge and are generally
ignored in most discussions of the eruptive history of the Servilleta Basalt. One goal of
this study is to expand the record of eruptive history of the Servilleta Basalt to include
these vents and lavas, and not restrict it to samples collected from within the gorge as in
previous studies.

Stratigraphically distributed samples from the Rio Grande Gorge were collected at
four locations and correlated with the sections described by Dungan et al. (1984b). The
four locations sampled were at the northern end of the gorge near the Old State Bridge in

Colorado, the Dunn Bridge at Arroyo Hondo, 1.6 miles south of the Rio Grande Gorge

—
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Bridge, and west of Rinconada at the southern end of the gorge. The sample collected
from the Old State Bridge produced an age of 3.72+0.11 Ma. Four samples were
collected from flows along the road from Dunn Bridge to the western rim of the gorge.
One of these samples (RA-029) did not yield a usable age. The remaining three samples
had ages of 4.33+0.02 (base of the gorge-middle Servilleta), 3.92+0.05 (approximately
half way between the rim and base-middle Servilleta), and 2.93+0.14 Ma (rim-upper
Servilleta). Six samples were collected from the Rio Grande Gorge Bridge location from
the upper and lowest flows for each member of the Servilleta Basalt at this location. The
Lower Servilleta ages here were 4.81+£0.03 and 4.68+0.04 Ma for the highest and lowest
flows respectively. The middle Servilleta lava produced an age of 4.03=0.03 Ma for the
lowest flow at this location, the upper flow (RA-133) produced an age of 3.23+0.12 Ma.
This age has a low confidence level and violated stratigraphy by being younger then the
overlying upper Servilleta flow; it is not considered accurate. The upper Servilleta lavas
sampled produced ages of 3.60+0.04 and 3.12+0.13 Ma. The two samples collected near
Rinconada vielded ages of 3.39+0.32 and 2.81+0.13 Ma. These ages show a range of
activity for the Servilleta Basalt within the gorge area of approximately 4.8 - 2.8 Ma.
Samples collected from flows outside the immediate vicinity of the gorge,
however, show a much narrower range of ages of approximately 3.7 - 2.6 Ma. This
indicates that the majority of the exposed flows of the Servilleta basalt erupted after
approximately 3.7 Ma, probably covering older vents and flows. The youngest dated
Servilleta flows are in the area around San Antonio Mountain (2.61+0.17, 2.75+0.09, and

3.00£0.06 Ma). A sequence of flows near No Agua Peaks have an age of 3.43+0.09 Ma.

—



Ages for the Servilleta vents at La Segita Peaks (3.530.09 Ma), San Antonio Mountain
area (3.38£0.19 Ma), and the Cerro del Aire area (3.67+0.04, 3.55+0.02, 3.544:0.02 Ma)
show a clustering in eruptive activity around 3.7 - 3.4 Ma. The remaining two Servilleta
ages are the oldest for the Servilleta Basalt outside of the gorge. These two ages are at
Commanche Rim (4.63+0.09 Ma) and Cerro Mojino (4.32+0.03 Ma), near the southern
end of the TPVF.

The distribution of Servilleta Basalt ages indicates that the oldest exposed flows
occur in the central area of the Rio Grande gorge and near the southern and eastern edges
of the field. The youngest dated flows of the Servilleta Basalt, as well as all of the
identified vents, are exposed along the western margin of the field in the San Antonio
Mountain area. This distribution suggests that the center for eruptive activity of the
Servilleta Basalt shifted to the west, away from the gorge and towards San Antonio
Mountain, producing lavas that covered many of the earlier erupted flows. This apparent
trend may have been aided by ponding of the earlier Servilleta basalts in the area of the
present day Rio Grande gorge. The vents of the Servilleta Basalt in the western half of the
field also appear to cluster not only in time, but also spatially along a linear north-south
trend from the Cerro del Aire area to just northeast of San Antonio Mountain.

The ages for the Servilleta Basalt indicate a range of eruptions from
approximately 4.8 - 2.6 Ma with no major hiatus in activity (Figure 5). Geochemical data
from previous studies of Servilleta Basalt flows in the gorge indicate three distinct phases
of lava production, interpreted as three distinct pulses of Servilleta activity. The CArAr

ages (Figure 5) do not demonstrate any definite gaps in the eruptive history, although a



(9861) 10 12 uvSun(y &q paugap Afeonuayoeas Jeseq BIAIAIRS 24} JO SIDQUIDW 305y}

ays Jo uondnia ayy 10§ saBues aFe ayeunxoidde 1idep joid agppiu ayy uo seare papeyg 'sIeq JO1I9 S|

i joquiss &q pajordap pue soquinu sjdures £q pagnuapi aie saSy -(107d 1mo]) 1eseg BIR[[IAIRG 2}

JO sju2A pagnuap} woy pue ‘(10id 3jppuu) 8100 spueiny ory 2y ut suondass (1oyd 1addn) smop oy pajoaor sajdures
10y a5uer 3¢ moys $30[d [ENPIAIPUT “JAJL Y} UIHA ANATIOR J[eSEE BID[IAISS JO awm ySnoy uonnquisiqq s TUNOIA

bT
6L—@— .
SINFA

1€

JOMOT

I_mm_

iy
Ll

08
SMOT4




short lull (0.3 m.y.) may have occurred between the lower and middle members at the
Gorge Bridge section. This may simply be an artifact of the sampling however, and not a
real hiatus in the eruption of Servilleta composition basalts. Thus, A Ar ages do not
support the theory that the geochemically defined lower, middle, and upper members

represent distinct temporal eruptive pulses.

