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ract -The Pajarito Plateau occupies the southwestern part of the Espanola basin of the Rio Grande rift in nonh central New 
ico. It is a plateau constructed from a gently east-dipping ignimbrite sequence, separated from the Jemez Mountains by the 
-trending Pajarito fault system on the west and the Rio Grande to the east. The Pajarito fault system appears to have been 

ve during the Neogene, consistent with episodic volcanic eruptions within the plateau. It was reactivated following the erup
ti of the Upper Bandelier Tuff (1.2 Ma) and forms the current western boundary of the Espanola basin. 

The lithostratigraphic sequence of older rocks beneath the Bandelier Tuff is dominated by sedimentary deposits of the mid
to late Miocene Santa Fe Group and Pliocene Puye Formation. The older units were superseded by late Pliocene Cerros del 

o mafic lavas, erupted from the western part of the rift floor, and Plio-Pleistocene silicic tuffs of the Bandelier Tuff and associ
ed lavas and tuffs from the adjacent western margin. The Pleistocene Bandelier Tuff forms the uppermost bedrock on the 
ateau. Stratigraphic information based on core and cuttings from drilling and from outcrops on the Pajarito Plateau suggest at 
ast three episodes of mostly mafic volcanism (10.9-13.1, 8.4-9.3, and 2.3-2.8 Ma) along the western part of the Espanola basin. 
e Miocene lavas of the Pajarito Plateau erupted contemporaneously with the Keres Group and the Lobato Basalt from the 

southern and nonheastem parts of the Jemez Mountains, respectively. 
Geochemical analysis of the Miocene mafic lavas from the Pajarito Plateau indicate generally plagioclase- and clinopyrox

ene phyric alkalic and tholeiitic basalts with minor basaltic andesite and mugearite flows, whereas the late Pliocene Cerros del 
Rio flows consist of plagioclase- and clinopyroxene-aphyric basalts plus hawaiite, mugearite and benmoreite lavas. Eruptions 
differ compositionally among different regions within the Jemez volcanic field; volcanism was notably more alkalic within the 
southern compared with the nonheastern Jemez Mountains and the Pajarito Plateau. The intercalated mafic flows within the flu
vial and lacustrine rift-fill sediments establish a temporal framework for the widespread sedimentary deposits and tectonic activi
ty at the plateau. Intense tectonic activity, subsidence, and continuous sedimentation adjacent to the western boundary fault of the 
Espanola basin are contemporaneous with the episodic volcanic eruptions. 

INTRODUCTION 

The Espanola basin, located within the northern half of the Rio 
Grande rift in north-central New Mexico (Fig. 1), is a half graben that 
is about 70 km long and 60 km wide (Chapin, 1979; Manley, 1979; 
Biehler et al., 1991). Along the latitude of the Jemez Mountains, the 
Nacimiento and the Sangre de Cristo uplifts bound the basin on the 
west and east, respectively. However, the present western margin of 
the Espanola basin is several kilometers to the east of the Nacimiento 
Mountains and is defined by discrete or splayed segments of north- to 
northeast-trending normal faults of the Pajarito fault system (Manley, 
1979; Go1ombek, 1983). Unlike the western rift boundary, the eastern 
margin lacks a single major boundary fault, but it is cut by a series of 
parallel late Cenozoic NS-trending high-angle normal faults that are 
displaced down to the west (Manley, 1979; Vernon and Riecker, 
1989). 

The Pajarito Plateau is a faulted bench that represents the west
em part of the Espanola basin of the Rio Grande rift between the Rio 
Grande and the Jemez Mountains in north central New Mexico (Fig. 
1). The Los Alamos National Laboratory and the town of Los Alamos 
are located within the central part of the Pajarito Plateau. Several 
studies detailing surface geology and tectonic features of the plateau 
are available in the published literature (Griggs, 1964; Smith et al., 
1970; Manley, 1979; Golombek, 1983; Gardner and Goff, 1984; 
Gardner et al., 1986; Carter and Gardner, 1995; WoldeGabriel et al., 
1996; Dethier. 1997). Geophysical surveys and exploratory drill holes 
and water wells provide preliminary information about subsurface 
geological features of the central part of the Pajarito Plateau. Gravity 
surveys of the Pajarito Plateau indicate a subsurface north-northeast
trending marginal graben or narrow structural sub-basins parallel and 
adjacent to the Pajarito fault zone (Budding, 1978; Ferguson et al., 

1995). Shallow and deep exploratory bore holes and water wells scat
tered throughout the Laboratory property also provide subsurface 
information on structure, volcanism, and depositional and erosional 
processes related to the development of the western part of the 
Espanola basin. Subsurface maps based on drill hole data corroborate 
the presence of a NE-trending trough under the Pajarito Plateau con
sistent with the gravity data (Ferguson et al., 1995; Purtymun, 1995; 
Broxton and Reneau, 1996). 

Multiple mafic lava flows interbedded within fluvial sedimenta
ry deposits of the Miocene Santa Fe Group are intersected by various 
drill holes within and adjacent to the subsurface trough (Purtymun, 
1995). Mafic flows consist of basalt, mugearite, and latite and also 
include minor vitric and pumiceous tephra deposits. Petrographic, 
geochemical, and geochronological analyses of selected samples from 
outcrops, cuttings, and cores provide information about the petrologi
cal characteristics and temporal relations of the hiva flows and the 
associated sedimentary deposits (WoldeGabriel et al., 1999). Neogene 
and Quaternary volcanic and sedimentary rocks are exposed along 
fault scarps and in east-trending 200- to 300-m-deep, steep-sided can
yons of the Pajarito Plateau. The oldest rocks of the Pajarito Plateau 
are exposed along White Rock Canyon and consist of sedimentary 
deposits of the Santa Fe Group (Baltz et al., 1963; Spiegel and 
Baldwin, 1963; Griggs, 1964; Dethier, 1997). Late Miocene mafic 
lavas are interbedded within the upper part of the sequence at the 
intersection of Ancho and White Rock Canyons and in Bayo Canyon 
(WoldeGabriel et al., 1996; Dethier, 1999). Facies of fanglomerate, 
lacustrine sediments, and gravel deposits of the ancestral Rio Grande 
within the Puye Formation cap fluvial sedimentary deposits of the 
Miocene Santa Fe Group in White Rock Canyon and in the northeast
ern part of the Pajarito Plateau (Griggs, 1964; Waresback and 
Turbeville, 1990; Dethier, 1997). Lava flows of the Pliocene (2.3-2.8 
Ma) Cerros del Rio volcanic field also occur within the upper part of 
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TABLE l. "'Arl,.Ar dating results of mafic lavas and minerals from the Pajarito Plateau. 

e Sample Location Material Unit Age (Ma±2cr) comments 

Surface samples 
DEB 5/98/1 Black Mesa groundmass Tb4 2.73±0.27 Minor complexity, excess argon, good isochron age. 

(San Ildefonso) 
DN97-17B Rendija Canon hornblende Tb3 4.76±0.13 Saddle-shaped spectrum, good plateau segment. 

Complex spectrum, excess argon, low confidence age. 
Precise steps, minor complexity, high confidence age. 
Complex spectrum, excess argon, low confidence age. 
Precise steps, minor complexity, high confidence age. 
Well-defined age population, high confidence age. 
Very complex, no eruption age assigned. 

DN97-19A Rendija Cafion plagioclase Tb3 4.17±0.29 
DN97-16 BayoCafion ground mass Tb2 8.86±0.05 
DN97-16 BayoCafion plagioclase Tb2 8.49±0.24 
DN97-7 BayoCafion ground mass Tb2 8.78±0.09 
RWTB4-B8 Bayo Canon sanidine Tpf 5.31±0.02 
RWTB4-B14 BayoCafion plagioclase Tb2 None 

Subsurface samples (drill hole name followed by samples depth, in feet) 
OT4-300-310 Los Alamos Canon groundmass Tb4 2.50±0.03 Very flat spectrum, high confidence age. 

Very flat spectrum. high confidence age. OT4-410 Los Alamos Canon groundmass Tb4 2.52±0.18 
OT4-1200 Los Alamos Canon groundmass Tb2 8.81±0.04 Mostly flat spectrum, minor recoil, high confidence 

age. 
OT4-1270 Los Alamos Canon groundmass Tb2 8.94±0.04 Mostly flat spectrum, minor recoil, high confidence 

age. 
OT4-1280-1290 Los Alamos Canon groundmass Tb2 8.97±0.08 Minor recoil, total gas age, moderate confidence age. 

Climbing spectrum, moderate confidence age. 
Climbing spectrum, moderate confidence age. 
Xenocryst contamination, moderate confidence age. 
Xenocryst contamination, moderate confidence age. 

PM5 810-820 Mortandad Canon groundmass Tb2 2.50±0.28 
PM5 900-910 Mortandad Cafion groundmass Tt2 2.77±0.47 
PM5 1100-1110 Mortandad Cafion ground mass Tt2 2.70±0.29 
PM5 2690-2700 Mortandad Canon groundmass Tbl 11.39±0.40 

ments were picked during examination under the binocular micro
scope and were cleaned using an ultrasonic probe to remove drilling 
contaminants. After drying, the samples were reexamined under the 
binocular microscope. Aliquots were selected for petrographic, 
chemical, and/or dating analyses, depending on the alteration of the 
cuttings. Petrographic methods are described in a later section. 

Either groundmass, plagioclase or hornblende was separated 
A from these samples and analyzed using the incremental heating tech
W niques at the New Mexico Geochronology Research Laboratory, New 

Mexico Tech. Socorro. Age and K/Ca spectra are given for each, and 
range from well-behaved flat spectra to highly complex ones (Figs. 2 
to 5). A summary of the preferred eruption ages and a very brief 
explanation is given in Table 1, whereas the analytical data are pro
vided in Appendix I. Plateau ages represent the age calculated for the 
indicated steps by weighting each step by the inverse variance, and 
errors are calculated using the method of Taylor (1982). If the 
MSWD for the plateau steps is above the 95% confidence window for 
n-1 degrees of freedom (cf. Table I of Mahon, 1996), the error is 
multiplied by the square root of the MSWD. The plateau age is deter
mined from the individual apparent ages, which have been calculated 
assuming the non-radiogenic 40Ar is atmospheric. This assumption 
was tested for each sample by conducting isochron analyses (not 
shown) and in all cases less than one, the trapped 40Arf36Ar initial 
composition is within error of the atmospheric value of 295.5. Sample 
DEB5/98/1 gave a very slightly elevated initial 40Arf39Ar value and 
regression methods of York (1969) yielded the reported isochron age 
(Table 1; Fig 2a). Sanidine of sample RWTB4-B8 was analyzed by 
the single crystal laser fusion method, and those data are presented in 
Figure 5e and Appendix I. All ages are calculated relative to the flux 
monitor standard Fish Canyon sanidine with an assigned age of 27.84 
Ma. Extraction system and mass spectrometer blanks were monitored 
throughout the course of age dating and because of relatively large 
sample sizes, corrections are minimal. 

