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ABSTRACT

Volcanic rocks near Yampa, Colorado
(USA), represent one of several small late Mio-
cene to Quaternary alkaline volcanic fields
along the northeast margin of the Colorado
Plateau. Basanite, trachybasalt, and basalt
collected from six sites within the Yampa
volcanic field were investigated to assess cor-
relations with late Cenozoic extension and
Rio Grande rifting. In this paper we report
major and trace element rock and mineral
compositions and Ar, Sr, Nd, and Pb isotope
data for these volcanic rocks. High-precision
“Ar/°Ar geochronology indicates westward
migration of volcanism within the Yampa
volcanic field between 6 and 4.5 Ma, and the
Sr, Nd, and Pb isotope values are consistent
with a primary source in the Proterozoic sub-
continental lithospheric mantle. Relict oliv-
ine phenocrysts have Mg- and Ni-rich cores,
whereas unmelted clinopyroxene cores are Na
and Si enriched with finely banded Ca-, Mg-,
Al-, and Ti-enriched rims, thus tracing their
crystallization history from a lithospheric
mantle source region to one in contact with
melt prior to eruption. A regional synthesis
of Neogene and younger volcanism within
the Rio Grande rift corridor, from northern
New Mexico to southern Wyoming, supports
a systematic overall southwest migration of
alkaline volcanism. We interpret this Neogene
to Quaternary migration of volcanism toward
the northeast margin of the Colorado Plateau
to record passage of melt through subverti-
cal zones within the lithosphere weakened by
late Cenozoic extension. If the locus of Qua-
ternary alkaline magmatism defines the cur-
rent location of the Rio Grande rift, it includes
the Leucite Hills, Wyoming. We suggest that
alkaline volcanism in the incipient northern

Rio Grande rift, north of Leadyville, Colorado,
represents melting of the subcontinental litho-
spheric mantle in response to transient infil-
tration of asthenospheric mantle into deep,
subvertical zones of dilational crustal weak-
ness developed during late Cenozoic exten-
sion that have been migrating toward, and
subparallel to, the northeast margin of the
Colorado Plateau since the middle Miocene.
Quaternary volcanism within this northern
Rio Grande rift corridor is evidence that the
rift is continuing to evolve.

INTRODUCTION

Latest middle Miocene and younger syn-
transform extension within the southern Basin
and Range province (western USA, northwest-
ern Mexico) is related to rapid migration of the
Rivera triple junction past Baja Mexico to its
current location between the tip of the Baja pen-
insula and mainland Mexico (Fig. 1; Dickinson,
2004). Evidence of this triple junction migra-
tion can be traced to late Cenozoic extension
along the eastern margin of the Colorado Pla-
teau, where the Neogene Rio Grande rift forms
a prong of the Basin and Range (e.g., Prodehl
and Lipman, 1989). Although the physiographic
rift graben ends near Leadville, Colorado (Fig.
2), extensional deformation structures including
high-angle block faulting and small, low-relief
grabens filled with Miocene sedimentary rock
of the Browns Park Formation continue west
of the Gore and Park Ranges into Wyoming
(Izett, 1975; Larson et al., 1975; Tweto, 1979).
Locally, these extended areas are associated
with late Cenozoic volcanic eruptions and vol-
canic fields of small to moderate size and vary-
ing degrees of alkaline character, including the
Flat Tops Wilderness, Elkhead Mountains, and
the Yampa volcanic field. These highly alka-
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line, mafic rocks have been broadly associated
with Rio Grande rifting (e.g., Izett, 1975; Lar-
son et al., 1975; Tweto, 1979), and are thought
to represent low degrees of partial melting of
previously enriched Proterozoic subcontinen-
tal mantle lithosphere (Leat et al., 1988, 1989,
1990; Thompson et al., 1990; Beard and John-
son, 1993).

The timing of alkaline volcanism in north-
west Colorado related to late Cenozoic exten-
sion and Rio Grande rifting is approximately
constrained by a few late Miocene to Quaternary
K-Ar ages of compositionally diverse rock types
(Izett, 1975; Larson et al., 1975; Thompson et
al., 1993). Defining a high-precision chronology
of this volcanism is essential to establishing any
reliable spatial and temporal framework of late
Cenozoic extension and volcanism. Because of
their highly alkaline character, these rocks favor
enrichment of incompatible elements such as
the light rare earth elements (LREE) and study
of their age and distribution could benefit future
mineral exploration.

In this paper we report rock and mineral
compositions and “’Ar/*°Ar, Sr, Nd, and Pb iso-
tope data for samples from the volcanic field in
and around Yampa, Colorado. These results are
the first Pb isotope, “’Ar/*Ar, and phenocryst
compositional data reported from the Yampa
volcanic field. Our high-precision “Ar/*Ar
geochronology yields Pliocene eruption ages
and Pb isotopic data indicating rock deriva-
tion from a subcontinental lithospheric mantle
that underwent silica-fluid metasomatism ca.
1.74 Ga. Using new and previously published
data from northwest Colorado and southern
Wyoming we demonstrate that the locus of
alkalic volcanism during the past 15 m.y. has
migrated toward the Colorado Plateau. We dis-
cuss implications of this migrating volcanism
and its overall significance to late Cenozoic
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Figure 1. Present-day regional tectonic map of western North America and the Basin and
Range province (modified from Dickinson, 2002), with subdivisions of the northern (blue),
central (green), and southern (tan) Basin and Range from Jones et al. (1992) and Sonder
and Jones (1999). Principal extension directions established from core complex lineations
in each region are simplified from Dickinson (2002). White and black arrows indicate areas
where core complexes record dominantly Eocene and late Miocene extension, respectively.
The dominant northeast-southwest extension in the southern Basin in Range, developed
after 20 Ma, records subduction of a transform margin and migration of the Rivera triple
junction past Baja California (Lipman et al., 1971; Ingersoll, 1982; Dickinson, 2004). The
area of Figure 2 is indicated; star indicates approximate position of Yampa. Abbreviations:
BM—BIlue Mountains; CRP—Columbia River plateau; GF—Garlock fault; GFZ—Gorda
Fracture Zone; KM—Klamath Mountains; LH—Leucite Hills; MFZ—Mendocino Frac-
ture Zone; PNW—Pacific Northwest; RFZ—Rivera Fracture Zone; SN—Sierra Nevada;
SRP—Snake River Plain.
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extension and the post-Pliocene evolution of
the northern Rio Grande rift that includes the
Leucite Hills, Wyoming.