Pyroxene Dacites

Ages for the eruption of pyroxene dacites lavas (Figure 6) in the TPVF show an
episodic pattern, as opposed to the more regular Servilleta Basalt activity. Two distinct
pulses of eruptions are seen in Figure 6, the first lasting from 5.4 - 4.1 Ma and the second
from 3.0 - 2.1 Ma. The eruptions of the first pulse are concentrated along the Rio Grande
Gorge in the central clustering of vents near the Red River Gorge. These vents include
Tres Orejas (4.84+0.02 Ma), Guadalupe Mountain (5.34+0.08 Ma), UCEM (unnamed
cerro east of Montosa, 4.11£0.13 Ma), and Cerro Negro (4.84+0.05 Ma). Additional early
pyroxene dacites are found as small, low shields north of Cerro Chiflo in the Cerro de la
Olla area (4.47+0.03 Ma), the San Cristobal Ranch south of Cerro Montosa (4.28+0.07
Ma), and in the Servilleta Plaza quad west of Tres Orejas (4.69+0.06 and 4.27+0.11 Ma).
There appear to be no exposed pyroxene dacites lavas erupted within the TPVF from 4.1
Ma until around 3.0 Ma. The activity at 3.0 Ma is marked by the 3.0 - 2.9 Ma eruptions of
lavas at San Antonio Mountain and the 2.7 and 2.1 Ma lavas of Ute Mountain.

The spatial distribution of the pyroxene dacite activity is similar to that of the

Servilleta Basalts. The oldest pyroxene dacite lavas are in the vicinity of the gorge in the
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came area as the oldest Servilleta Basalt flows. The lavas of the younger pulse are
exposed along the northwestern boundary of the field at San Antonio Mountain, as well
as along the northeastern boundary at Ute Mountain. The oldest pulse of pyroxene dacite
eruptions was prior to and concurrent with eruption of the lower Servilleta Basalt flows,
then died out shortly after the beginning of the middle Servilleta Basalt eruptive period.
The final episodes commenced near the end of upper Servilleta activity and continued
until approximately 2.1 Ma, 0.4 m.y. later than the last dated Servilleta Basalt.

It is possible that the apparent distribution of ages of the pyroxene dacites is
influenced by the eruption of Servilleta Basalt flows which buried earlier erupted
pyroxene dacite lavas. However, sections from within the Rio Grande Gorge do not show
significant interlayering of flows of intermediate composition lavas and Servilleta Basalt
flows except within the Red River Gorge (McMillan and Dungan, 1986; McMillan and
Dungan, 1988). The flows of intermediate lavas, such as the pyroxene dacites, apparently
tended to form shield volcanoes, and not flow far from their sources. All of these cones
appear to have had sufficient topographic relief to prevent burial by later Servilleta Basalt
flows. If any pyroxene dacites erupted during the 4.2 - 3 Ma apparent hiatus, they were
probably small in volume and very low in topographic relief, allowing burial by

subsequent Servilleta lavas.

Olivine Andesites

The eruptive history of the olivine andesites (Figure 6) of the TPVF is also

episodic, consisting of two pulses preceded by a single older event. The oldest olivine
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andesite erupted is Cerro Montoso at 5.88+0.18 Ma, marking the earliest eruptive activity
in the TPVF. The two distinct pulses occurred from 5.0 - 4.8 Maand 3.7 -2.9 Ma. The
first pulse consists of Cerro de los Taoses (4.84+0.04 Ma) and Cerro de la Olla
(4.97+0.06 Ma) in the central cluster of vents near the Rio Grande Gorge. The second
pulse consists of Cerro del Aire (3.69+0.03 Ma), a vent just north of No Agua Peaks
(3.37+0.08 Ma), and an andesite on San Antonio Mountain (2.92+0.05 Ma). No olivine
andesite eruptions are recorded in the time between 5.8 and 5.0 Ma, between 4.8 - 3.7
Ma, or after 2.9 Ma.

The spatial distribution of olivine andesites versus their ages shows similar trends
to those seen in the Servilleta Basalt and the pyroxene dacites. The oldest erupted lavas
are within the clustering of vents near the Rio Grande Gorge. The youngest lavas were
erupted to the northwest in the area of San Antonio Mountain and Tres Piedras. This
distribution again suggests that the center of cruptive activity shifted during the eruptive
history of the TPVF. The shift occurred during the 4.8 - 3.7 Ma hiatus between the two
distinct pulses of olivine andesite activity. The initial olivine andesite activity predated
the Servilleta Basalt. The older of the two distinct pulses occurred during the same time
span as the eruption of lower Servilleta Basalt composition lavas, while the younger was

coeval upper Servilleta Basalt.