Major and trace element compositions were determined for most 
samples from fused glass of bulk powders plus flux using a Rigaku 
3064 wavelength dispersive X-ray fluorescence (XRF) at Los Alamos 

•

National Laboratory. Concentrations and analytical uncertainties were 
alculated from intensities using XRF-11 software (Criss, 1985), 

based on a model that uses intensities for 21 rock standards. Analyti
cal quality assurance is based on acceptable analytical totals for all 
components, including major and trace elements as oxides and the 
loss on ignition. Quality of analysis is also based on acceptable 

matches between long-term average concentrations determined for 41 
commonly used rock standards, compared with those for several such 
rock standards co-analyzed with our samples, as well as similar 
matches for secondary standards that were pulverized and co
analyzed with our samples. In this report we characterize the succes
sion of volcanic units erupted within the Pajarito Plateau of the 
Espanola basin with those erupted adjacent to the rift floor in the 
Jemez volcanic field. 

411Arf3'Ar DATING RESULTS 

As mentioned above, the age spectra range from flat to complex 
(Figs. 2 to 5). Flat spectra are defined by yielding significant portions 
of the age spectra, which give acceptable MSWD values (e.g .. OT4-
300-310; Fig. 3a; Appendix 1). Some spectra are nearly flat; however, 
the MSWD value is slightly elevated, indicating scatter above that 
predicted by the analytical uncertainties (e.g., DN97-16, Fig. 2a; 
Appendix 1). These spectra are probably disturbed by combination of 
excess argon, argon loss and/or 39Ar recoil; however, the disturbance 
does not significantly diminish the confidence in the eruption age .. 
The plagioclase spectra are generally complex, and their age assign
ment is quite suspect and should be treated with caution. 

The stratigraphic positions of some dated samples listed in Table 
I are shown in Figure 6. The dates from outcrops and subsurface 
stratigraphic sections record at least 3 major episodes of volcanic 
eruptions in the central part of the Pajarito Plateau. The earliest erup
tions are middle Miocene in age, and consist of several flows (2-9) 
separated by sedimentary layers (3-140-m thick) of the Santa Fe 
Group (WoldeGabriel et al., 1999). Almost all of these flows were 
intersected in the northern part of the Pajarito Plateau, not far south 
from outcrops of middle Miocene Lobato Basalt in Santa Clara Can
yon along the northeastern part of the Jemez Mountains (Smith et al., 
1970; Aldrich and Dethier, 1990). We presently designate these mid
dle Miocene mafic lavas of the Pajarito Plateau as the Guaje Canyon 
basalt (Tbl), with an age range of 11.0 to 13.1 Ma within the 3-D 
model of the Pajarito Plateau (WoldeGabriel et al., 1999). 

Several flows representing a second episode of mafic eruption 
occur in outcrop (e.g., Bayo and Ancho Canyons) and in drill holes 
(e.g., 0-4, PM-5, etc.) throughout the central part of the Pajarito 
Plateau. These mafic flows, basalt through latite, are late Miocene in 
age and are presently designated as Bayo Canyon basalt (Tb2). The 
range of ages of the second episode in Table I is 8.49 to 8.97 Ma. 
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PAJARITO PLATEAU, JEMEZ MOUNTAINS 

Mafic and intermediate flows were intersected within the lower 
parts of the Puye Formation in drill hole PM-5. Attempts to date cut
tings from these flows resulted in questionable ages. Further studies 
are being conducted to accurately characterize these flows. 

The last major volcanic episode within the Pajarito Plateau is 
represented by late Pliocene mafic flows of the Cerros del Rio volca
nic field, with an age range of 2.33 to 3.18 Ma (WoldeGabriel et al., 
1996). Although the bulk of this activity was confined to the south 
and east of White Rock Canyon, several flows occur in most drill 
holes within the upper part of the Puye Formation in the central part 
of the Pajarito Plateau. These flows are assigned within the 3-D model 
of the Pajarito Plateau as the Cerros del Rio mafic flows (Tb4). More 
detailed information on the dating results of different flows from out
crop and drill holes are given below by location, from south to north 
(Fig. 1). Following the description of results from these locations, we 
summarize the main stratigraphic units of the Pajarito Plateau. 
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AGURE 2. "'Ar/"'Ar age spectra for samples from Rendija Canyon and Black 
Mesa at San lldefonso. The groundmass appears to have minor excess argon, 
so an isochron age is reported. The hornblende yields a large plateau segment 
despite the saddle-shaped spectrum. Plagioclase spectrum is complex, however 
a plateau age is cautiously assigned. 
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Outcrops at Ancho Canyon 

A localized 9.3 Ma late Miocene mafic Java flow crops out at 
river level on the west side of the Rio Grande, just south of the inter
section of Ancho and White Rock Canyons (WoldeGabriel et al., 
1996). The base of the columnar-jointed flow is not exposed, but the 
outcrop ranges in thickness from about 3 to 7 m. Correlative flows 
were intersected in drill hole 0-4 in the central part of the Pajarito 
Plateau due north from Ancho Canyon. This flow is assigned to Bayo 
Canyon basalt (Tb2). 

Near the intersection of Ancho and White Rock canyons, Qua
ternary colluvium obscures the rock units above the outcrop of the 
late Miocene mafic lava. However, sandstone, pumice-bearing bed
ded sandstone, conglomerate, and orange silty clays belonging to the 
Puye Formation (Dethier, 1997) are exposed higher up in the section 
beneath the late Pliocene Cerros del Rio mafic flows (WoldeGabriel 
et al., 1996). 

Mafic Lava Flows in Drill Hole 0-4 

The 855.5-m deep 0-4 well intersected three mafic lava flows 
that are interbedded within the sedimentary deposits of the Pajarito 
Plateau. The uppermost flow is 37.5 m thick and occurs within the 
Pliocene Puye Formation, whereas the other two flows are located 
within volcaniclastic sediments temporally equivalent to the Miocene 
Santa Fe Group (Fig. 6). The topmost flow (Tb4) is basaltic and is 
sandwiched between fanglomerates of the Puye Formation. Samples 
from different levels of the flow yielded an age range of 2.50 to 2.52 
Ma (Table 1), consistent with the Cerros del Rio mafic flows 
(WoldeGabriel et al., 1996). 

The uppermost mafic flow within the Santa Fe Group is 58.8-m 
thick, and occurs within volcaniclastic deposits of poorly defined 
character. Three samples of cuttings were processed for dating from 
this thick sequence of mafic lava, which probably represents more 
than two flows based on chemical composition (Table 2). An age 
range of 8.81 to 8.97 Ma was obtained from these samples (Table 1). 
A third flow was intersected about 23 m beneath the dated Java 
sequence and is 13.4 m thick. It is also interbedded within volcani
clastic deposits. There are no analytical data for this flow. 

Mafic Lava Flows in Drill Hole PM-5 

With a total depth of 948.2 m, PM-5 represents the deepest well 
in the central Pajarito Plateau. Seven lava flows are interbedded with
in the Pliocene Puye Formation and the late Miocene upper Santa Fe 
Group (Fig. 6). The topmost flow is 6.6-m thick basalt (Tb4) of the 
late Pliocene Cerros del Rio volcanic field. It caps the Puye 
Formation, whereas the underlying two dacite flows (38.1 and 54.9 m 
thick) of the upper Tschicoma Formation (Tt2), are interbedded with
in fanglomerates of the Puye Formation. Three deeper mafic flows of 
Bayo Canyon basalt (Tb2) occur within the upper part of the Santa Fe 
Group. The upper two of these three flows are 39.6 and 41.2 m thick, 
whereas the third one, 146.3 m thick, represents the thickest flow 
within PM-5. The basal flow (Fig. 4d), 15.2 m thick, is within the age 
range of the Guaje Canyon basalt (Tbl) intersected by the GR Series 
wells. 

Incremental heating procedures for three samples of cuttings 
from Tb4 and Tt2 gave minor complexity for two of the age spectra 
and complex results for the third (Pig. 4a-c). The probable ages of 
these samples are given in Table I. The Tb4 flow (2.50+0.28 Ma), 
capping the Puye Formation is within the age range of the Cerros del 
Rio basalts, whereas the underlying intermediate flows yielded older 
ages (-2.7 Ma). The basal flow within the Santa Fe Group in PM-5 
yielded a highly interpreted middle Miocene age of 11.39±0.40 Ma. 
This basal flow is indistinguishable in age from other samples of 
Guaje Canyon basalt flows (Tbi). 
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PAJARITO PLATEAU, JEMEZ MOUNTAINS 

basal section of the Puye Formation along the footwall consists 
upward of a 1.5-m thick, bluish gray, vitric tuff, 4-5-m thick layers of 
silty clays, conglomerate, and gravel, and 1.0-1.5-m thick, calcite
cemented, fallout pumice. An age of 5.3 Ma was obtained on the vii
ric ash (RWTB4-B8). An 80-m thick section of the Puye Formation, 
consisting of tuffaceous sediments interbedded with conglomerates 
and gravels of dacitic composition, crops out above the fallout 
pumice. About 100 m upstream from the Bayo Canyon basalts, the 
tuffaceous sediments are generally well sorted, bedded and cross
bedded, and grade to gravel and conglomerate deposits. The Bandelier 
Tuff caps the Puye Formation. About 100m downstream from the late 
Miocene basalts, the pumice fall is faulted down by about 35 to 40 m 
to the east. Downstream from the pumice outcrop, the Puye Formation 
consists of tuffaceous sandstone and interbedded thin, 5-7-cm thick 
pumiceous layers, basaltic tuff, and conglomerate deposits. Basaltic 
tuff and lava flow (1.5-2-m thick) of the Cerros del Rio mafic flows 
(Tb4) cap the section. The basaltic Java flow is a northern extension 
of the outcrop along the SR502 road cut in Los Alamos Canyon, 
about a km east of the junction of the White Rock and Los Alamos 
roads. A K-Ar age of 2.4 Ma was reported for the lava along the road 
cut, whereas a slightly younger 40Arf39Ar age of 2.33 Ma was obtained 
on a nearby flow to the west (Bachman and Mehnert, 1978; Wolde
Gabriel et al., 1996) 
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LimOSTRATIGRAPHY OF THE PAJARITO PLATEAU 