NORTHERN RIO GRANDE RIFT

The physiographic Rio Grande rift is marked
by a series of discontinuous, sediment-filled
grabens, half-grabens, and range-bounding
normal faults consisting of three distinctive
segments (Chapin, 1979; Ingersoll, 2001). The
northernmost segment includes the geomor-
phic San Luis Valley, a large half-graben fault
bounded by the towering (>4000 m elevation)
Sangre de Cristo Mountains to the east (Fig. 2).
North of the San Luis Valley, the Rio Grande
rift is a smaller graben, bounded by the high-
elevation Sawatch Range (>4000 m elevation)
to the west and the lower elevation Mosquito
Range to the east. Immediately north of Lead-
ville is often considered the geographic termi-
nus of the Rio Grande rift, and is where the last
semicontinuous rift-like basin bounded by nor-
mal faults is exposed. However, block-faulting
and downdropped grabens and half-grabens
containing late Miocene sediment west of the
Gore and Park Ranges and continuing north
into Wyoming may represent less conspicuous
Rio Grande rifting (Tweto, 1979). The areas
between Leadville and the Leucite Hills are
herein considered part of the incipient north-
ern Rio Grande rift. Recent uplift of the Rocky
Mountain epeirogen (e.g., Eaton, 2008) may
obscure unequivocal physiographic expres-
sions of a late Miocene rift-like depression
north of Leadville, although an earlier episode
of Cenozoic extension is clearly expressed in
the North Park, Middle Park, and South Park
basins (Fig. 2) that began developing shortly
after Laramide arc-style deformation (Cole et
al., 2010).

LATE CENOZOIC MANTLE SOURCES
OF ALKALINE VOLCANISM IN
NORTHWEST COLORADO

Much of the alkaline volcanism bordering
the Colorado Plateau in northwest Colorado is
associated with northwest-trending extensional
fault blocks, and has long been attributed to
Rio Grande rifting (Izett, 1975; Larson et al.,
1975; Tweto, 1979; Leat et al., 1990, 1991;
Beard and Johnson, 1993). The isotopic and
chemical composition of their source rocks can
provide insight into Rio Grande rifting and also
constrain models of interacting asthenospheric
and lithospheric mantle in proximity to the
Colorado Plateau. For example, recent models
show that late Cenozoic volcanic rocks along
the southern margins of the Colorado Plateau
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Figure 2. Index map (from Tweto, 1979) of western Colorado highlighting faults with presumed Neogene motion.
Thick line is the approximate limit of the Colorado Plateau. The northern limit of the Rio Grande rift is generally
drawn just north of Leadville, Colorado, but high-angle block faulting continues into Wyoming along a corridor
west of the Gore and Park Ranges, where Miocene and younger volcanic rocks crop out in the Flat Tops Wilder-
ness, the Elkhead Mountains, and near Yampa. Q—known location of Quaternary alkaline lavas. Approximate
location of Figure 3 is indicated. N.P.—North Park; M.P.—Middle Park; S.P.—South Park.
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become progressively younger and increas-
ingly derived from the asthenospheric mantle
approaching the plateau margin, and may
reflect large-scale mantle dynamics that control
the current size of the plateau, locus of magma-
tism, and development of relief (e.g., Wenrich
et al., 1995; Roy et al., 2009; Crow et al., 2011;
Karlstrom et al., 2012).

Both asthenospheric mantle (from Yellow-
stone) and subcontinental lithospheric mantle
sources were proposed by Leat et al. (1991) for
lavas from the Yampa volcanic field on the basis
of elevated La/Ta ratios and a significant spread
in '*Nd/'*Nd ratios. Beard and Johnson (1993)
followed this study by measuring Hf isotopes
in lava samples from five separate areas within
northwest Colorado sampled by Leat et al.
(1988, 1989), including two samples from the
Yampa volcanic field. The only samples from
northwest Colorado that have '"Hf/'"Hf iso-
tope data consistent with a continental asthe-
nospheric mantle source are the Yampa lavas,
which have AeHf values near zero, overlapping
those of the ocean island basalt (OIB) field, and
are similar to lavas of the Rio Grande rift near
the Colorado—New Mexico border (Beard and
Johnson, 1993). Otherwise, all volcanic rocks
from northwest Colorado appear restricted
to partial melting within the garnet peridotite
field, from a subcontinental lithospheric mantle
previously enriched by Proterozoic silica-fluid
metasomatism within a shallower spinel peri-
dotite field (e.g., Leat et al., 1991; Beard and
Johnson, 1993).

AGE CONSTRAINTS ON
ALKALINE VOLCANISM IN
NORTHWEST COLORADO AND
SOUTHERN WYOMING

Fundamental differences in lithospheric
thickness beneath the southern and northern
Rio Grande rift strongly influence the chemical
and isotopic composition of late Cenozoic lavas
(e.g., Lipman, 1969; Lipman and Mehnert,
1975; Prodehl and Lipman, 1989; Johnson and
Thompson, 1991; Beard and Johnson, 1993;
Johnson and Beard, 1993; McMillan et al.,
2000), and temporal variations in volcanic rock
composition provide important insight into the
extent and dynamic evolution of the rift. On the
basis of available K-Ar geochronology, Leat
et al. (1989) noted three periods of alkaline
volcanism in northwest Colorado, the earliest
phase represented by Oligocene to early Mio-
cene lamproitic lavas within the Middle Park
basin (York et al., 1971; Larson et al., 1975;
Thompson et al., 1993, 1997). A second vol-
canic episode was defined by the late Miocene
and Pliocene minettes of the Elkhead Moun-

tains, the Flatops Wilderness, and alkalic lavas
near Yampa (Izett, 1975; Larson et al., 1975;
Thompson et al., 1993). In the Yampa volcanic
field, ages of 7.5-10 Ma were estimated from
partially reset fission tracks in apatite sepa-
rated from basement xenoliths (Izett, 1975)
and from two samples with K-Ar ages of 5 and
6 Ma from basalt near Yampa (Thompson et al.,
1993). A third volcanic period was noted on the
basis of Quaternary mafic volcanic eruptions at
Dotsero, McCoy Mountain, Triangle Peak, and
Willow Peak (Giegengack, 1962; Larson et al.,
1975; Leat et al., 1990). Lange et al. (2000)
reported high-precision “Ar/*Ar ages between
0.9 and 1.3 Ma for the highly alkalic rocks of
the Leucite Hills (Carmichael, 1967), and it
is the only volcanic field along the northeast
margin of the Colorado Plateau characterized
by high-precision “°Ar/*’Ar geochronology.
Establishing a similarly precise chronology
of the eruptive sequences in northwest Colo-
rado is necessary before rigorous testing of any
models incorporating temporal constraints.