Basaltic Andesites
The basaltic andesites and associated alkalic basalts of the TPVF erupted in four

distinct pulses (Figure 6). The oldest basaltic andesites are those of the Cerritos de la
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Cruz near San Antonio Mountain at 3.94+0.05 Ma. From this point no additional basaltic
andesites appear to have been erupted until around 2.9 - 2.8 at Red Hill (2.91+0.01 Ma)
and the northeastern flank of San Antonio Mountain (2.86+0.07 and 2.82+0.11 Ma). The
next pulse of basaltic andesite activity occurred from 2.5 - 2.1 Ma at Pineteboso Peaks
(2.47 £0.13 and 2.34+0.10 Ma) and La Segita Peaks (2.13=0.03). The final dated basaltic
andesite event is the eruption of the Mesita vent (1.03+0.01 Ma) which represents the
youngest volcanic activity in the TPVF.

The spatial distribution of the basaltic andesites is primarily restricted to the area
near San Antonio Mountain. The location of these vents agrees with the general trend of
the less than 3.7 Ma lavas being erupted in the northwestern portion of the TPVF. The
Mesita vent is an exception to this trend, instead being located north of Ute Mountain
along the northeast margin of the TPVF. In relation to the eruption of the Servilleta
Basalt, the first two pulses occurred near the end of the age ranges for the middle and
upper Servilleta Basalts. The third pulse occurred after the cessation of Servilleta activity,
but during the time-span of pyroxene dacite activity at Ute Mountain. The final eruption
of the Mesita vent occurred almost 1 m.y. after the cessation of all other activity in the

field.

Other Lavas
A small number of lavas in the TPVF do not fall into one of the four major
, compositional categories discussed above. These lavas include the rhyolite of No Agua

Peaks (4.06+0.05 Ma), the quartz latite of Cerro Chiflo (5.32+0.08 Ma), the tholeiitic

-—
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pasalts of Los Mogotes (4.75+0.02 Ma), the basalts of Mesa Vibora (4.49+0.012.
4.3340.10. and 4.03+0.19 Ma), and two older basaltic andesites (17.47+ 0.03 Ma)
exposed by faults in the Cerro de la Olla area and at Cerro Montosa. Only No Agua Peaks
and Cerro Chiflo are classified as part of the TPVF by previous workers. The remaining
vents have not previously been included in the TPVF because they lacked a common
geochemical link with the other Plio-Pleistocene volcanic units of the area. Despite the
geochemical differences, the geochronology and spatial distribution of these vents argues
for their inclusion in the TPVEF.

The age of Cerro Chiflo correlates with its position in the cluster of older vents in
the Red River Gorge area on the eastern boundary of the TPVF. No Agua, however, 1s
slightly older (4.1 Ma) than other lavas and vents on the western margin of the TPVF. All
ages in the vicinity of No Agua are younger than 3.7 Ma with the exception of the
Cerritos de la Cruz at 3.9 Ma. Geochemical data, however, indicates no strong petrogenic
link between the No Agua Peaks lavas and those of the rest of the TPVF, suggesting that
while it was erupted during the time span of the TPVF, it may not be result of the same
magma plumbing system that is believed to have produced the other TPVF lavas [Lipman

and Mehnert, 1979].

Summary of Temporal and Spatial Trends in TPVF Volcanic Activity
The volcanic activity in the TPVF began with the eruption of Cerro Montoso at

5.9 Ma and continued with no major breaks in eruptive activity until 2.1 Ma (Figures 6

and 7). The final eruptive event occurred at 1.0 Ma at the Mesita vent after a lull of 1.1
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million years. The geochronology of the TPVF indicates frequent eruptions of lavas
during this time span. The olivine andesites, pyroxene dacites, and basaltic andesites
display an episodic nature to their eruptions. In contrast, the Servilieta Basalt lavas
display no episodic behavior, but instead have an almost uninterrupted eruptive history
from 4.8 - 2.6 Ma.

The oldest lavas (5.9 -5.0 Ma) within the TPVF are the olivine andesites and
pyroxene dacites clustered in the area of Cerro Chiflo along the Rio Grande Gorge. From
5 - 4 Ma the activity migrated (Figure 7) to the south and was dominated by the eruption
of Servilleta Basalt and intermediate composition lavas. The activity subsequently
migrated from the southern extent of the TPVF to the northwest where additional
Servilleta Basalt, basaltic andesite, pyroxene dacite, and rhyolite were erupted from 4 - 2
Ma. The 2.7 and 2.1 Ma pyroxene dacites of Ute Mountain lie outside the migrational
trend of the 4 -2 Ma lavas. Instead they were erupted along the northeastern margin of the
TPVF, north of the clustering of older lavas around Cerro Chiflo. The final eruptive event
at the Mesita vent occurred to the north of Ute Mountain at 1.1 Ma. Taken together the
trends in migration of the vents of the TPVF yield a roughly spiral pattern to the age
distributions.