The Pajarito Plateau is formed on Neogene and Quaternary 
sedimentary and volcanic rocks that are closely associated with the 
development of the Espanola basin of the Rio Grande rift and the 
Jemez volcanic field. Although synrift sedimentary deposits dominate 
the oldest rocks beneath the plateau, synrift volcanic eruptions 
occurred along the western margin of the rift, beginning in the middle 
Miocene. Below, we describe the major lithostratigraphic units of the 
Pajarito Plateau, updating previous work with new dating results 
described in the previous section. In ascending stratigraphic order, the 
major volcanic and sedimentary units of the Pajarito Plateau belong to 
the Santa Fe Group and intercalated basalts, the Tschicoma and Puye 
Formations, the Cerro del Rio mafic flows, and the Bandelier Tuff 
(Fig. 6). Mafic lavas intercalated within the Santa Fe Group include 
the middle Miocene Guaje Canyon and late Miocene Bayo Canyon 
basalts. Lithologic characteristics, including temporal and spatial 
relationships of the major lithostratigraphic units of several drill holes 
throughout the central part of the Pajarito Plateau, are summarized 
below. Petrographic and chemical characteristics are summarized in 
later sections. 
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FIGURE 4. 40Arf39Ar age spectra for samples from a well at Mortandad Canyon. The lwo shallow samples have overall rising age spectra, which may indicate 
minor argon loss. The two deeper samples have dramatically increasing ages across the spectrum that suggests xenocrystic contamination. 
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AGURE 6. Simplified stratigraphic sections of the 0-4 and PM-5 drill holes 
(adapted from Purtymun, 1995) and from the middle part of the Bayo Canyon 
drainage in the eastern pan of the Pajarito Plateau. 

is unconformably exposed along a footwall of the Pajarito fault zone 
above the pre-rift Eocene Galisteo Formation in the vicinity of St. 
Peters Dome (Smith et al., 1970; Goff et al., 1990; Cather, 1992). At 
this location, the Santa Fe Group is about 100 m thick and generally 
arkosic with volcaniclastic components, including interlayered mafic 
lavas, one of which is dated at 16.5 Ma (Gardner and Goff, 1984; 
Goff et al., 1990). Discordant and questionable total gas and isochron 
ages of 30.5±9.2 Ma and 17.7±3.9 Ma, respectively, were obtained 
on this flow by the 40Arf39Ar method. More work is needed to accu
rately determine the age of the earliest volcanic flow interbedded 
within the basal section of the Santa Fe Group in the southern part of 
the Jemez Mountains. 

The Santa Fe Group at the intersection of Ancho and White 
Rock Canyons is probably capped by the 9.3 Ma mafic flow of Bayo 
Canyon basalt, and thus belongs to the upper part of the unit 
(WoldeGabriel et al., 1996). Upstream along the Rio Grande, similar 
sedimentary deposits are exposed on both sides of White Rock Can
yon along the eastern parts of the Pajarito Plateau, and were subdivid
ed into the Tesuque and Chamita formations (Spiegel and Baldwin, 
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1963; Baltz et al., 1963; Griggs, 1964). 
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In the subsurface, exploratory drill holes and water wells inter
sected thick sections of sedimentary rocks in the central part of the 
Pajarito Plateau. Based on lithologic descriptions of drill hole cut
tings and cores, Punymun (1995) subdivided the subsurface Santa Fe 
Group beneath the Pajarito Plateau into three packages, represented 
by the Tesuque, Chamita, and Chaquehui formations, in ascending 
stratigraphic order. However, new 40ArfJ9Ar dating results (8.81-8.97 
Ma) from lava flows interbedded within the Chaquehui Formation 
are older than the age range (5.5-7.7 Ma; Mcintosh and Quade, 1995) 
of the Chamita Formation at its type locality in the northern part of 
the Espanola basin. The Tesuque and Chamita Formations were also 
mapped and described in outcrops in the vicinity of the central part of 
the Pajarito Plateau (Spiegel and Baldwin, 1963; Baltz et al., 1963; 

. ·------------- _______________________________________________ __j 
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Cumbres Middle School and Pueblo Canyon are presently assigned to 
Ttl (Fig. 1). These assignments are based on subsurface projection of 
outcrop data (Griggs, 1964; WoldeGabriel, 1999) and on chemical 
and petrographic analyses for samples from these outcrops (Table 2). 

Upper Tschicoma Formation (Tt2) 

The Pliocene upper Tschicoma Formation (Tt2) is based on only 
4 intersections of the unit in drill holes SHB-1, Sigma Mesa, TW-8, 
and PM-5 (Fig. 1). Initial assignments in wells H-19 and TW-4 were 
reassigned from Tt2 to Ttl, based on new interpretations of the 
western area of the Laboratory (LANL 3-D Geology Team, 2000). 
The upper Tschicoma Formation (Tt2) is interbedded within the 
upper part of the Puye Formation in PM-5 and other drill holes. In the 
PM-5 well, the Tt2 flow occurs about 13.7 m below the Tb4 mafic 
lavas. The Tt2 flow has a fairly constant thickness of about 40 m for 
the 3 drill holes in which thickness can be determined, and pinches 
out abruptly to the east away from its probable source centers. The 
youngest Tschicoma Formation (Tt2) tlows are 2.3-2.6 Ma, whereas 
Ttl samples range between 3.0-6.9 Ma (Goff et al., 1989). Other units 
with similar ages (2.0-3.6 Ma) are El Rechuelos Rhyolite and Cerro 
Rubio quartz latite (Gardner et al., 1986; Gardner and Goff, 1996). 

Cerros del Rio Mafic Flows (Tb4) 

The deeply eroded center of Black Mesa in San lldefonso Pueb
lo is an isolated flow that forms the northern boundary of the late 
Pliocene Cerros del Rio volcanic field located mostly east of the Rio 
Grande across from the Pajarito Plateau. A single early Pliocene age 
from K-Ar dating (4.4 Ma) was reported on one of the basal flows, 
which appeared to indicate that the Black Mesa center was older than 
nearby flows from the Cerro del Rio volcanic field to the south 
(Bachman and Mehnert, 1978; Baldridge et al., 1980). Recent dating 
of a basal flow from the northwestern part of the center yielded a late 
Pliocene age of 2.73 Ma (Fig. 2a; Table 1). The current total gas age, 
which suggests contamination, matches the K-Ar result. This explains 
the distinct older age of the center compared with the rest of the vol
canic field. The new age suggests contemporaneous eruption with the 
initial tlows of the Cerros del Rio volcanic field. Thus, the basaltic 
center located at Black Mesa is included with the Cerros del Rio vol
canic flows (Tb4). Other potentially early Pliocene mafic lavas occur 
in some wells (e.g., PM-5 and 0-1 drill holes), but 40Arf30Ar dating 
results on samples taken from cuttings yielded questionable ages. 

Multiple mafic flows of lava and tephra from the late Pliocene 
Cerros del Rio volcanic field are exposed along canyon walls in the 
upper half of White Rock Canyon. The bulk of the volcanic field 
forms a plateau east of the Rio Grande across from the central and 
southern parts of the Pajarito Plateau. The lava flows capping the 
White Rock Canyon range in age mostly between 2.4 and 2.8 Ma 
(Bachman and Mehnert, 1978: Baldridge, 1979; WoldeGabriel et al., 
1996). Phreatomagmatic deposits are commonly associated with lava 
flows close to clustered vents in the southern and northern parts of 
the White Rock Canyon. These volcanic deposits are thicker and 
older in the vicinity of Frijoles Canyon at the southern part of White 
Rock Canyon. The uppermost flow in Frijoles Canyon yielded an age 
of 2. 75 Ma, and it overlies multiple layers of lavas and teP.hra depos
its (WoldeGabriel et al., 1996: Dethier, 1997). Although the Cerros 
del Rio mafic flows overlie the sedimentary deposits of the Puye For
mation on both sides of White Rock Canyon, similar lavas are inter
bedded within the Puye Formation in some of the drill holes (Fig. 6). 

The Cerros del Rio mafic flows are interbedded within the Puye 
Formation at shallow depths in several drill holes of the Pajarito 
Plateau. For example, late Pliocene lava flows cap the Puye 
Formation in PM-5 (Fig. 6). Like outcrops in White Rock Canyon, 
the thickness of the Tb4 lavas is variable in all drill holes. In the GR
series wells, Tb4 lavas are absent, but basaltic and silicic tephra 
layers and basaltic lava flows occur in the lower part of Bayo 
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Canyon. The thickness and number of flows appears to generally 
increase southward from Bayo Canyon to Frijoles Canyon. 

Bandelier TufT (Qbt) 

The Pleistocene Bandelier Tuff blankets most of the Pajarito 
Plateau. It is divided into Upper (Tshirege) and Lower (Otowi) 
Members, and each consists of multiple cooling units of fallout and 
ignimbrite deposits (Smith et al., 1970). The Otowi and Tshirege 
tephra erupted from the buried Toledo and Valles calderas at 1.61 Ma 
and 1.22 Ma, respectively (lzett and Obradovich, 1994). The tephra 
deposits throughout the Pajarito Plateau exhibit variable degrees of 
thickness and welding; however, the thickness generally increases 
toward the caldera. Although similar volumes of each tephra were 
extruded during the caldera-forming eruptions, the Tshirege Member 
dominates exposures and volumes within the Pajarito Plateau. The 
latest description of mappable cooling units within the Bandelier 
Tuff is briefly summarized below. 

Otowi Member Qbo (Qbof!Qbog): 

The Pleistocene Otowi Member (Smith et al., 1970) consists of 
basal fallout of the Guaje Pumice Bed (Qbog) and the Otowi 
ignimbrite (Qbof). The matrix-poor, clast-supported pumice lapilli 
bed of Qbog is as much as 15 m thick, and forms a distinct 
stratigraphic marker in outcrops and in the subsurface throughout the 
Pajarito Plateau. In most cases, the Guaje Pumice Bed is partially 
exposed along the base of canyons because it is either buried beneath 
the younger ignimbrite or covered by slope deposits. 

The distinctive Guaje Pumice Bed provides a prominent 
stratigraphic marker in many drill holes. It is absent from the GR 
Series and the 0-1 wells, which spudded in the Puye Formation 
beneath Qbog (Fig. 1). Thicknesses vary in drill holes 0-4, PM-4, 
PM-5, and SHB-1 (Fig. 1). In the subsurface, the Qbog 
unconformably overlies the Puye Formation in drill holes 0-4, PM-5, 
and SHB-1, whereas in PM-4, it directly overlies the late Pliocene. 
Cerro del Rio lava flows (Fig. 6). 