107°0'0"W

106°52"30"W

METHODS
Samples

Samples of fresh, xenolith-free, volcanic
rock were examined petrographically using
polarizing and scanning electron microscopes,
analyzed chemically by electron microprobe,
and aliquots were prepared for geochemistry,
“Ar/Ar geochronology, and Sr, Nd, and Pb
isotope analysis. We sampled volcanic rock
at six representative sites near Yampa, where
numerous small volcanic necks, dikes, and lava
flows occur as part of a small volcanic field west
of the Park Range near Yampa (Fig. 3). Most
of the volcanic rocks occur within or along the
margins of small grabens and half-grabens con-
taining sediment of the Miocene Browns Park
Formation (Fig. 4). The lavas were forcibly
emplaced, and most contain numerous shallow
crustal xenoliths of the Browns Park Formation,
ranging in diameter from a few millimeters to
several meters, but also include centimeter-sized
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Figure 3. Sample localities from this study plotted on a shaded relief map of the Yampa
region overlain with simplified geology, normal faults, and volcanic necks and dikes (from
Tweto, 1979). Note the position of volcanic necks relative to high-angle normal faults bound-
ing half-grabens filled by the Miocene Browns Park Formation. Also shown are undifferen-
tiated volcanic rocks of presumed Miocene age. Dashed lines delineate migrating zones of
contemporaneous volcanic activity based upon “’Ar/*Ar data from this study.
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xenoliths of Precambrian basement rocks (Leat
and Thompson, 1988) (Fig. 5).

Petrography
The Yampa lavas have millimeter-sized phe-

nocrysts of olivine and clinopyroxene and minor
Ti-phlogopite and orthopyroxene in a vesicu-

Cosca et al.

lated groundmass of plagioclase, clinopyroxene,
iron oxides, and glass (Fig. 6). Olivine forms
both tabular and skeletal crystals and the largest
phenocrysts have been significantly replaced by
chlorite. The larger clinopyroxene phenocrysts
contain melt pools in their cores and have rims
with numerous fine-scale, compositionally dis-
tinct bands, as indicated by petrographic observa-

tion (Fig. 6) and backscattered electron imaging
(Fig. 7). The prominent sieve texture preserved
in many of the larger olivine and clinopyroxene
phenocrysts (Fig. 7) suggests that they are melt-
ing and that the fine-scale zoning of the rims is
tracking chemical equilibrium with a melt phase
during crystal growth. Vesicles observed in many
samples contain secondary calcite.

Figure 4. Photographs illustrating occurrence of volcanic rocks of the Yampa area. (A) View to east of locality 10YV-07, a
volcanic dike near Yampa. Note the low relief defined by northwest-southeast-trending normal faults bounding half-grabens.
(B) Locality 10YV-05, a typical volcanic neck observed in the Yampa area. (C) Closeup view of volcanic neck at locality 10YV-01,
illustrating subvertical flow-banding in volcanic neck. (D) View of northwest-southeast-trending volcanic dike intruding the
Miocene Browns Park Formation taken from locality 10YV-07, looking toward the northeast.
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Figure 5. (A-D) Crustal xenoliths are observed in volcanic rock from different outcrops of the Yampa area, including gneiss, conglomerate,
and siltstone.

Rock Compositions

Major and minor element concentrations
were determined at the U.S. Geological Sur-
vey (USGS) in Denver on rock powders by
quantitative X-ray fluorescence spectrometry,
and trace element concentrations (including
REEs) were determined by inductively coupled
plasma mass spectrometry. For the trace ele-
ment analyses, the whole-rock powders were
digested overnight on a hot plate; external pre-
cisions of the reported trace element concentra-
tions are ~10% based on replicate analyses of
the BCR-1 USGS standard.

Sr, Nd, and Pb Isotopes

The analytical techniques used for simul-
taneous, single-dissolution of U-Th-Pb,

Rb-Sr, and Sm-Nd analysis on whole rocks
for this study are similar to those reported in
more detail by Tatsumoto and Unruh (1976),
and Premo and Loucks (2000). Whole-rock
samples were dissolved in 7 mL Teflon PFA
vials with ultrapure concentrated HF + HNO,
and then spiked with a dilute mixed tracer of
205pp-233Y-36U-2Th as well as dilute mixed
tracers of ¥Sr-¥Rb and '"'Nd-'*Sm. Samples
were reheated to achieve isotopic equilibra-
tion. Lead was extracted using AG 1-X8 anion
exchange resin in Teflon microcolumns using
a very dilute HBr medium. Lead residues were
dried in H,PO, and loaded onto single Re
filaments. The Pb laboratory contamination
(blank) varied between 50 and 110 pg total
Pb (average = 67 + 8 pg), and had a measured
composition of 2Pb/**Pb = 18.681 + 0.064,
207Pp/2%Ph = 15.432 + 0.033, and *®Pb/**Pb =
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37.720 = 0.120 from multiple determinations.
Uranium and Th were then extracted from the
Pb eluent using AG 1-X8 anion exchange resin
in a different, slightly larger, Teflon microcol-
umn using a 7N HNO, medium, and residues
were loaded onto Re filaments using dilute
HNO,. Uranium blank levels were 15-25 pg,
and Th blank levels were 1-6 pg. The efflu-
ent was then passed through a large (30 mL
resin volume) column with AG 50W-X8 cat-
ion exchange resin, separating Rb, Sr, and the
REEs. Strontium and Rb were further puri-
fied using a smaller Teflon column with AG
50W-X8 cation exchange resin; Sr was dried
in H,PO, acid and run on a single oxidized Ta
filament, and Rb was run in a double rhenium
filament configuration. Laboratory contamina-
tion levels of total Sr typically range between
30 and 300 pg. Rubidium blanks were typically
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Figure 6. Photographs of Yampa thin sections. (A) Sample 10YV-07, skeletal olivine (ol) phenocrysts in fine-grained, glassy matrix.
(B) Sample 10YV-05, partially resorbed, tabular and zoned olivine phenocryst in fine-grained glassy matrix. (C) Sample 10YV-02, tabular
olivine phenocrysts and clinopyroxene (cpx) phenocrysts with partially melted cores. (D) Sample 10YV-05, end sectional view of clinopy-
roxene phenocryst with a partially melted core and rim precipitated from a melt.