Linear alignments are apparent in several groups of similar age vents in the TPVF.
In the 6 -5 Ma lavas the linear alignment is along a west-northwest trend, paralleling
trends in faults associated with the initial stages of rifting. The trends in alignment in the
younger than 5 Ma lavas are north-south in orientation. Those include north-south linear

alignments in the 5 - 4 Ma vents along the eastern edge of the TPVF. In the 4 - 2 Ma

_
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vents, the north-south linear alignments are near San Antonio Mountain on the western
margin of the field. A final north-south alignment exists between Ute Mountain and the

Mesita vent on the eastern margin of the field.

Implications for Geochemical Modeling

Previous workers [Dungan et al., 1984b; Dungan et al., 1986; Thompson and
McMillan, 1992] within the TPVF have suggested that the Servilleta Basalt represents the
parental magma for the lavas of the TPVF. The intermediate composition lavas were
modeled as the result of fractional crystallization of these melts and their interaction with
the surrounding crustal material over time. According to this model eruptive pulses of the
Servilleta Basalt would represent major influxes of magma and the intermediate lavas
would tend to be erupted in the intervals between the Servilleta Basalt.

Factors other than the eruptive history of the Servilleta Basalt appear to have
controlled the temporal distribution of lava compositions in the TPVF. Ages from this
study show an almost continuous eruptive history for the Servilleta Basalt as opposed to
an episodic one. The intermediate lavas show episodic eruptive histories producing the
bulk of erupted material before and after the time range of Servilleta activity. This

indicates that while the Servilleta Basalt may geochemically represent the parental

magma source, its eruptive history is not an accurate guide to the history of the TPVF,
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Controls on Temporal and Spatial Trends in the TPVF

Two possible explanations for the shift of volcanic activity are: migration of the
magma source for the TPVF or changing tectonic controls on the eruption of TPVF lavas.
Migration of the magma source for the TPVF lavas is suggested by the apparent trends
(arrows on Figure 7) of the ages that decrease with distance from the older lavas clustered
around Cerro Chiflo. These decreasing trends in age are most pronounced towards Tres
Orejas to the south, and then to San Antonio Mountain to the northwest. These trends
could be the result of a southern then northwestern migration of the heat source beneath
the TPVF. One proposed model for this migration involves changing areas of influx
within the complex system of magma chambers interpreted to exist under the TPVF
[Dungan et al., 1986; McMillan and Dungan, 1986). According to this model, the
chambers received periodic influxes of varying volumes of new magma. Variations in the
amount of magma distributed to chambers in different areas of the field would have been
responsible for the spatial trends in the volcanism. This would indicate that the initial
influx of magma was to chambers in the east. Over time these chambers saw less influx
of new magma as the chambers to the west began to receive more magma and became
more active,

However, these migrational trends do not explain the ages for Ute Mountain and
the Mesita vent. These two vents have ages that indicate a shift in volcanism, but one
moving almost directly north from the central cluster of older vents. This migration
would had to have occurred simultaneously with the migration to the northwest. Also, the

migrational model does not explain the apparent linear alignment of the vents (dashed
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lines on Figure 7). The linear alignments of vents have a distinct north-south trend in the
vents younger than 5 Ma. The vents older than 5 Ma have a roughly east-west trend that
parallels the faults associated with the initial stages of rifting. Ages for vents along these
alignments tend to be similar in age.

The second possible cause for the shifting center of eruptive activity is changing
tectonic controls within the TPVF. Since the activity of the TPVF coincided with
reinitiation of rifting in northern New Mexico, the distribution of volcanism could be
linked to tectonic activity in the area. The linear alignment seen in the ages and
distribution of the vents may reflect fault control on the distribution of vents. This is
clearly seen in the east-west alignment of the 6-5 Ma TPVF vents around the horst blocks
of Timber and Brushy Mountains. The 5-4 Ma vents also form linear groups that parallel
the north-south fault that separates the Taos Plateau from the Sangre de Cristo Mountains
and faults mapped along the Rio Grande Gorge (Figure 7). Many of the 4-2 Ma vents are
aligned along north-south trends along the western margin of the field. This could
indicate that tectonic activity in the area shifted from the eastern edge of the TPVF to a
zone along the western area of the field and its boundary with the Tusas Mountains.
Previous studies have suggested that a hinge structure may exist that dips to the east and
may have been responsible for crustal weakening of the area. A final shift back to the east
occurred along the faults separating the Taos Plateau from the Sangre de Cristo
Mountains.

A combination of the these two models may offer a better explanation for the

development of the TPVF. The complex magma plumbing system of Dungan et al.

—
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(1986), may be the result of faulting in the area creating a variety of pathways for magma
to reach the surface. Continued faulting could have caused pathways in some parts of the
field to become more active while other pathways decreased in activity. This could

explain the variable recharge of the Dungan et al. (1986) model, as well as the apparent

migration of activity, while maintaining the linear alignments seen in the vents.
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CONCLUSIONS

e The Taos Plateau volcanic field was active from approximately 5.9 - 1.0 Ma. The
bulk of the eruptive activity occurred from around 5.9 - 2.1 Ma, followed by a hiatus

in eruptive activity until the eruption of the Mesita vent at 1.0 Ma.

e The three members of the Servilleta Basalt (lower, middle, and upper) were erupted
from approximately 4.8 - 2.6 Ma with no major gaps in the eruptive history. The age
data do not define discernible temporal pulses that correlate with the geochemical

divisions of the Servilleta Basalt as described by previous workers in the TPVF.,

¢ Eruption of intermediate composition (pyroxene dacites and olivine andesites) and the
more alkalic composition (basaltic andesites and associated alkalic basalts) were more
episodic than the Servilleta Basalt. In many cases it appears that the bulk of the non-
Servilleta Basalt lavas erupted prior to or after the major portion of Servilleta activity.
This distribution relative to the Servilleta could be in part the‘ result of burial by

voluminous flows of the Servilleta Basalt.