The Otowi Member ignimbrite (Qbof) is widespread in the 
eastern and northern parts of the Pajarito Plateau, mostly exposed at 
canyon bottoms. It is characterized by massive and non-welded 
glassy matrix with abundant pumice clasts. It also generally contains 
about 5% lithics of intermediate composition. The deposit is up to 60 
m thick in the vicinity of the 0-4 drill hole in Los Alamos Canyon. 

Cerro Toledo Interval (Qct) 

This informal Pleistocene unit, which consists of fallout tephra, 
reworked volcaniclastic sediments, and soil horizons in outcrop and 
in the subsurface of the Pajarito Plateau, is sandwiched between the 
upper and lower units of the Bandelier Tuff (Smith et al., 1970; Heik
en et al., 1986). It varies in thickness laterally across the central 
Pajarito Plateau from 0 to greater than 42 m (Broxton and Reneau, 
1995). This unit is exposed along canyon walls in Los Alamos, 
Pueblo, and Bayo Canyons along the northeastern part of the plateau. 
In the western part of the Laboratory, sections thicker than these out
crops were intersected in the drill holes. For example, a thick deposit 
(81.1 m) was intersected in drill hole of R-19 in the south-central part 
of the Laboratory (Broxton et al., 2000c). Pumice fallout units strati
graphically equivalent to the Cerro Toledo interval range in age 
between 1.23 to 1.59 Ma (Spell et al., 1996). 

Tshirege Member of the Bandelier Tuff (Qbt) 

The Pleistocene Tshirege Member consists of basal fallout and 
several mappable ignimbrite units. Vertical and lateral welding and 
crystal content variations characterize the proximal and distal parts of 
the ignimbrite deposit of the Tshirege Member (Broxton and Reneau, 
1995; Broxton et al., 1995). Recent detailed mapping (Gardner et al., 
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that petrographic differences distinguish between the variably 
welded, but chemically similar deposits that they define as Units 4 
and 5 in the upper part of the Tshirege Member of the Bandelier Tuff. 

Alluvium (Qal) 

Various types of surface deposits are recognized throughout the 
Pajarito Plateau on mesa tops. canyon floors, and along fault scarps 
and canyon walls. These include post-Bandelier Tuff fallout, 
alluvium, colluvium, landslide and fan, and terrace deposits. A vari
ety of soil types are recognized on mesa tops throughout the Labora
tory (Nyhan et al., 1978). Variable thicknesses (0-15 m) of alluvium 
were intersected in some of the drill holes. 

PETROGRAPHIC FEATURES OF VOLCANIC UNITS 
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BENEATH THE PAJARITO PLATEAU 

Petrographic analysis provides data complimentary to chemical 
analysis to quantify contamination, alteration, mineralogical 
character, crystallization history, and temporal trends. Moreover, 
chemical and petrographic analyses greatly refine stratigraphic 
assignments and the nature of alteration, particularly when both types 
of data are obtained from the same sample. Accurate stratigraphic 
assignments provide spatial control for unit boundaries while 
alteration strongly relates to hydraulic transmissivity and water 
chemistry within the unit. The binocular and petrographic descrip
tions of cuttings from several drill holes are given in Appendix 2. We 
have just recently begun to apply these petrographic analyses for the 
above purposes, but provide a few examples below to illustrate the 
usefulness of such data. 

Based on dating results, subsurface and surface lava flows were 

20 
Mafic lavas of Cerros del Rio 
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Most unaltered basalts are holocrystalline or nearly so, and are 
described as "pilotaxitic." Certain units have very characteristic 
textures, such as the coarse, microporphyritic texture often displayed 
by subunits of Tbl and the ophitic texture characteristic of the lower 
tholeiite flow of R9, a subunit of Tb4. Some important alterations are 
"argillic," "calcareous," and "chloritic." Abundances for calcite, clay, 
and zeolite are provided in Appendix 2 for some samples. These min
erals generally fill voids rather than replace minerals. 

Samples with the lowest percent of total minerals, phenocrysts, 
and groundmass, of course show the lowest abundances of late crys
tallizing minerals. The paragenetic sequence of crystallization is well 
illustrated by a set of samples from the same flow subunit of Tb4 in 
drill hole R9. Sample R9-282.6, a vitric hawaiite tephra with 30% 
minerals, contains no ilmenite or groundmass olivine, and only traces 
of magnetite and groundmass clinopyroxene. Two samples of hypoc
rystalline R9-219, with 41 and 42% minerals, show markedly 
increased abundances for total mafics and total feldspar, but these 
samples show only traces of magnetite and no ilmenite. Samples R9-
228 and -273.7, holocrystalline samples, both exhibit very high mag
netite abundances (5-6%). Total minerals within these holocrystalline 
samples are less than 100% primarily due to an inability to distin
guish secondary clay from void space, rather than to the presence of 
glass. The paragenetic sequence can be inferred from these data. First 
plagioclase and olivine formed at depth as phenocrysts, then ground
mass phases formed: plagioclase with olivine, then joined by 
clinopyroxene, probably with olivine ceasing soon after, then finally 
joined by sanidine and magnetite: 

Sample Total minerals Felsic Mafic Magnetite Ilmenite 
(ppmV) 
R9-282.6 30 23 8 O.ot 0 
R9-219B 42 30 12 0.04 0 
R9-219A 41 29 12 0.04 0 
R9-273.7 92 60 25 5.02 52 
R9-228 91 57 29 5.86 209 

Based on very limited data for latites and mugearites, but corroborat
ed by extensive data for the southwestern Nevada volcanic field 
(SWNVF) in Warren et al. (2000), several relationships and trends 
can be recognized for total mafic mineral abundances and for Fe-Ti 
oxide mineral abundances in progressively more evolved units. Aver
age values for total mafics and magnetite are in percent, and ilmenite 
in ppm V: 

Composition Number Manes Magnetite Ilmenite 
of samples (ppm V) 

Latite (or andesite) 3 14 2.0 3 
Mugearite/basaltic I 21 2.7 0 
andesite 
Hawaiite/alkali 5 26 3.6 52 
basalt 
Tholeiitic basalt 11 31 1.4 4537 

The progressive increase in mafics and magnetite within the 
alkalic series from latite to hawaiite is expected due to a progressive 
increase in Fe and Mg. Although this progression is not statistically 
significant, a similar, statistically significant trend occurs within basic 
rocks of the SWNVF (Warren et al., 2000). The most interesting dif
ferences occur between tholeiite and hawaiite. Note that tholeiites are 
lacking within the SWNVF, so a comparison cannot be made. Com
pared with tholeiites, hawaiites have somewhat lower total mafics, 
markedly higher magnetite, and strikingly lower ilmenite. Values for 
hawaiites are very similar to those for hawaiites of the SWNVF. The 
differences between tholeiites and hawaiites can be attributed to a 
considerably higher f02 of hawaiites. A higher f02 should result in 
formation of the Felll-rich mineral magnetite at the expense of both 
mafic minerals and ilmenite, which are Fell-rich minerals, given a 
constant total Fe. 
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There is a striking difference between Pliocene and Miocene 
basalts, both tholeiites and hawaiites, in abundances of plagioclase 
and clinopyroxene phenocrysts, as tabulated below. Middle Miocene 
basalts (Tbl) generally have markedly higher abundances of plagio
clase and clinopyroxene phenocrysts than their late Pliocene (Tb4) 
counterparts, as represented below by median values. Some 63% (19 
of the 30 samples) of middle Miocene hawaiite and tholeiite have at 
least 0.5% clinopyroxene phenocrysts, contrasting with only 4% (l of 
the 24 samples) of late Pliocene basalts. Based on sparse data, the pet
rographic character of late Miocene basalts (Tb2) appears to be most 
similar to that of middle Miocene basalts. Additionally, more evolved 
units become progressively more important with time. Two of the 6 
samples (33%) within Tb2 are mugearite, but none are latite. Samples 
within Tb4 include 23% (7 of 31) that are latite or mugearite. A very 
similar petrographic evolution occurs for mafic rocks within the 
southwestern Nevada volcanic field, with Quaternary basalts general
ly plagioclase-aphyric compared to plagioclase-phyric Miocene 
basalts (Fleck et al., 1996). 

Unit Basalt % latite & PL ex OL %basalt 
N mugearite cx~.s% 

Th4 24 23 0.8 0.0 4.5 4 
Tb2 4 33 10 0.2 4.5 50 
Tbl 30 0 5 0.6 4.0 63 
PL=Plagioclase, CX=Clinopyroxene, OL=Oivine 

LITHOSTRATIGRAPHIC FEATURES OF THE JEMEZ 
MOUNTAINS WEST OF THE PA.JARITO FAULT SYSTEM 

Major Neogene stratigraphic units of the Jemez volcanic field 
are characterized by diverse volcanic, volcaniclastic, and sedimentary 
deposits (Griggs, 1964; Bailey et al., 1969; Smith et al., 1970; Niel
son and Hulen, 1984; Gardner et al., 1986; Aldrich and Dethier, 1990; 
Goff et al., 1990; Purtymun, 1995; Smith and Lavine, 1996). The ear
liest record of volcanic activity in the Jemez Mountains consists of 
middle Miocene (16.5 Ma) basanite flow that crops out within sedi-· 
ments of the Santa Fe Group in the southeastern part of the volcanic 
field (Gardner et al., 1986). However, volumetrically significant vol
canism initiated later, beginning in the middle Miocene (13 to 14 Ma) 
with continued episodic activities into the Pleistocene. Volcanism 
occurred contemporaneously at different locations of the volcanic 
field (Fig. 7). 

The composite volcanic stratigraphy for the Jemez volcanic field 
consists of the Keres, Polvadera, and Tewa Groups (Smith et al., 
1970; Gardner et al., 1986; Goff et al., 1989). This sequence is uncon
formably underlain by Tertiary and Paleozoic sedimentary rocks. In 
the southern Jemez volcanic field, the succession above the Santa Fe 
Group is represented by diverse and contemporaneous basalt to high
silica rhyolite eruptions and associated volcaniclastic deposits of the 
Keres Group (Fig. 8). It includes the Paliza Canyon Formation, the 
Canovas Canyon and Bearhead Rhyolite, and the Keres Group volca
niclastic deposits, respectively (Gardner et al., 1986; Goff et al., 
1990; Smith and Lavine, 1996). Dacites and rhyodacites of the Tschi
coma Formation and the El Rechuelos Rhyolite of the Polvadera 
Group, and rhyolitic lavas and tephra deposits of the Bandelier Tuff 
and associated units of the Tewa Group supersede the Keres Group. 
The stratigraphic column from one of several deep geothermal wells 
in the central part of the Jemez volcanic field (B-22; Nielson and 
Hulen, 1984) contains Paleozoic beds, the Miocene Santa Fe Group, 
moderately thick Paliza Canyon volcanic flows of the Keres Group, 
and very thick Pleistocene tephra of the Bandelier Tuff and related 
units of the Tewa Group (Fig. 8). 