five times smaller than those for Sr. Samarium
was separated from Nd using AG 50W-X8 cat-
ion exchange resin and the o-isobutyric method
of Lugmair et al. (1975), cleaned further using
smaller Teflon columns with AG 50W-X8
cation exchange resin, then loaded with very
dilute H,PO, acid onto triple Ta filaments. Lab-
oratory contamination levels of total Nd were
between 30 and 250 pg; samarium blanks were
typically 3-5 times smaller than those for Nd.

The Pb isotopes were measured using a
Triton multicollector thermal ionization mass
spectrometer (TIMS) in static mode using
Faraday cups. The Pb isotope ratios were cor-
rected for mass discrimination of 0.0010 =+
0.0003 per mass unit using data for National
Institute of Standards and Technology (NIST)

380

standards SRM-981 and SRM-982 mea-
sured at the same run conditions. The exter-
nal uncertainty of the standard analyses was
mainly due to mass fractionation effects, and
was 0.08%, 0.12%, and 0.16% for 2°°Pb/**Pb,
27Pp/2“Pb, and **Pb/*™Pb, respectively. The
concentrations and isotopic ratios of U, Th,
Rb, Sr, Sm, and Nd were determined on an
automated, multisample,  single-collector,
VG Isomass 54R TIMS using the ANALYST
programming of Ludwig (1992). Typical runs
per element varied with desired level of preci-
sion, but for both Sr and Nd, a minimum of
240 measurements were collected to achieve a
0.003% error. Concentration uncertainties vary
between ~0.1% and ~1.0%. All isotopic ratios
were corrected for blank and instrumental mass
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fractionation, ¥Sr/*Sr data were normalized to
86Sr/%8Sr = 0.1194, and monitored for instru-
mental bias using the NIST SRM 987 standard;
the mean value of ¥Sr/*Sr for 30 analyses of
the Sr standard during the course of this study
was 0.710265 = 10 (20). The '**Nd/"*“Nd data
were normalized to '“*Nd/'Nd = 0.7219 and
monitored for instrumental bias using the
La Jolla Nd standard, which yielded a mean
value of "Nd/'"“Nd = 0.511865 + 10 (20)
for 30 replicate analyses. The initial ¥Sr/*Sr
and 'Nd/'*Nd values were calculated using
measured Rb/Sr, Sm/Nd, and “Ar/*Ar ages
for the same samples. The g ,(0) values were
calculated using present-day (*Nd/'*Nd)

= 0.512636, and (""Sm/'*Nd)_, . = 0.1967
(CHUR is chondritic uniform reservoir).

CHUR
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Figure 7. Backscattered electron images of Yampa samples. (A) Sample 10YV-05, zoned clinopyroxene phenocryst with a core displaying
evidence of melting, and a rim with growth zones formed during precipitation from a melt. (B) Sample 10YV-04a, relict Ti-phlogopite
phenocryst partially decomposed within a fine-grained glassy matrix. (C) Sample 10YV-04a, skeletal olivine with smaller olivine in a
fine-grained glassy groundmass. (D) Sample 10YV-02, cluster of compositionally zoned clinopyroxene centered around a glassy pseu-
domorph of a once-stable clinopyroxene. (E) Sample 10YV-04a, zoned olivine phenocryst. (F) Sample 10YV-02, zoned clinopyroxene
phenocryst with melting core and finely banded rims precipitated during ascent prior to eruption.
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“Ar/*Ar Geochronology

The “Ar/°Ar analyses were performed
at the USGS in Denver, Colorado. Samples
were prepared by crushing and isolating rock
fragments of ~1 mm® from fresh rock free of
obvious alteration and xenocrysts. The rock
fragments were washed in deionized water
and together with standards, were irradiated
for 20 MW hours in the central thimble posi-
tion of the USGS TRIGA reactor. Laser fusion
of >10 individual Fish Canyon Tuff sanidine
crystals (28.20 + 0.09 Ma; Kuiper et al., 2008)
at each closely monitored position within the
irradiation package resulted in neutron flux
ratios reproducible to +0.25% (20). Isotopic
production ratios and interfering nucleogenic
reactions were determined from irradiated
CaF, and KCI salts and zero age K-silicate
glass, and for this study the following values
were measured: (CAr/7Ar) = (2.77 = 0.03)
x 107 (PAr/7Ar), = (6.54 = 0.33) x 107
and (*Ar/*Ar), = (1.29 + 0.03) x 107 Cad-
mium shielding during irradiation prevented
any measurable nucleogenic (“*Ar/*Ar),. The
irradiated basalt samples and standards were
loaded into numbered positions of a stainless
steel planchette, placed into a laser sample
chamber with an externally pumped ZnSe win-
dow, and evacuated to ultrahigh vacuum condi-
tions in a fully automated stainless steel extrac-
tion line designed and built at the USGS in
Denver. Using a 25W CO, laser equipped with
a beam homogenizing lens, the samples were
incrementally heated and the liberated gas was
expanded and purified by exposure to a cryo-
genic trap maintained at —140 °C and two hot
SAES GP50 getters. Following purification the
gas was expanded online into a Mass Analyzer
Products 215-50 mass spectrometer in static
mode and Ar isotopes were measured by peak
jumping using an electron multiplier in analog
mode. Data were acquired during 10 measure-
ment cycles and time zero intercepts were
determined by best-fit linear and/or polynomial
regressions to the data. Data were corrected for
mass discrimination, blanks, radioactive decay,
and interfering nucleogenic reactions.