* The locus for eruption of lavas in the TPVF has shifted from an area centered on
Cerro Chiflo on the eastern margin of the TPVF south towards Tres Orejas, and
finally northwestward towards San Antonio Mountain. These shift may be related to

changes in the location of magma influx within the underlying plumbing system for

_
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the TPVF described by previous workers in the area. Alternatively, part or all of the

shift may be due to changing areas of faulting within the TPVF which provided

pathways for magma migration to the surface.
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APPENDIX A

EXPLANATION OF APPENDIX 4

Appendix A contains all of the VA’ Ar analytical data for the 4 feldspar and 89
groundmass concentrates for lavas of the TPVF analyzed in this study. The information
for the individual samples includes sample number, samples name, lava type, lab ID
number, J-value, and irradiation ID number. The irradiation ID numbers can be correlated
with the information in Table A to determine nuclear interference correction factors and
mass spectrometer discriminations for individual samples. The isotopic ratios are
calculated and corrected for as described in the Field and Analytical Methods section of
this study. All errors are quoted at the 1o level and propogate errrors in J-value, mass
discrimination, and system blank measurements. The four ages given for each sample are
the total gas age, plateau or preferred age, isochron age, and edited isochron age. Also
listed for these are the number of steps used to calculate them. and in the case of the

isochrons MSWD and *’Ar/*°Ar intercepts for the respective gas correlation diagrams.

The bold faced age is the final selected age quated in the text for a given sample.
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TABLE A. Nuclear interference correction factors and mass spectrometer discrimination
values listed by irradiation number and laboratory identification number.

[rradiatio Lab LD. Discrimination (" At/ 'Are, (A Ane A/ Ary At/ A,
n No.’s (1 amu)
No.
NM34 5262 to 5279 1.00650 0.00070 0.00020 0.01190 0.00020
NM40 5704 to 5733 1.00700 0.00070 0.00020 0.01190 0.00020
NM44 6090 to 6152 1.00600 0.00070 0.00020 0.01190 0.00020
NM54 6966 to 6999 1.00820 0.00070 0.00020 0.01190 0.00020
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APPENDIX B

EXPLANATION OF PROBABILITY DISTRIBUTION PLOTS

The following section contains the probability distribution plots for the 4 feldspar
concentrates analyzed by the “Ar/*?Ar laser fusion method in this study. Each plot
displays the individual ages of the samples with accompanying errors at the 15 level. The
plots are accompanied by plots of the radiogenic yield and K/Ca ratios for the analyses as
discussed in the Field and Analytical Methods section of this study. The two plots on
each page represent the total available data points (upper) and the final edited data point
set (lower) that was used to calculate the final ages for the samples that are given in Table
B1. The curve at the bottom of each plot represents the relative prbbability of a sample of
a given age being present. A high, peak shaped curve is indicative of a closely grouped

set of analyses and one that is more likely to a better estimate of the eruption age of the

sample.




TABLE B1. Summary of mean ages for comparison of samples analyzed with the CO,
laser as single crystals. The age cited is the mean age with the error calculated by the

Taylor (1982) method.

Sample Mean Age (Ma) No. of analyses No. used
RA-001 4.2220.14 25 14
RA-003 3.51x0.12 25 14
RA-004 4.01£0.09 25 14
RA-005 4.06+0.05 25 19

Number of analyses refers to the total number of single crystals analyzed.
Number used refers to the number of analyzed crystals used to calculate the mean age.

Errors for quoted ages given at the 1o level.




RA-001, No Agua Peaks, perlite, feldspar concentrate
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RA-003, No Agua Peaks, perlite, feldspar concentrate
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RA-004, No Agua Peaks, perlite, feldspar concentrate
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B-6

RA-005, No Agua Peaks, perlite, feldspar concentrate
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EXPLANATION OF SPECTRA AND ISOCHRON PLOTS