In Santa Clara Canyon along the northeastern part of the Jemez 
volcanic field, the Santa Fe Group contains middle to late Miocene 
mafic flows of the Lobato Basalt, which is superseded by dacites and 
rhyodacites of the Tschicoma Formation and fanglomerates of the 
Puye Formation (Aldrich and Dethier, 1990). Accord_ing to Aldrich 
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PAJARITO PLATEAU, JEMEZ MOUNTAINS 
the Tschicoma Formation (Fig. 10). Overall, the felsic rock~ from the 
Jemez volcanic field are characterized by two distinct chemical 
trends, which follow calc-alkalic trachyte-trachydacite-alkali-rich 
rhyolite and subalkalic dacite-low-alkali low- to high-silica rhyolite 
flows. The mostly high-silica rhyolite flows of the Bandelier Tuff 
generally plot between these two trends, suggesting probably hybrid 
magmatic source for the Quaternary silicic eruptions of the Bandelier 
Tuff (Fig. 10). 

Three fundamentally different chemical and temporal episodes 
that correspond to the Keres (13 to 7 Ma) and Polvadera (7 to 3 Ma) 
Groups and the Cerros del Rio volcanic field (2.8 to 2.3 Ma) are 
apparent in the Jemez volcanic field (Gardner et al., 1986; WoldeGa
briel et al., 1996). The Bearhead Rhyolite, although formally includ
ed within the Keres Group (Smith et al., 1970), is chemically allied 
with the Polvadera Group. Chemical affinities are presently poorly 
known for the Lobato Basalt and for the young (2 Ma) rhyolites of 
the Polvadera Group. which are not considered in discussion below. 
During each period, volcanism was calc-alkalic according to Peacock 
( 1931 ), but during the early period it was borderline alkali-calcic, 
during the middle period it was borderline calcic, and during the lat
est period the chemical series fell centrally within the calc-alkalic 
series (Fig. 10). To aid the following discussion, we will describe the 
Keres Group as an alkali-calcic series, the Polvadera Group as a cal
cic series, and the Cerros del Rio mafic lavas as a calc-alkalic series. 

No exceptions are presently known for the Polvadera Group or 
the Cerros del Rio mafic lavas, but a small portion, about 20%, of 
analyses represented for the southern Jemez, almost entirely from 
Ellisor (1995), are grouped with a calcic series rather than the domi
nant alkali-calcic series. These calcic analyses, chemically indistin
guishable from those of the Polvadera Group, might represent south
ern units of that generally younger group, calcic units within the 
Keres Group, or older units of the Polvadera Group that indicate tem
poral overlap between alkali-calcic and calcic volcanism. The subor
dinate calcic series within the southern Jemez includes the Bearhead 
Rhyolite, well dated at about 6.5 Ma (Gardner et al., 1986; Mcintosh 
and Quade, 1990). If the dacites of this series are associated with the 
Bearhead rhyolite, then they could be viewed as some of the oldest 
units within the Polvadera Group. 

Irrespective of complications addressed above, the dominant 
chemistry within the Jemez volcanic field is well established, and 
certainly reflects episodic changes in tectonic activity related to the 
Rio Grande rift or the Jemez lineament. The period between 7 to 3 
Ma, marked by the region's most calcic volcanism of the Polvadera 
Group, shows the virtual or complete absence of basaltic volcanism. 
This calcic chemistry, most closely approaching that of the crust, sug
geSIS a pause in rifting. A lack of structural conduits formed by rift
ing would inhibit magmatic ascent during this period, and thus would 
allow time to develop large volumes of crustal melts, assimilating 
ascending basalts that certainly fueled this crustal melting. Basalts are 
prominent within the Cerros del Rio mafic lavas during the immedi
ately succeeding period between 2.8 to 2.3 Ma, suggesting a sudden 
resumption of rifting, allowing rapid ascent of magma from mantle 
sources. During the earliest episode of alkali-calcic volcanism within 
the Jemez volcanic field, peripheral basaltic volcanism was also epi
sodically prominent, suggesting very active rifting prior to 7 Ma. 

Differences in chemistry and apparent eruptive volumes 
between the older and younger series might explain the large volume, 
catastrophic eruption of the Bandelier Tuff following the younger 
series, in contrast to the smaller volume, more protracted and non
catastrophic volcanism of the Keres Group (see Figure 4, in Gardrier 
et al., 1986). From apparent erupted volumes of tholeiite and 
hawaiite, and from the chemical series generated, the pulse of magma 
from the mantle that created the Cerros del Rio mafic lavas appears to 
have been volumetrically larger and melted considerably more crust 
than the pulses that created the Keres Group. Considering the very 
strong dominance of crustal melt inferred for the calcic Polvadera 
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FIGURE 10. Total alkali-silica plots (Le Bas et al., 1986) for representative 
Neogene and Quaternary volcanic rocks from the Keres Group (TMk), the 
Lobato Basalt (TMI). the Tschicoma Formation (Ttl and Tt2), mafic units of 
the Pajarito Plateau (Th4, Th2, and Thl) and the Bandelier Tuff (Qbo and Qbt) 
of the Jemez volcanic field. Data are from this work; Goff et al. (1989); Ellisor 
(1995); and WoldeGabriel et al. (1996). 

Group, the more alkalic chemistry of the older Keres Group suggests 
less crustal involvement compared to the Cerros del Rio mafic lavas. 
Although volumes are presently unknown, based on areal extents for 
each episode, the Cerros del Rio mafic lavas appear to represent a 
much larger volume of basaltic volcanism than Bayo Canyon, 
Lobato, or Guaje Canyon basalts, each possibly triggering eruption 
episodes within the Keres Group. Thus, catastrophic eruptions, such 
as those of the Bandelier Tuff, might be favored by relatively mild 
rifting, conditions under which relatively large volumes of magma 
can migrate from the mantle to effectively melt crust. Under condi
tions of more active rifting, conduits allow easy access to the surface, 
and relatively little crust is melted (the Keres Group). With little or 
no rifting, relatively small volumes of magma can trickle from the 
mantle, but these volumes are tightly held and cause very effective 
crustal melting (e.g., the Polvadera Group). 

There is no radiogenic isotope data for the Miocene mafic rocks 
of the Pajarito Plateau to assess their magmatic source history. 
However, published isotope data from the Miocene Keres Group and 
the late Pliocene Cerros del Rio volcanic rocks exhibit different pet
rological trends (Duncker et al., 1991; Ellisor et al., 1996). According 
to Duncker et al. (1991), the tholeiitic lavas from the late Pliocene 
Cerros del Rio volcanic rocks exposed along the eastern part of the 
Pajarito Plateau and east of White Rock Canyon are contaminated by 
upper and probably lower continental crust. Without crustal input, the 
tholeiites resemble enriched Mid-Oceanic Ridge Basalts (E-MORB) 
and Ocean-Island Basalts (OIB). Moreover, the hawaiites are attribut
ed to mantle source contaminated by continental crust. Duncker et al. 
(1991) regard the evolved rocks of the Cerros del Rio flows as the 
products of mixing between hawaiite- and tholeiite-mantle source 
components. For the Keres Group of the Jemez Mountains, Ellisor et 
al. (1996) suggested multiple petrogenetic models, representing mix
ing of fractionation and assimilation products of OIB-Iike mantle
derived magmas with mafic lower and felsic lower and upper crustal 
inputs. 

CONCLUSIONS 

Volcanic rocks represent·a volumetrically minor, but geological
ly and hydrogeologically important component of the Miocene and 
Pliocene deposits of the Pajarito Plateau. The stratigraphic sequence 
is dominated by Miocene and Pliocene sedimentary units derived 
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APPENDIX l. ARGON ISOTOPIC DATA. 

ID Temp 
40ArP9Ar 37 Ar/39 A r 36ArP9Ar 39ArK K/Ca aoAr* 39Ar Age :t1cr 

(•C) (x 10'3) (X 1 o·IS mol) (%) (%) (Mal (Ma) 

DN97·16 groundmass, wt. = 71.95 mg, J = 0.0007997, NM-77, Lab#:8369-01 
A 625 45.83 1.473 138.6 5.45 0.35 10.9 2.3 7.20 0.29 
B 700 8.584 1.332 8.920 14.8 0.38 70.6 8.6 8.730 0.044 
c 750 7.198 1.643 3.784 19.4 0.31 86.4 16.9 8.959 0.025 
D 800 6.628 1.129 1.925 28.2 0.45 92.8 28.9 8.863 0.021 
E 875 6.421 0.9632 1.187 41.0 0.53 95.8 46.4 8.857 0.017 
F 975 6.606 0.9393 1.733 49.6 0.54 93.4 67.5 8.889 0.021 
G 1075 7.455 0.9481 4.821 23.5 0.54 81.9 77.5 8.799 0.030 
H 1250 15.47 3.240 32.99 42.5 0.16 38.7 95.6 8.640 0.061 

1650 16.22 6.771 35.51 10.2 0.075 38.7 100.0 9.10 0. 11 
total gas age n=9 234.6 0.41 8.79 0.08 
plateau MSW0 .. 7.30* n"'7 steps B-H 219.0 0.42 93.3 8.86 0.05 

DN97-7 groundmass, wt. = 66.79 mg, J = 0.0007989, NM-77, Lab#=8368-01 
A 625 55.09 2.111 167.0 5.02 0.24 10.7 4.6 8.52 0.35 

• B 700 7.343 1.816 5.077 14.1 0.28 81.6 17.6 8.631 0.037 
c 750 6.817 2.060 3.128 15.6 0.25 88.9 31.9 8.733 0.030 
D 800 6.582 2.055 2.070 18.3 0.25 93.3 48.7 8.844 0.022 
E 875 7.075 2.154 3.633 18.9 0.24 87.3 66.1 8.901 0.026 
F 975 6.997 2.337 3.728 12.9 0.22 87.0 78.0 8.771 0.033 
G 1075 7.584 3.066 6.281 6.31 0.17 78.9 83.8 8.623 0.068 
H 1250 9.691 17.33 18.26 14.8 0.029 59.1 97.3 8.365 0.056 
I 1650 14.39 21.08 34.44 2.93 0.024 41.4 100.0 8.72 0.19 
total gas age n=9 108.9 0.21 8.71 0.12 
plateau MSWD=13.8* n=9 steps A-1 108.9 0.21 100.0 8.78 0.09 