RESULTS
Rock Compositions

The Yampa volcanic rocks collected for this
study are mafic (SiO, = 41.5-47.5 wt%; MgO
= 5-10 wt%), and alkalic (Na,0 + K,O = 4-
7 wt%), with high TiO, (1.8-2.2 wt%) and P, O,
(0.8-1.0 wt%) (Table 1). These rocks plot as
basanites, trachybasalts, and basalt with norma-
tive nepheline contents to 20% (Fig. 8) and have
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TABLE 1. WHOLE-ROCK MAJOR AND TRACE ELEMENT DATA OF YAMPA LAVAS

Sample, 10YVO1A  10YVO02A 10YVO4A 10YV04B 10YV05 10YV06 10YV07
rock type basanite basanite trachybasalt trachybasalt trachybasalt  basalt trachybasalt
SiO, 43.19 41.66 47.20 47.36 46.64 47.39 45.03
TiO, 2.16 2.12 2.10 2.18 1.80 1.91 217
ALO, 13.68 13.03 14.36 14.38 14.24 14.42 13.82
Fe,O, 11.58 11.08 9.77 10.03 9.87 11.35 9.79
FeO

MnO 0.17 0.18 0.16 0.16 0.16 0.14 0.16
MgO 9.73 9.74 7.03 712 7.89 4.72 8.27
CaO 10.37 11.32 8.38 8.52 9.34 10.37 10.80
Na,0 2.77 1.48 3.23 3.42 3.60 2.83 2.76
K,0 214 2.54 3.39 3.28 2.93 1.60 2.72
P,O, 1.03 1.03 0.82 0.83 0.90 0.91 0.85
LOI 1.63 3.39 2.48 2.40 1.43 2.80 1.52
Sum 98.45 97.55 98.91 99.68 98.80 98.43 97.88
Cr 247 251 125 141 176 220 184

Ni 166 168 118 122 140 104 141

S 101 621 267 130 140 86 362
Sc 38 41 35 35 35 42 43

\ 214 218 183 186 195 215 203
Co 50 48 39 42 42 43 43
Cu 51 39 32 39 34 35 58
Zn 95 94 101 99 97 103 86
Ga 18 17 20 18 18 17 17
Ge 10 6 8 9 9 8 8

Br 1 0 0 0 0 1 1

Rb 35 39 60 62 58 28 52

Sr 1318 1787 1276 1104 1523 1164 1030
Y 24 24 24 24 25 22 25

Zr 281 264 304 274 296 203 255
Nb 63 59 84 83 71 32 70
Sb 4 3 2 0 3 2 4
Ba 1694 1752 1390 1330 1855 922 1260
As 0 1 0 1 2 3 1

La 7 69 63 66 75 49 64
Ce 143 141 121 127 145 107 127
Pr 17 17 14 15 17 14 15
Nd 67 65 54 56 65 58 57
Sm 11 11 10 10 11 10 10
Eu 3 3 3 3 3 3 3
Tb 1 1 1 1 1 1 1
Gd 9 9 8 8 9 8 9
Dy 6 6 6 6 6 5 6
Ho 1 1 1 1 1 1 1

Er 3 3 3 3 3 2 3
Tm 0 0 0 0 0 0 0
Yb 2 2 2 2 2 2 2

Lu 0 0 0 0 0 0 0

w <7 <7 <7 <7 <7 <7 <7

T <3 <3 <3 <3 <3 <3 <3
Pb 9 11 11 20 12 7 11

Th 7 7 8 8 8 4 13

U 2 2 3 3 2 1 2

Note: Major elements are in weight percent and trace element data are in parts per million. LOl—loss on

ignition.

compositions similar to those reported in Leat et
al. (1991). The Yampa lavas show slight positive
correlations of Al,O, with SiO,, whereas MgO
and CaO are inversely correlated (Fig. 9A), indi-
cating variable modal phenocryst abundances of
olivine, clinopyroxene, and plagioclase relative
to groundmass. Plots of TiO, versus the other
oxides (Fig. 9B), useful in evaluating geochem-
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istry of high-Ti alkaline lavas (e.g., Carmichael
et al., 1996), show that Ti is positively corre-
lated with Nb (Fig. 10), consistent with a rutile-
bearing source region (e.g., Foley et al., 2000).
Elevated P,O, contents support a P-rich source,
possibly including apatite, and the metastable
Ti-phlogopite preserved in sample 10Y V-04A is
a possible mantle source for the high Ti, Ba, and
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Figure 8. Whole-rock compositions from this study together with data from Leat
et al. (1991) plotted on the discrimination diagram of Le Maitre et al. (1989). TB—
trachybasalt; P—phonolite. Sources of data: triangles—Yampa lavas from this study;
squares—Yampa lavas from Leat et al. (1991); circles—Quaternary basalts from Leat
et al. (1989); diamonds—minettes of the Elkhead Mountains; Thompson et al. (1990);
stars—phlogopite lamproite (PL) and asterisks—madupite lamproite (ML) of the Leu-

cite Hills (Mirnejad and Bell, 2006).

Rb concentrations (e.g., Schmidt et al., 1999) in
these rocks.

The trace element composition of the Yampa
samples have moderately elevated large ion
lithophile element relative to OIB and highly
enriched LREE concentrations relative to chon-
drites (Fig. 10). These new results are generally
similar to those from early Miocene minettes
from the Elkhead Mountains (Thompson et
al., 1990) and the Quaternary alkaline basalts
of northern Colorado (Leat et al., 1989), and
slightly less enriched than the lamproites of the
Leucite Hills (Mirnejad and Bell, 2006) (Fig.
10). Although the Yampa samples have elevated
Rb/ND, Ti/Nb, and La/Nb ratios relative to OIB,
they plot on trajectories toward even higher
ratios characteristic of some highly silicic
minettes in the Elkhead Mountains (Fig. 10).