The following section contains two types of plots that graphically display the data
for the resistance-furnace step-heated groundmass concentrates. The upper plot is a
spectra and consists of the age of the individual heating steps plotted against the total
9%’ Ar in the sample. The gray step represent the steps that were used in the calculation of
either plateau or preferred (shown in italics) ages as described in the Field and Analytical
Methods section of this study. Each plot also is accompanied by plots of the radiogenic
yield and K/Ca for the individual heating steps. The lower plot is a reverse isotope
correlation diagram as also discussed in the Field and Analytical Methods section. The
dark line represents the best fit line for the entire data set for cach sample, while the
gray/dashed line represents the best fit line for the final edited data set. The final accepted

age for each sample is denoted by the boxed age. The information from these plots is

summarized in Table B2 for ease of reference.
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RA-007, pyroxene dacite, San Antonio Mt., groundmass concentrate
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RA-008, pyroxene dacite, San Antonio Mt., groundmass concentrate
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RA-009, pyroxene dacite, San Antonio Mt., groundmass concentrate
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RA-010, Servilleta Basalt, San Antonio Mt. area, groundmass concentrate
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RA-011, Servilleta Basalt, San Antonio Mt. area, groundmass concentrate
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RA-012, basaltic andesite, No Agua roadcut, groundmass concentrate
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RA-013, Servilleta Basalt, US 285, groundmass concentrate
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RA-014, Servilleta Basalt, US 285, groundmass concentrate
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RA-015,Servilleta Basalt, US 285, groundmass concentrate
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RA-016, Servilleta Basalt, US 285, groundmass concentrate
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RA-017, basaltic andesite, L.os Cerritos de la Cruz, groundmass concentrate
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RA-018, basaltic andesite, |os Cerritos de la Cruz, groundmass concentrate
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RA-019, Servilleta Basalt, Rio San Antonio, groundmass concentrate
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RA-021, olivine andesite, Cerro del Aire, groundmass concentrate
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RA-023, Servilleta Basalt, La Segita Peaks, groundmass concentrate
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RA-024, Servilleta Basalt, La Segita Peaks, groundmass concentrate

80 1
k=] g
j1]
o 40
b ] ,
O T T T T L) T T T T
. 1
1 ] 3 3
1 0.01 2
‘! r
10 -0.0001
©
Z 8]
s
< 6 3.66 +0.16 Ma
5
g 4
< = F e
2 50 o 900 H 9;0 J
T = 925 """40s50
otal Gas Age = 8.38+2.09 Ma
0 T T T - T T T 1 T 1 .
0 10 20 30 40 50 60 70 80 90 100
Cumulative %39Ar Released
T L L L 1 L L 1 1 1 'l 1 1 - o o " L
—— ] Age = 3.60+£0.16 Ma
' No. =12
40/36 = 307.5¢1.2
0.0025 MSWD =4.11 -
0.0020 - -
0.0015 -
0.0010 7 Age = 3.66+0.27 Ma 3
No.=6 e
0.0005 1 40/36 = 295.5+£2.7 N ]
MSWD = 2.18
00000 T T T T T | T T L - T T T T 4
0.00 0.04 0.08 0.12 0.16 0.20 0.24 0218\\

39Ar40ar




80 - i
o | E B
m -
o 40
£ ey, L
T T T T ] T ] r1
l_|_;
+0.01 %
i
- . ' - - - - 1 0.0001
©
=
Li}]
o
<
5
g G H
D E
% 2 ﬁio 700 750 i 900 9;259'51005“00
Total Gas Age =4.61+0.51 Ma
0 10 20 30 40 50 60 70 80 90 100
Cumulative %39Ar Released
Age = 3.07+0.09 Ma
0.0030 No. = 12 g
J 40/36 = 304.5+1.2
0.0025 - MSWD = 3.93 E

S : _

S 00020

< ]

R ] s
0.0015 7 i
0.0010 Age = 3.19+0.09 g

No.=8
! 0.0005 1 40/36 = 301.8+1.4 I
| 1 MSWD = 1.33

! 0.0000 : . .
0.00 002 004 006 008 010 012 014 016 0.18 020 0.22 0.22\

39Ar/40Ar




36Ar/40A;

-~

80 1 |—' ]
‘g -
o 40
.“:‘,‘E -
O T T T T T T T T 1
L
3 o % 8
] 0.01 S
1 1
T =T T T S T T 1 1 00001
— 24 7 i
(1]
=
@ 221 i
g
5 204, 17.45 + 0.05 Ma
(1]
(=9
a 18 '- pocmcsean, _
3 ¢ D = 4 1&0 1'1100 '
1000 1200 K L
16 425 900 280 Total Gas Age = 17.39+0.14 Ma it 1650
0 10 20 30 40 50 60 70 80 90 100
Cumulative %39Ar Released
0.0035 - 3
; Age = 17.48+0.03 Ma
0,0030 - NO' - 11 -
' 40/36 = 292.6+1.4
0.0025 - MSWD = 1.84 3
0.0020 - :
0.0015 1 X
0.0010 1|Age = 17.47+0.03 Ma g
No.=9
0.0005 |40/36 = 293.1+1.4 ]
1IMSWD = 1.37
0.0000 A : : . . : . :
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.75
39Ar/A0Ar