DN97-16 plagioclase, wt. = 19.76 mg, J = 0.0008030, NM-77, Lab#=8361·01 
c BOO 8.887 9.201 14.59 0.631 0.055 60.1 5.6 7.78 0.32 
D 900 8.126 9.065 9.762 1.84 0.056 73.7 22.0 8.73 0.11 
E 1000 7.362 9.753 8.252 2.21 0.052 77.8 41.7 8.355 0.097 
F 1050 7.025 10.52 7.901 0.906 0.049 79.1 49.8 8.11 0.23 
G 1100 7.015 10.31 6.533 0.826 0.049 84.6 57.1 8.66 0.23 
H 1150 9.377 9.162 11. 13 0.986 0.056 73.0 65.9 9.97 0.24 
I 1200 12. 19 6.289 20.34 0.624 0.081 55.0 71.5 9.73 0.42 
J 1250 11.77 8.951 15.22 0.209 0.057 68.1 73.3 11.66 0.72 
K 1350 13.57 10.79 21.50 0.253 0.047 59.7 75.6 11.82 0.64 
L 1650 10.31 12.54 12.78 2.74 0.041 73.4 100.0 11.05 0. 11 
total gas age n=10 11 .2 0.052 9.40 0.39 
plateau MSWD"'3.18* n=4 steps 0-G 5.8 0.053 51.5 8.49 0.24 

• 
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PAJARITO PLATEAU, JEMEZ MOUNTAINS ll9 

APP~NDIX 1. ARGON ISOTOPIC DATA. 

ID Temp 
46ArP9Ar 37 Ar/39 Ar 36Ar/39Ar 39ArK K/Ca 4oAr* 39Ar 

Age :t1cr 

("C) (x 10'3) (x 10'15 mol) (%) (%) (Ma) (Ma) 

OT4-1270 groundmass, wt. = -50 mg, J = 0.0001637, NMUM-6, Lab#=509-01 
B 600 289.3 1.568 858.0 0.783 0.33 12.4 0.4 10.6 1.0 

c 700 86.13 1.271 181.5 13.2 0.40 37.8 7.8 9.60 0.10 
D 800 52.37 0.8832 70.25 31. 1 0.58 60.4 25.1 9.330 0.045 
E 1000 35.00 0.8258 15.72 85.0 0.62 86.8 72.2 8.959 0.021 
F 1200 34.65 0.9493 15.50 30.9 0.54 86.9 89.3 8.880 0.029 

G 1400 53.46 6.856 79.23 19.2 0.074 57.1 100.0 9.043 0.057 
total gas age n=6 180.3 0.52 9.07 0.08 
plateau MSWD=4.1* n=3 steps E·G 135.1 0.52 74.9 8.94 0.04 

OT4-1280-1290 groundmass, wt. = -50 mg, J = 0.0001646, NMUM-6, Lab#=517-01 
B 700 114.1 1.319 280.5 9.42 0.39 27.4 6.6 9.27 0.17 

c 800 50.16 0.8962 64.36 29.9 0.57 62.2 27.5 9.243 0.049 

D 900 39.54 0.8163 31.41 38.0 0.63 76.6 54.0 8.980 0.031 

E 1000 30.83 0.8314 3.539 42.0 0.61 96.7 83.3 8.839 0.019 
F 1200 32.42 0.9613 10.61 24.0 0.53 90.5 100.0 8.695 0.025 
total gas age n=5 143.4 0.58 8.97 0.08 
no plateau 

PM5 810-820 groundmass, wt. = -50 mg, J = 0.0014184, NM-38, Lab#=5540-01 
A 500 145.3 0.1934 483.9 3.85 2.6 1.6 1.4 6.0 3.1 
B 600 27.70 0.2900 91.26 39.6 1.8 2.7 16.2 1.92 0.56 
c 675 13.32 0.4171 42.64 77.5 1.2 5.6 45.0 1.91 0.26 
D 750 9.221 0.8520 28.42 78.2 0.60 9.6 74.1 2.27 0.18 
E 825 7.746 1.846 23.22 49.1 0.28 13.3 92.3 2.63 0.15 
F 900 8.892 2.461 26.71 14.3 0.21 13.3 97.6 3.04 0.21 
G 1000 11.71 3.696 37.48 3.32 0.14 7.8 98.8 2.35 0.47 
J 1650 15.72 16.09 53.89 3.12 0.032 6.5 100.0 2.66 0.53 
total gas age n=8 269.1 0.89 2.28 0.61 
plateau MSWD=2.38* n=8 steps A·J 269.1 0.89 100.0 2.50 0.28 

PM5 900-910 groundmass, wt. = -50mg, J = 0.0014183, NM-38, Lab#=5541·01 
A 500 177.6 0.1687 590.6 3.02 3.0 1. 7 1.9 7.9 3.8 
B 600 33.62 0.2725 111.5 29.7 1.9 2.0 20.3 1.74 0.70 
c 675 18.41 0.4075 60.19 54.0 1.3 3.6 53.9 1.69 0.37 
D 750 14.01 0.9795 43.86 46.9 0.52 8.1 83.1 2.89 0.28 
E 825 11.44 2.922 35.22 19.8 0.17 11.0 95.5 3.23 0.25 
F 900 12.52 5.862 40.28 4.58 0.087 8.5 98.3 2.74 0.39 
G 1000 17.17 7.928 56.68 1.47 0.064 6.0 99.2 2.66 0.89 
J 1650 29.93 27.37 102.5 1.24 0.019 5.8 100.0 4.5 1 .3 
total gas age n=8 160.8 1.00 2.41 0.94 
plateau MSWD=2.56* n=B steps A·J 160.8 1.00 100.0 2.77 0.47 
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~ *· APPENDIX 2. Descriptions under binocular microscope (bd), field notes (fd), and thin section narratives (tn) for samples of mafic ~ 

units from the Pajarito Plateau ~ 
Locations are shown in Figure 2C and stratigraphic assignments are provided in Table 2. Workers are David P. Dethier (DPD), Giday WoldeGabriel (GWG), (3 
and Richard G. Warren (RGW). ., 

Sample 
Number 

DEB5/98/I 

DEB5/98/I 

DN/9717 

DN/97/16 

DN/97/16 

DN/97/16 

RWTB4AI4 

RWTB4A14 

RWTB4AI4 

RWTB4AI5 

bd 
fd 
tn 

BD 

TN 

TN 

BD 

FD 

TN 

BD 

FD 

TN 

BD 

Wor 
ker 

RGW 

RGW 

RGW 

RGW 

DPD 

RGW 

RGW 

GWG 

RGW 

RGW 

Date 

13-MAY-
98 
19-AUG-
2000 

26-AUG-
2000 

26-AUG-
2000 

03-JUL-97 

26-AUG-
2000 

16-DEC-99 

17-0CT-98 

17-MAY· 
2000 

16-DEC-99 

Description 

Samples of outcrop from Bayo Canyon or Black Mesa 
Outcrop sample is dark gray basalt with abundant feldspar laths 1.0 to 1.2 mm in length, with albite twinning apparent in wider laths. Black 
pyrox.ene to 0.6 mm is scarce. 
This polished thin section represents massive fine-grained pilotax.itic basalt with. common to abundant plagioclase laths to 2 mm and common 
to abundant olivine to I mm. Sme\:tite and some celadonite replace rims and fractures of olivine. Smectite also slightly replaces plagioclase. 
Common to abundant coarse magnetite and common fine acicular ilmenite are both unoxidized groundmass phases. 
This polished thin section represents slightly to moderately vesicular, coarse-grained pilotaxitic basalt. Scarce to common plagioclase (8%) 
grades into groundmass size. Common to abundant olivine (5%), almost entirely altered to iddingsite, grades into groundmass size. Only rims 
preserve relict olivine, far better in groundmass than in phenocrysts. Scarce to common groundmass magnetite (I%) is moderately to strongly 
exsolved, but common to abundant groundmass laths of ilmenite (I%) are unaltered. No lithics were observed. 
Outcrop sample is medium gray, medium grained basalt with scarce to common feldspar to 3 mm length, some with albite twins. Common 
vitreous mafics to 3 mm include very dark green olivine partly altered to iddingsite, very dark green clinopyroxene, and black orthopyroxene. 
Glomerocrysts ofmafics with feldspar are up to 10 mm across. Groundmass olivine is partly altered to iddingsite. A white secondary mineral 
in 0.1 mm diameter globules, probably calcite, occurs pervasively throughout the groundmass. 
Sample is grey basalt (?) rich in phenocrysts and phenocryst clots. Outcrop has pervasive vapor-phase alteration along cracks, and appears 
palagonitic below sample site. Basalt overlies Puye Fm and occurs beneath dacite cobble gravel (Quaternary?). Local outcrop pattern is 
obscure, but unit is exposed between elevations of 6300 and 6420 ft (?)on both sides of arroyo (upper Bayo Canyon) over a lateral distance of 
250 to 300m. Pattern suggests filled paleochannel trend was to SE. Excellent outcrop on N side of arroyo near boundary of Sections 17 and 16 
exposes basalt (possible slide block) at -6300 ft near arroyo level, covered by 25 m of massive medium sand, locally cross bedded, containing 
channels filled with volcanic pebble gravel. Sand is buff-colored, rich in rounded, frosted quartz grains. Sequence is capped and baked by 
basaltic flow >6 m thick. Massive sand is ancestral axial Rio Grande, though apparently greatly restricted in transport capacity. Upper(?) flow 
may correlate with sample at Section 16, since local contact dips to SW. Didn't walk out this contact to determine how far local dip extends. 
This polished thin section represents massive medium-grained pilotaxitic mugearite with abundant plagioclase (30%), many slightly to 
occasionally moderately resorbed, and in glomerocrysts to 10 mm2. Mafics are often very large clinopyroxene (5%), olivine (1.5%) that is 
partly altered to iddingsite, and orthopyroxene (0.2%). Groundmass olivine is also partly altered to iddingsite. Common groundmass magnetite 
(3%) is moderately to strongly ox.idized and ex.solved, but scarce to rare ilmenite (0.2%) forms tiny unoxidized groundmass laths. Large 
acicular groundmass apatite is evident. 
Sample is dark gray, coarse-grained pilotaxitic basic lava with scarce to common feldspar phenocrysts to 1.5 mm. Common olivine to 2 mm is 
strongly altered dark reddish brown. Scarce to common round vesicles to 1.2 mm are completely filled with massive pale olive clay, although 
one 3.5 mm round vesicle is completely filled with brownish calcite. 
Two flows are exposed within colluvium on a minor southern tributary of Bayo Canyon close to stream level. We sampled near the base of the 
upper flow. The 25ft-thick upper flow is fine-grained, massive, jointed, spheroidally weathered, and moderately altered, with amygdules 
present in surface vesicles and calcite plates along joints. The base of the upper flow is clearly exposed above orange, partly oxidized vesicular 
basalt of the lower flow. The upper flow is also e"posed well above stream level within northern slopes ofBayo Canyon, dips moderately to 
the southwest, and is faulted both to the east and west. Underlying sediment of the Santa Fe Group, sampled on a later date as RWTB4B5-7, is 
baked bright red below the upper flow on the northern slopes. Cliffs of upper flow bordering the stream on its northern side are about 40 ft 
thick, whereas the lower flow is not e"posed there. 
This polished section represents microporphyritic basalt with common olivine phenocrysts thickly rimmed with iddingsite. Scarce plagioclase 
phenocrysts are zoned and resorbed. Groundmass pyro"ene is medium grained intergranular clinopyro"ene. Minor smectite and a trace of 
celadonite lightly coat to fill scattered vesicles. 
Sample is dark brownish gray, moderately to highly vesicular, fine-grained pilotaxitic basic lava with oblate vesicles to 15/7 mm. Feldspar 
phenocryst prisms to 4.5 mm are common, some with albite twins. Common mafics include yellow green to black olivine to 2 mm and black 
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APPENDIX 2. (continued). 