Mineral Compositions

Compositions of olivine, clinopyroxene, and
phlogopite phenocrysts were determined from
electron microprobe analyses, and both olivine
and clinopyroxene phenocrysts exhibit signifi-
cant compositional zoning (Table 2). Olivines

have systematically Mg- and Ni-enriched cores
and Fe- and Ca-enriched rims (Table 2; Fig. 11).
Polarized light and backscattered electron imag-
ing of compositional zoning in clinopyroxene
phenocrysts (Figs. 6 and 7) is confirmed by the
electron microprobe data, which show uniform
enrichments in Si, Fe?*, and Na in cores indicat-
ing a small, but significant jadeite component
(Table 2), and rims with marked enrichments of
Ca, Mg, Al, and Ti relative to phenocryst cores.
The clinopyroxene core and rim compositions
require the following cation exchanges: Si &
Ti, Fe & Mg, and NaSi < CaAl. Two quan-
titative microprobe traverses across one large
(3 mm) phenocryst from sample 10YV-02
are representative of compositional variations
observed among all analyzed samples (Fig.
12), with uniform compositions in the surviving
clinopyroxene core and fine-scale, composition-
ally distinct bands along its rims.

Sr, Nd, and Pb Isotopes
The 2°Pb/%Pb (17.5-18), and 2®Pb/*Pb

(37.3-37.6) ratios of the Yampa lavas (Table 3)
are similar to Pb isotope data from numerous
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mafic, intermediate, and felsic basement samples
of the Green Mountain arc terrane (Fig. 13A), a
Proterozoic subduction zone or volcanic arc com-
plex extending from northern Colorado to south-
western Wyoming (Hills and Houston, 1979;
Premo and Loucks, 2000; Jones et al., 2011b).
The high-grade metamorphic basement rocks
of the Green Mountain arc terrane plot below
the terrestrial Pb (bulk silicate Earth) evolution
model of Stacey and Kramers (1975), consistent
with time-integrated, hybrid mantle sources, and
define a poorly constrained whole-rock Pb-Pb
age of 1743 + 64 Ma (mean square of weighted
deviates, MSWD = 14), identical to U-Pb zircon
ages from the regional basement rocks (Premo
and Van Schmus, 1989). The Yampa lavas taken
alone define a poorly constrained Pb-Pb age
of 1998 + 210 Ma (Fig. 13B), with Pb isotope
values shared by mafic lower crust in this area,
consistent with some lower crustal assimila-
tion. Given the abundance of crustal xenoliths
observed in the Yampa lavas, including sediments
of the Miocene Browns Park Formation and high-
grade gneisses, some degree of crustal assimila-
tion seems unavoidable, yet the low *’Pb/**Pb
(and ¥Sr/*Sr) ratios suggest little upper crustal
assimilation in these lavas.

The Nd/"¥Nd values of Yampa lavas range
from 0.512327 to 0.512553 [g,(0) values of 0
to —7] and initial ¥’Sr/*Sr values of 0.704-0.706
(Table 3), similar to those previously identi-
fied from other Yampa lavas (Leat et al., 1988).
The Yampa lavas have a cumulative difference
in radiogenic Nd of ~7 €, units, but no clearly
defined trend in 8Sr/*Sr (Fig. 14A). This range in
3Nd/"*Nd and ¥Sr/*Sr ratios is consistent with
melting some component of mafic basement of
the Green Mountain arc terrane (Fig. 14B), and
the range of €, and A values also suggests a pos-
sible component of asthenospheric mantle (e.g.,
Leat et al., 1988; Beard and Johnson, 1993). A
similar range in €, values and restricted *’St/**Sr
ratios is observed in the Elkhead Mountains, Yar-
mony Mountain, and younger Quaternary basalts
from northern Colorado (Fig. 14B), but com-
pared to the Yampa lavas their more negative €,
and A, values indicate source regions restricted
to the subcontinental lithospheric mantle (Beard
and Johnson, 1993).

“Ar/Ar Geochronology

Results of the Yampa whole-rock “°Ar/*Ar
incremental CO,-laser heating experiments are
presented in Table 4, and “°Ar/*’Ar age spectra
and PAr/*Ar versus **Ar/*Ar isochrons are
plotted in Figure 15; samples 10YV-01A and
10YV-01B were taken from different parts of
one outcrop, and duplicate analyses of samples
10YV-02 and 10YV-05 are also shown. The
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Figure 9 (Continued on following page). (A) Plots of selected major element oxide compositions versus SiO, (wt%).

PAr/MAr versus *Ar/*Ar isochrons for the
Yampa samples (Fig. 15A) indicate trapped
argon with “°Ar/*Ar values (ordinate intercept)
significantly higher than the present atmospheric
value of 298.56 (Lee et al., 2006). Excepting
sample 10YV-06 (with insufficient isotopic dif-
ferences between incremental heating steps to
calculate a statistically valid isochron), sam-
ples plot along isochrons (MSWD < 2) with
ages between 6.0 £ 0.3 Ma (10YV-01B) and
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4.47 +0.11 Ma (10YV-05B) and have trapped
YOArfSAr ratios >300. The “Ar/*Ar age spec-
tra calculated assuming atmospheric “Ar/*Ar
values (298.56) for trapped argon are irregular
(Fig. 15B) and lack “Ar/*Ar plateau ages (3
or more consecutive heating steps with statis-
tically identical [26] ages and combined total
more than 50% of the cumulative **Ar released).
Only one sample (10YV-04B) has trapped
“ArfSAr ratios within error of present-day
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atmosphere, and has identical errorchron (5.04
+ (.11 Ma) and near-plateau (5.06 + 0.5 Ma)
ages (Figs. 15A, 15B). Replotting all of the
“OAr/°Ar age spectra with the isochron-defined
YOArSSAr ratios (Fig. 15C) results in age spectra
with “Ar/*Ar age plateaus for nearly all sam-
ples with ages ranging between 6.08 + 0.06 Ma
(10YV-02A) and 4.59 + 0.05 Ma (10YV-05A).
Because the Yampa lavas have isochrons that
indicate mixing with some extraneous argon
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Figure 9 (Continued). (B) Plots of selected major element oxide compositions versus TiO, (wt%). Sources of data as in Figure 8. PL—
phlogopite lamproite; ML—madupite lamproite.