. 80 :J_IJ ﬁ u
@ 40 1
:'39‘ .
0 . - - - - - - y -
10 Ll T L L T T T
B
< 64 | 4.33+0.02 Ma
g 4Th s & & E s
‘% , feos 700 750 800 875 925 975
Total Gas Age = 4.76+0.05 Ma
O T 1 1 L) 1 1 L T 1
0 10 20 30 40 50 60 70 80 90 100
Cumulative %39Ar Released
] L - L L 1 L i
0.0025 - -
] My Age = 4.13+0.01 Ma
" No. = 11
] N 40/36 = 397.7+2.0
0.0020 - i
: MSWD = 315.62
D:.E [
T 0.0015 A -
<
&
0.0010 1 -
1 Age = 4.34+0.01 Ma
0.0005 { No. =9 '
1 40/36 = 289.3+2.2
| MSWD = 3.06
0.0000 Ty . : . -
0.00 0.10 0.20 0.30 0.40 0.50 0.60 T
39Ar/40Ar




36ar/40Ar

B-32

RA-028, Servilleta Basalt, Dunn Bridge, groundmass concentrate
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RA-029, Servilleta Basalt, Dunn Bridge, groundmass concentrate
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B-36

RA-032, pyroxene dacite, Tres Orejas, groundmass concentrate
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RA-034, pyroxene dacite, Tres Orejas, groundmass concentrate
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RA-035, pyroxene dacite, Tres Orejas, groundmass concentrate
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RA-038, basaltic andesite, San Antonio Mt., groundmass concentrate
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RA-039, basaltic andesite, San Antonio Mt., groundmass concentrate
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RA-041, basaltic andesite, Pinebetoso Peaks, groundmass concentrate
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RA-042, basaltic andesite, Pinebetoso Peaks, groundmass concentrate
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RA-045, basaltic andesite Cerro Montoso, groundmass concentrate
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RA-046, basaltic andesite, Pinebetoso Peaks, groundmass concentrate
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RA-047, tholeiitic basalt, Los Mogotes, groundmass concentrate
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RA-048, tholeiitic basalt, Los Mogotes, groundmass concentrate
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RA-049, tholeiitic basalt, Los Mogotes, groundmass concentrate
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B-49

RA-050, tholeiitic basalt, Los Mogotos, groundmass concentrate
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B-50

RA-051, tholeiitic basalt, Los Mogotes, groundmass concentrate
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B-51

RA-052, tholeiitic basalt, Los Mogotos, groundmass concentrate
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B-52

RA-055, basalt, Mesa Vibora, groundmass concentrate
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RA-056, basalt, Mesa Vibora, groundmass concentrate

80 7
© e .
o
x 40 7 !
- !
O TS T T T T T T T T T
1 1
| 001 o
‘! r
15 T T T T T T T T T : 0.0001
-‘(‘“‘ 1650
=3
210
< A
£ e 464+0.13Ma
D
725 775 825 875 g!;o 10650 1200
4 Total Gas Age = 8.79+0.34 Ma
0 10 20 30 40 50 60 70 80 90 100
Cumulative %39Ar Released
0‘0034 —_ 1 i 1 i 1 1 Fi 1 L 1 " L N 1 1
Age = -1,10+£0.02 Ma
0.0032 1 | No.=9 -
' - 40/36 = 376.0+£1.9
0.0030 - J MSWD = 363.09 i
< ' i
o !
<. 0.0028 ]
o 1 ) 0
o
0.0026 7 B
0.0024 1]Age = 4.03+0.19 Ma [
No.=7
0.0022 1(40/36 = 303.8+2.3 -
MSWD = 0.83
00020 T T T T T T T T T T T T T
0.005 0.015 0.025 0.035 0.045 0.055 0.065 0.075
39Ar40Ar




36r/404r

B-54

RA-058, basalt, Mesa Vibora area, groundmass concentrate
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RA-060, Servilleta Basalt, Riconada Area, groundmass concentrate
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RA-061, pyroxene dacite, Cerro Negro, groundmass concentrate
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B-57

RA-062, pyroxene dacite, Cerro Negro, groundmass concentrate
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B-58

RA-064, pyroxene dacite, Hondo roadcut, groundmass concentrate

80 . —'—l I—\l‘_-
= E L
(1]
& 401 j
o.,e -
0 T T T T T T T T
1 m— &
1 f ¥
{ 001 S
b ¥
10 T T T T T T L T T T Y T T W ow 'I 0.0001
"{6 65
S 8
] & 4.84 + 0.05 Ma
E 6 675 |
5 & C i 1 e Rt e e L N T — 7
=4 A D F
§ 4 725 775 825 BI‘Efs 950 10650 1200 ]
<
2 B
Total Gas Age = 5.34+0.05
0 T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
Cumulative %39Ar Released
0.0030 A B
. Age = 4.67+0.01 Ma
. No.=9
0.0025 - 40/36 = 332.1+1.5 §
MSWD = 130.72
0.0020 1 -
0.0015 s
0.0010 . i
{ Age = 4.70+0.03
|No.=5 |
0.0005 7 40/36 = 323.718.5 ‘ i
| MSWD = 39.30
0.0000 T r : - - T
0.00 0.05 0.10 0.15 0.20 0.25 030 >

39Ar/40Ar




B-59

RA-065, pyroxene dacite, Hondo roadcut, groundmass concentrate
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B-60