Sample bd Wor I Date fd ker 
Number tn 

OT4-14700 TN ROW 20-MAR-
99 

PMS-8200 80 ROW 10-FEB-98 

PMS-8200 TN ROW 21-MAR-
99 

PM5-910D BD ROW 10-FEB-98 

PM5-910D TN ROW 21-MAR-
99 

PMS-10100 80 ROW 11-SEP-98 

PM5-IIIOD 80 ROW 10-FEB-98 

PM5-11100 TN RGW 13-AUG-
2000 

PMS-17900 BD RGW 11-FEB-98 

PM5-1790D TN RGW 13-AUG-
2000 

PM5-1900D 80 ROW 10-FEB-98 

PM5-19000 TN ROW 21-MAR-
99 

PM5-2050D 80 ROW 11-FEB-98 

PM5-2050D TN ROW 13-AUG-

• 

Description 

This polished thin section consists of small fragments of bulk cuttings, with few fragments> I mm in long dimension. Most fragments are large 
free felsic crystals and dacite fragments, and about 15% are medium grained pilotaxitic mugearite with phenocrysts of scarce olivine and 
plagioclase, and rare clinopyroxene, and relatively large, abundant groundmass magnetite. Fragments of microporphyritic basalt may represent 
a different lithology of this basaltic rock, or more likely different basalt. Fragments also include granite and quanzite. This assemblage of 
fragments probably represents a conglomeratic fluvial deposit of the ancestral Rio Grande. 

Handpicked cuttings from 810 to 820ft depths in drill hole PM5 are fragments to 12 mm. These fragments are dark gray medium-grained 
microvesicular basalt with rare very light green olivine. Occasional fragments of massive basalt are oxidized dark reddish brown. 
This polished thin section displays about 40 fragments of hand picked cuttings ofvitric pilotaxitic lava. Glass is brown, microlite-charged. 
Scarce microphenocrysts are equant to prismatic pyroxene, with the larger grains almost entirely onhopyroxene. Scarce to rare reaction rims of 
clinopyroxene surround voids within microlite-poor glass and some orthopyroxene. A single sandy argillite fragment of Santa Fe Group 
contaminates this sample. 
Handpicked cuttings from 900 to 910ft depths in drill hole PM5 are fragments to II mm. These fragments are medium dark gray to dark 
reddish gray massive to slightly microvesicular basalt with rare feldspar to I mm and olivine to 0.8 mm. 
This polished thin section displays 23 fragments from hand picked cuttings of vitric pilotaxitic lava with subequal pale brown glass and tiny 
feldspar groundmass laths. Vesicles in some fragments contain tiny aggregates of equigranular vapor phase minerals, probably cristobalite. 
Scarce microphenocrysts are equant to prismatic pyroxene, with the larger grains almost entirely orthopyroxene. A single phenocryst of 
plagioclase is present. A single, very large pseudomorph consists of an opaque sponge of clinopyroxene and magnetite that have replaced 
hornblende in a magmatic reaction. 
Handpicked cuttings from I 000 to I 0 I 0 ft depths in drill hole PM5 are fragments to 6 mm. These fragments are dark gray vitric and lesser 
devitrified lava with common dark green clinopyroxene and brown orthopyroxene, both inostly equant, but some in prisms to 1.2 mm, and 
scarce to common feldspar, some resorbed. 
Handpicked cuttings from 1100 to 1110 ft depths in drill hole PM5 are fragments to 7 mm. Some dark gray fragments contain light green 
olivine. Some light gray fragments also contain olivine and resemble the basalt of sample PM5-91 OD, but other light gray fragments may be 
dacite. Remnant fragments from those selected for age dating are mostly light gray fragments. These fragments are medium dark gray vi !ric to 
medium gray crystalline basalt with conspicuous feldspar. 
This polished thin section represents 33 fragments, many very small, of pilotaxitic lava. Most fragments are also microgranophyric and minor 
granospherulitic, but some are vitric. Scarce to common plagioclase generally forms small, blocky phenocrysts, with the largest grain strongly 
resorbed. Common to abundant mafics are orthopyroxene, clinopyroxene, and much lesser opaque pseudomorphic hornblende, with the largest 
clinopyroxene strongly resorbed. Scarce to rare magnetite is slightly oxidized and gradational into groundmass. 
Handpicked cuttings from 1780 to 1790 ft depths in drill hole PM5 are fragments to 2.5 mm. These fragments are mostly black vitric and 
minor pale reddish brown devitrified lava with rare feldspar to I mm and very dark green prismatic clinopyroxene to 2 mm. 
This polished thin section represents more than I 00 small fragments, mostly slightly vesicular vitric and pilotaxitic lava with brown glass and 
common plagioclase that mostly forms small, blocky phenocrysts. Common mafics are clinopyroxene, onhopyroxene, and lesser hornblende. 
Several fragments of coarse-grained pilotaxitic basalt and one fragment with large biotite are caved from overlying intervals. 
Handpicked cuttings from 1890 to 1900 ft depths in drill hole PM5 are fragments to 3 mm. These fragments are grayish black basalt with 
common olivine that is panly altered to iddingsite and greenish clay. Scarce small vesicles are filled with greenish clay. 
This polished thin section consists of approximately 150 fragments of hand picked cuttings, mostly coarse-grained holocrystalline basalt that 
seems to grade to microporphyritic in some fragments and fine-grained in others, with all lithologies petrographically similar. The basalt has 
phenocrysts of common olivine, almost entirely altered to iddingsite, and scarce to common plagioclase, slightly altered to smectite, which fills 
most vesicles. An earlier generation of smectite forms fibrous rosettes with higher birefringence than later, more massive smectite. About 15% 
of the fragments in this section are dacite lava of the Tschicoma Formation; many are vitric, and all are certainly caved from the overlying Puye 
Fanglomerate. 
Handpicked cuttings from 2040 to 2050 ft depths in drill hole PM5 are fragments to 2 mm. These fragments are mostly grayish black vitric and 
partly dark reddish brown spherulitic lava with conspicuous feldspar to 2 mm. One I mm long black onhopyroxene prism was observed. 
This polished thin section represents more than 100 small fragments, all slightly vesicular, vitric and minor microgranophyric pilotaxitic lava 
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APPENDIX 2. (continued). 