with nonatmospheric “Ar/**Ar values, the
isochrons or age spectra using the isochron-
derived trapped argon values most accurately
define eruption ages within the Yampa volca-
nic field. The source of the extraneous argon
may be related to assimilation of xenoliths of
crustal rock prior to or during eruption. Sam-

ple 10YV06, with an integrated age of 22.5 +
0.6 Ma, is the only true basalt sampled and con-
tains half the magnesium of the other samples
and is the only sample in which relict orthopy-
roxene was identified. Further work is required
to determine the geochronological and geologi-
cal significance of this sample.
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DISCUSSION

Phenocryst Zoning and the Transition from
Lithospheric Mantle to the Surface

Despite numerous crustal xenoliths contained
in the Yampa volcanic rocks, no ultramafic
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Figure 10. Trace element and rare earth element (REE) plots of Yampa lavas compared to selected lavas from northern Colorado and
southwestern Wyoming. (A) Ocean island basalt (OIB) normalized trace element plots. (B) Chondrite normalized REE plots (Sun and
McDonough, 1989) of Yampa lavas. Symbols: triangles—Yampa lavas (this study); blue dashed line—Yampa lavas (Leat et al., 1991);
red dashed line—Quaternary basalts (Leat et al., 1989); pink shaded area—Elkhead Mountains (Thompson et al., 1990); gray shaded
area—Leucite Hills lamproites (Mirnejad and Bell, 2006). (C-F) Selected trace element plots of Yampa lavas (sources of data as in Fig. 8).
PL—phlogopite lamproite; ML—madupite lamproite.
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TABLE 2. REPRESENTATIVE PHENOCRYST COMPOSITIONS FROM YAMPA LAVAS

Sample 10YVO1A 10YVO1A 10YV05 10YV05 10YVO1A 10YVO1A 10YV02A 10YV02A 10YVO04A 10YVO04A
ol ol ol ol cpx cpx cpx cpx Ti-phl Ti-phl
core rim core rim core rim core rim
Sio, 39.39 38.96 40.71 39.28 50.96 47.37 48.58 41.78 36.84 36.29
TiO, 0.02 0.01 0.03 0.04 0.30 2.48 1.53 4.04 7.72 7.80
AlLO, 0.02 0.04 0.03 0.01 2.37 6.77 6.32 10.96 17.64 17.34
Cr,0, 0.01 0.00 0.02 0.03 0.00 0.02 0.20 0.00 0.00 0.02
FeO 16.64 19.22 12.66 19.59 11.43 7.30 5.71 8.58 8.92 8.92
CoO 0.03 0.05 0.04 0.03 0.01 0.00 0.02 0.00 0.03 0.03
NiO 0.15 0.15 0.17 0.09 0.05 0.00 0.02 0.01 0.04 0.04
MnO 0.24 0.24 0.17 0.45 0.15 0.14 0.09 0.10 0.05 0.06
MgO 43.46 40.88 46.44 40.18 12.19 12.32 14.06 10.45 16.21 16.07
CaO 0.14 0.15 0.19 0.26 21.95 22.91 23.21 23.27 0.02 0.04
Na,0 0.02 0.02 0.01 0.02 0.55 0.49 0.50 0.51 0.52 0.56
K,0 0.00 0.00 0.00 0.02 0.00 0.00 0.02 0.00 9.82 9.63
PO, 0.02 0.01 0.03 0.07 0.04 0.05 0.00 0.04 0.00 0.00
Total 100.12 99.73 100.50 100.07 99.99 99.87 100.25 99.74 97.83 96.81
Normalized cations per formula unit
Si 0.996 1.002 1.008 1.011 1.914 1.765 1.782 1.569 5.420 5.397
Ti 0.000 0.000 0.000 0.001 0.008 0.070 0.042 0.114 0.854 0.872
Al 0.001 0.001 0.001 0.000 0.105 0.297 0.273 0.485 3.059 3.040
Cr 0.000 0.000 0.000 0.001 0.000 0.001 0.006 0.000 0.000 0.003
Fe,+ 0.352 0.414 0.262 0.422 0.359 0.227 0.175 0.269 1.097 1.110
Co 0.001 0.001 0.001 0.001 0.000 0.000 0.001 0.000 0.004 0.004
Ni 0.003 0.003 0.003 0.002 0.001 0.000 0.001 0.000 0.005 0.005
Mn 0.005 0.005 0.003 0.010 0.005 0.004 0.003 0.003 0.006 0.008
Mg 1.638 1.568 1.714 1.543 0.683 0.684 0.769 0.585 3.555 3.563
Ca 0.004 0.004 0.005 0.007 0.883 0.915 0.912 0.936 0.004 0.007
Na 0.001 0.002 0.000 0.001 0.040 0.035 0.036 0.037 0.148 0.161
K 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.000 1.842 1.828
P 0.000 0.000 0.001 0.002 0.001 0.002 0.000 0.001

Note: Number of ions on the basis of (Si+ Ti + Al + Fe + Cr + Co + Ni +Mn + Mg + Ca) = 3 (olivine); = 4 (clinopyroxene); = 12 (phlogopite); ol—olivine; cpx—
clinopyroxene; Ti-phl—Ti-phlogopite.

0.016

xenoliths have been reported that could be use-
ful in defining the pressure and temperature con-
0.012 ditions of the subcontinental lithospheric source
- L. . region. However, core-to-rim mineral zoning

'S Olivine Com pOSItIOI’lS and preservation of phenocrysts of Ti-phlogopite

& 0.008 . . (normalized cations provide indirect evidence on the nature of the
cores & ¢ per formula un it) source region. Phlogopite is a mineral that

«* likely contributes to the petrogenesis of alkaline

* e op o magmas in continental settings (e.g., Lloyd and
1.8 Bailey, 1975; Edgar, 1987; Foley, 1992; Pilet et
. cores (lithospheric mantle) al., 2011) and is stable in lherzolitic mantle to
Ve depths of 180-210 km at temperatures between
0" 800 and 1200 °C (e.g., Konzett and Ulmer,