RA-072, Servilleta Basalt, northern Rio Grande gorge, groundmass concentrate

807
= ] [
& 401 uﬁﬁi
R _J—_'__L_I
0 T T T T T T T T T
3 1
3 L| 1 8
1 F0.01 2
15 : ; . . . - . - . 0.0001
o
=
@ -
E(: 10
c
o
S 5 1
< D
# 825
§ 8 750 Total Gas age = 4.22+0.08 Ma
0 10 20 30 40 50 60 70 80 a0 100
Cumulative %39Ar Released
00025 | : . L L - 1 L il i
Age = 0.65+0.02 Ma
1 i No. =12
0.00201 ! 40/36 =412.1+£3.9
4 MSWD = 122.33
gj*f 0.0015 -
<
®
0.0010 i
1|Age = 3.72£0.11 Ma
0.0005 {|No. = 8
1140/36 = 354.3+3.6
1 MSWD = 24 €3
0.0000 T . :

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 16 1.8 2.0 h\

39ar40Ar




36Ar/40Ar

B-61

RA-0786, tholeiitic basalt, Bighorn Peak area, groundmass concentrate
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RA-079, Servilleta Basalt, Cerro Mojino, groundmass concentrate
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RA-080, Servilleta Basalt, Commanche Rim, groundmass concentrate
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RA-082, pyroxene dacite, Ute Mtn., groundmass concentrate
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RA-083, pyroxene dacite, Ute Mtn., groundmass concentrate
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RA-084, pyroxene dacite, Ute Mtn., groundmass concentrate
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RA-085, pyroxene dacite, Guadaloupe Mt., groundmass concentrate
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RA-086, pyroxene dacite, Guadelupe Mt., groundmass concentrate
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RA-087, pyroxene dacite, Guadelupe Mt., groundmass concentrate
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RA-088, pyroxene dacite, Cerro Negro roadcut, groundmass concentrate
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RA-089, quartz latite, Cerro Cheiflo, groundmass concentrate
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RA-090, olivine andesite, Cerro de la Olla, groundmass concentrate
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RA-091, olivine andesite, Cerro Montoso, groundmass concentrate
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RA-092, basaltic andesite, Cerro Montoso area, groundmass concentrate
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RA-093, basaltic andesite, Cerro Montosa area, groundmass concentrate
801
'D -
[13]
@ 401
a‘;‘*‘ -
0 T T T T T LB | T
X l—‘__‘
]
:
15 T T T T T T T
A
'('6 675
s = 8.07 +0.7 Ma 4-?
& 10 | _
g | .
i b= B
' g 725 ! 5
il Cc
§ 5 775 B;’s 87s
3 Total Gas Age = 11.47£1.19 e
0 10 20 30 40 50 60 70 80 90 100
Cumulative %39Ar Released
0.0030 By Age = 2.33+0.40 Ma :
] No.=9
b s 40/36 = 315.1+2.4
: : MSWD = 2.67
< 0.0020 - 3
1 < ]
= ]
{D p
©  0.0015 A 3
0.0010 :
1 Age = 3.24+1.23
1No.=5
0.0005 1 40/36 = 311.1£7.2 -
1 MSWD =1.02
0.0000 T T T T —— T
0.00 0.10 0.20 0.30 0.40 0.50 0.60 T
39Ar/40Ar

——




B-76

RA-102, basaltic andesite, Cerro Chiflo area, groundmass concentrate
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RA-103, quartz latite, Cerro Chiflo, groundmass concentrate
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RA-104, quartz latite, Cerro Chiflo, groundmass concentrate
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RA-107, basaltic andesite, No Agua Peaks area, groundmass concentrate
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RA-109, basaltic andesite, Red Hill, groundmass concentrate
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RA-112, pyroxene dacite, Servilleta Plaza cone, groundmass concentrate
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RA-113, pyroxene dacite, Servilleta Plaza cone, groundmass concentrate
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RA-114, basaltic andesite, Mesita vent, groundmass concentrate
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RA-115, pyroxene dacite, UCEM, groundmass concentrate
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RA-118, Servilleta Basalt, NE of San Antonio Mt., groundmass concentrate
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RA-117, Servilleta Basalt, Dunn Bridge, groundmass concentrate
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RA-118, Servilleta Basalt, Cerro del Aire area, groundmass concentrate
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RA-119, Servilleta Basalt, Cerro del Aire area, groundmass concentrate
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RA-120, Servilieta Basalt, Cerro del Aire area, groundmass concentrate
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RA-121, olivine andesite, Cerros de los Taos, groundmass concentrate
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RA-122, olivine andesite, Cerro de los Taos, groundmass concentrate
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RA-123, olivine andesite, Cerro de los Taos, groundmass concentrate
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RA-128, pyroxene dacite, San Cristobol ranch, groundmass concentrate
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RA-129, Servilleta Basalt, Gorge bridge, groundmass concentrate
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RA-131, Servilleta Basalt, Gorge bridge, groundmass concentrate
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RA-132, Servilleta Basalt, Gorge bridge, groundmass concentrate
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RA-133, Servilleta Basalt, Gorge bridge, groundmass concentrate
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RA-135, Servilleta Basalt, Gorge Bridge, groundmass concentrate
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RA-136, Servilleta Basalt, Gorge bridge, groundmass concentrate
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