Sample 
Number 

R9-50.50 

R9-92D 

R9-92D 

R9-122D 

R9-122D 

R9-162D 

R9-162D 

R9-181.3 

R9-201.5 

R9-219 

R9-228 

R9-228.2 

R9-257.6 

• 

bd 
fd 
tn 

BD 

BD 

TN 

BD 

TN 

BD 

TN 

BD 

BD 

BD 

BD 

BD 

BD 

Wor 
ker 

RGW 

RGW 

RGW 

RGW 

RGW 

RGW 

RGW 

RGW 

RGW 

RGW 

RGW 

RGW 

RGW 

Date 

05-NOV-97 

25-AUG-98 

12-MAR-
99 

09-FEB-98 

16-MAR-
99 

25-AUG-98 

04-APR-99 

10-NOV-97 

06-NOV-97 

22-DEC-97 

06-NOV-97 

22-DEC-97 

06-NOV-97 

Description 

mm. Light greenish gray clay replaces abundant laths of feldspar microphenocrysts to I mm, and fills scattered, round to ovoid vesicles to 6 
mm. Olivine pseudomorphs of clay and iddingsite to 2 mm are common. Cuttings are somewhat contaminated with fragments of very coarsely 
crystalline quartz to 7 mm with associated sparry calcite, and scarce red sandstone that have been removed from samples submitted for 
laboratory analyses. 
Unwashed cuttings from 41 to 50.5 ft depths in drill hole R9 are fragments of generally massive dark gray basalt to 15 mm, and occasionally to 
40 mm. The basalt contains scattered vesicles to I mm, scarce to common pale olive olivine to 1.4 mm, and scarce to rare prismatic feldspar to 
1.5 mm. 
Ultrasonically cleaned cuttings from 90 to 92ft depths in drill hole R9 are dark gray, fine-grained basalt with common ovoid vesicles to II mm, 
scarce to common olive olivine to 2.5 mm, and scarce feldspar laths to I mm. 
This polished thin section consists of four large fragments of cuttings, all medium-grained hypocrystalline pilotaxitic basalt with phenocrysts of 
common olivine and scarce plagioclase. Olivine and pyroxene in groundmass, presumed all to be clinopyroxene, are distinguishable by a 
slightly higher reflectance and generally slight alteration to iddingsite for olivine. Scarce Fe-Ti oxides all occur as groundmass phases, 
including tiny ilmenite prisms and much more abundant, highly skeletal magnetite. Granular spinel inclusions within olivine phenocrysts are 
relatively large. lntergranular brown glass is partly devitrified along grain boundaries to a cryptocrystalline assemblage of basaltic minerals. 
Smectite completely fills smaller vesicles, those with diameters of about 0.1 mm, but large vesicles, with diameters> I mm, are thinly lined 
with smectite. Olivine rims are thinly altered to iddingsite, and large voids within olivine are usually completely filled with smectite, clearly 
associating the slight alteration with smectite. 
This sample of washed and ultrasonically cleaned cuttings to 25 mm, from 121 to 122 ft depths in drill hole R9, is medium dark gray, medium
grained, moderately vesicular basalt with scarce to common vesicles that range from round to I mm to very elongate to 6/1 mm. Mafics are 
scarce pale olive olivine to 1.5 mm and pale brownish black pyroxene rhombs that might be pigeonite. Feldspar, to 0.6 mm, is very rare. 
This polished thin section consists of three large fragments of cuttings, all medium-grained hypocrystalline, ophitic basalt with common 
phenocrysts of olivine and rare microphenocrysts of plagioclase. Olivine and clinopyroxene in groundmass are distinguishable by the generally 
dusky brown color of clinopyroxene and slightly higher reflectance and generally slight alteration to iddingsite for olivine. Scarce Fe-Ti oxides 
all occur as groundmass phases, including tiny ilmenite prisms and more abundant magnetite. lntergranular brown glass is partly devitrified 
along grain boundaries to a cryptocrystalline assemblage of basaltic minerals. Minor smectite partly fills some vesicles. 
Ultrasonically cleaned cuttings from 160 to 162ft depths in drill hole R9 are medium dark gray, massive, coarse-grained basalt with common 
olive olivine to 3 mm. A few surfaces, which probably represent fractures, are thinly coated with moderate orange pink clay. 
This polished thin section consists of four fragments of cuttings, all medium grained ophitic basalt with common phenocrysts of olivine. Rare 
microphenocrysts of plagioclase could also be classified as the largest groundmass plagioclase. Smectite mostly fills vesicles and slightly 
replaces some olivine. 
Core from 281.2 to 281.3 ft depths in drill hole R9 is light brownish gray vesicular basalt with common, generally slightly ovoid vesicles to 
I 0/5 mm diameters. Near vertical fracture surface that has split off about I 0% of core piece is heavily coated with light brown authigenic clay. 
Common, completely unaltered olivine indicates a complete lack of secondary alteration of basalt. Feldspar is scarce to common as prisms to I 
mm. 
Core from 20 1.2 to 201.5 ft depths in drill hole R9 is medium dark gray massive basalt with scattered, aligned ovoid vesicles to 4/1 mm. 
Scarce to rare feldspar occurs to I mm, and scarce to common pale olive to dark olive olivine to 3 mm, strongly locally altered to iddingsite, 
probably in association with fractures that are thickly coated with moderate orange pink authigenic clay. 
Core from 218.8 to 219.0 ft depths in drill hole R9 is brownish gray vesicular basalt, pervasively coated with pinkish gray to moderate reddish 
brown clay. In thick accumulations, the clay is laminated, with the darker color towards the interior of the clay deposit. Black dendrites of 
manganese oxides thinly and spottily coat some clay. 
Core from 227.7 to 228.0 ft depths in drill hole R9 is medium dark gray basalt with rare, somewhat ovoid vesicles to 6/3.5 mm. Olive olivine 
to 1.5 mm is common; no feldspar was observed. Some fractures and vesicles are thickly coated with very pale orange pink authigenic clay. 
Core from 228.0 to 228.2 ft depths in drill hole R9 is mostly massive medium gray basalt with scarce unaltered pale olive olivine to 1.5 mm. 
The few irregular elongate vesicles to 16 mm that occur are filled with moderate orange pink and much lesser moderate reddish brown clay. 
These clays are laminated in part; the darker color always occurs at the top of the deposit. Dendrites of manganese oxides spottily coat interior 
surfaces of clay. 
Core from 257.2 to 257.6 ft depths in drill hole R9 is medium light gray basalt with rare round vesicles to 3.5 mm, and common light green 
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APPENDIX 2. (continued). 

Sample 
Number 

R9-771D 

Rl2-138.SD 

Rl2-138.SD 

Rl2-228D 

Rl2-228D 

Rl2-270D 

Rl2-270D 

Rl2-380D 

Rl2-380D 

Rl2-442D 
Rl2-442D 

Rl2-810D 

Rl2-810D 

Rl2-8770 

• 

bd 
fd 
tn 

TN 

BD 

TN 

BD 

TN 

BD 

TN 

BD 

TN 

BD 
TN 

BD 

TN 

BD 

Wor 
ker 

RGW 

RGW 

RGW 

RGW 

RGW 

RGW 

RGW 

RGW 

RGW 

RGW 
RGW 

RGW 

RGW 

RGW 

Date 

28-FEB-
2000 

25-JUN-98 

30-AUG-
2000 

25-JUN-98 

30-AUG-
2000 

26-JUN-98 

30-AUG-
2000 

26-JUN-98 

30-AUG-
2000 

26-JUN-98 
30-AUG-
2000 

06-AUG-98 

27-AUG-
2000 

13-JAN-

Description 

lava with scarce to common feldspar phenocrysts to 1.5 mm. Common olivine to 0.5 mm is olive green where unaltered, but mostly altered to 
reddish brown iddingsite. 
This polished thin section is a single fragment of very coarsely microporphyritic basalt with scarce to common plagioclase phenocrysts. 
Common to abundant olivine occurs entirely as microphenocrysts mostly altered to iddingsite, but with some relict cores and more common 
unaltered rims. Very pale brownish and greenish groundmass clinopyroxene is very coarse. No groundmass orthopyroxene was found among 
about 25 groundmass pyroxene grains examined for optical signs. Although magnetite predominates, ilmenite laths are conspicuous; both 
phases are coarse and unaltered. 
Ultrasonically cleaned cuttings from 138.3 to 138.5 fi depths in drill hole Rl2 are fragments of dark gray basalt to 18 mm with scattered ovoid 
vesicles, generally 2 to 4 mm long, common plagioclase to 2.5 mm, and scarce to rare olivine to I mm. 
This polished thin section represents 4 fragments of cuttings; all are slightly to moderately vesicular fine-grained pilotaxitic and 
cryptocrystalline basalt with common phenocrysts of olivine (3%) and plagioclase (8%). Most vesicles are irregular and 0.1-0.2 mm in long 
dimension; many are filled with smectite. Within groundmass, generally fine-grained skeletal unaltered magnetite is scarce to common (2%}, 
and tiny acicular ilmenite is scarce to rare. No lithics were observed. 
Ultrasonically cleaned cuttings from 227.3 to 228 fi depths in drill hole R 12 are fragments of slightly vesicular, medium dark gray basalt to 26 
mm with scattered ovoid vesicles to 6 mm long, and common light olive olivine to 1.5 mm, occasionally to 4 mm. 
This polished thin section represents 5 large and I small fragments of cuttings; all are slightly to moderately vesicular fine-grained pilotaxitic 
and cryptocrystalline basalt with phenocrysts of common olivine (3%) and scarce to rare plagioclase (I%). Most vesicles are irregular and 0.1-
0.2 mm in long dimension; most are filled with smectite. Generally fine-grained skeletal unaltered magnetite is scarce to common ( 1.5%) 
within groundmass. No lithics were observed. 
Ultrasonically cleaned cuttings from 269 to 270 fi depths in drill hole Rl2 are fragments of dark gray basalt to 19 mm with scattered round 
vesicles to 9 mm diameter, and common green olivine to 1.8 mm. Very light brown clay occurs in scarce to rare massive fragments to 3 mm 
thick, and very thinly and discontinuously on fragment surfaces within the size fraction >0.5 mm, retained on 35 mesh sieve. 
This polished thin section represents 3 fragments of cuttings; all are slightly to moderately vesicular fine-grained pilotaxitic and 
cryptocrystalline basalt with phenocrysts of scarce to common olivine (2%) and scarce to rare plagioclase (2%) that occurs mostly as laths to 
1.4 mm, but includes occasional resorbed grains. Smectite partly fills the largest vesicle and a few other vesicles within the same fragment, but 
vesicles are generally free of alteration or secondary mineral coatings. Generally fine-grained skeletal, slightly oxidized to unaltered magnetite 
is scarce to common (1.5%) within groundmass. No lithics were observed. 
Ultrasonically cleaned cuttings from 379.2 to 380ft depths in drill hole Rl2 are fragments of medium dark gray, coarse grained, massive basalt 
to 16 mm with rare irregular vesicles to 3 mm and common light green olivine to 3 mm. 
This polished thin section represents 9 fragments of cuttings; all are slightly vesicular medium- to coarse-grained pilotaxitic basalt with 
phenocrysts of common olivine (4%) and rare plagioclase (0.5%) and clinopyroxene (0.05%). Plagioclase occurs mostly as strongly resorbed 
grains, and clinopyroxene occurs within a single small glomerocrystthat also contains resorbed plagioclase. A single aggregate of groundmass 
clinopyroxene indicates the presence of a reactive phase that has either been completely assimilated or occurs outside the plane of the thin 
section. Very coarse-grained unaltered magnetite is common (3%) within groundmass. No lithics were observed. 
Ultrasonically cleaned cuttings from 438 to 442ft depths in drill hole Rl2 are fragments of medium dark gray, massive basalt to 20 mm. 
This polished thin section represents 5 large and I tiny fragments of cuttings; all are slightly vesicular medium-grained pilotaxitic basalt with 
phenocrysts of common olivine ( 4%) and rare small laths of plagioclase (0.3%). Olivine phenocrysts are unaltered in 3 large fragments, but are 
partly to completely replaced by smectite in the other two; other secondary minerals include a trace of later calcite and celadonite. Common 
groundmass magnetite (3%) is unaltered, even within argillic fragments. No lithics were observed. 
Cuttings from 809.6 to 810ft depths in drill hole Rl2 are medium dark gray, coarse-grained, very slightly vesicular basalt with common 
iddingsite after olivine to 2 mm. Vesicles, to I mm, are very irregular. 
This polished thin section represents 4 fragments of cuttings; all are slightly to moderately vesicular microporphyric basalt. Smectite or calcite 
partly to entirely fill most vesicles. Common plagioclase phenocrysts ( 12%) grade into groundmass. Common to abundant olivine phenocrysts 
(7%) are partly to entirely altered to iddingsite along rims. Scarce to common magnetite ( 1.5%) and abundant, generally large stubby laths of 
ilmenite (1.5%) are both slightly oxidized within groundmass; inclusions of spinel are scarce to common within olivine phenocrysts. No lithics 
were observed. 
Cuttings from 872 to 877 ft depths in drill hole R 12 are fragments to 30 mm of dark olive gray, pilotaxitic, medium- to coarse-grained, slightly 
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The slopes, summit, and central amphitheater of the Mount Taylor composite volcano, New Mexico. Cerro Alesna volcanic neck in the central 
distance. Mesa Chivato (northern Mount Taylor volcanic field) to the right. Photo by L. Crumpler, February, 1999. 
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