1.6 1999). A source for the Yampa lavas within the
Mg “ phlogopite stability field is consistent with par-
/)7@// ¢ rims tial melting of garnet peridotite (e.g., Beard and
Johnson, 1993) and further supported by seis-

rims &

1.4 (FO ) * mic tomography, which indicates a lithospheric
BZES thickness of ~150 km along the northeast mar-
02 03 04 05 06 0.002 0.004  0.006 0.008 gin of the Colorado Plateau (e.g., Dueker et al.,

' ' F'e2+ ' ' ' ’ Ni ’ ’ 2001; Zurek and Dueker, 2005).
The core-to-rim zoning of both olivine and
Figure 11. Plot of quantitative electron microprobe data measured in olivine core and clinopyroxene phenocrysts in the Yampa lavas
rims from selected Yampa samples. Olivine stoichiometry normalized to 3 cations, records distinct stages of mineral crystalliza-
with composition range of forsterite 87-69 (Fo,, ). The Mg and Ni enrichment of tion, one within the subcontinental lithospheric
the cores and Ca enrichment in rims are interpreted to record compositions of stable mantle and a second in contact with a compo-
subcontinental lithospheric mantle and those precipitated from an evolving liquid- sitionally varying melt during late Miocene
mineral interface during vertical ascension to the surface. extension. Relative to the phenocryst rims, the
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Figure 12. Backscattered electron image of large clinopyroxene with normalized cation (n = 4) concentrations plotted along two perpen-
dicular traverses across the grain. Note the constant composition of the clinopyroxene core and the sharp transition to a compositionally
distinct and finely banded rim. Preservation of this compositional transition, with rims enriched in Ca, Al, and Ti and depleted in Si, Mg,
Fe, and Na relative to the core reflects a two-stage history of mineral growth. The clinopyroxene core compositions reflect those of the stable
subcontinental lithospheric mantle and the rim compositions reflect mineral overgrowths tracking changes in melt compositions as the
lithospheric mantle was partially melted during heating between 4.5 and 6 Ma.
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otherwise stable subcontinental lithospheric
mantle that is still active and consistent with
global positioning measurements recording
exceedingly slow yet measurable strain rates
distributed broadly across this zone (Berglund
et al., 2012). Quaternary rifting is limited to a

Cosca et al.

zone subparallel to the northeastern margin of
the Colorado Plateau extending at least as far
north as the Leucite Hills (Fig. 16). The Qua-
ternary volcanic rocks define the western limit
of the Rio Grande rift, which diverges around
the thick volcano-plutonic root of the south-
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ern Rocky Mountains volcanic field and tapers
into thicker lithosphere at its north end.

Past and Present Magmatism within
the Rio Grande Rift

Two regional episodes of late Cenozoic exten-
sion affected the Basin and Range province (e.g.,
Wernicke et al., 1987; Prodehl and Lipman,
1989; Dickinson, 2004), but only the younger
episode seems to implicate the Rio Grande rift.
An initial episode of Eocene to early Miocene
extension is characterized by large calc-alkaline
volcanic provinces and ignimbrite-forming cal-
deras, including those of the southern Rocky
Mountain volcanic field east of the Colorado
Plateau (Lipman et al., 1971; Wernicke et al.,
1987; Christiansen and Yeats, 1992; Dickinson,
2002; McIntosh and Chapin, 2004; Lipman and
Mclntosh, 2008). During that time, extension
and igneous activity began and progressed from
north to south in the northern Basin and Range
province and began later and progressed from
south to north in the southern Basin and Range
province (Wernicke et al., 1987; Humphreys,
1995; Dickinson, 2002; Humphreys et al., 2003).
Melting of mainly fertile Proterozoic (and minor
Archean) lithosphere fluxed by devolatilization
of subducted slab fragments may be respon-
sible for volcanism of the western U.S. (e.g.,

<
<

Figure 13. (A) 27Pb/**Pb versus 2°Pb/>**Pb
isotope data from Yampa lavas plotted
together with data from the Proterozoic
Green Mountain arc in relation to the ter-
restrial Pb evolution model of Stacey and
Kramers (1975). Typical errors are 0.1%
for 2Pb/2Pb and 0.15% for *"Pb/*“Pb.
(A) *"Pb/*Pb versus *Pb/**Pb values of
mafic, felsic, and intermediate composition
Paleoproterozoic plutonic Green Mountain
arc rocks from northwestern Colorado
and southwestern Wyoming (Premo and
Loucks, 2000). These data define a whole-
rock Pb-Pb errorchron age of 1743 + 64 Ma.
Also plotted are the Pb isotopic composi-
tions of the Yampa lavas. (B) Expanded
part of diagram in A, which shows the simi-
lar Pb isotope compositions of the Yampa
lavas to mafic rocks of the Proterozoic
Green Mountain arc. The 27Pb/?**Pb versus
206Ph/2%Pb whole-rock isochron age of 1998
+ 210 Ma is poorly defined despite the low
mean square of weighted deviates (MSWD)
because of limited spread in the isotope
ratios. All isochron plots and terrestrial Pb
evolution diagrams were created using Iso-
plot (Ludwig, 2003).



Alkaline lavas near Yampa, Colorado: Migration of alkaline volcanism and the northern Rio Grande rift

Humphreys, 2009; Jones et al., 2011a). This
volcanism generally coincides with Eocene
extension and exhumation of metamorphic core
complexes and Eocene to early Miocene calc-
alkaline volcanic input into several large syn-
tectonic basins in the northern Basin and Range
province (Chamberlain et al., 2012).

A second episode of regional extension
beginning ca. 20 Ma coincided with migration
of triple junctions bounding the transform sys-
tem (Fig. 1) that was subducting along the coast
of western North America (e.g., Lipman et al.,
1971; Ingersoll, 1982; Wernicke et al., 1987;
Prodehl and Lipman, 1989; Jones et al., 1992;
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Atwater and Stock, 1998; Dickinson, 2002). As
in other areas of the Basin and Range (e.g., Wer-
nicke et al., 1987), this Miocene stage of exten-
sion in the Rio Grande rift corridor of Colorado
and New Mexico is expressed by a transition
from dominantly calc-alkaline magmatism to
bimodal calc-alkaline and tholeiitic magmatism
(e.g., Lipman, 1969; Lipman et al., 1971; Pro-
dehl and Lipman, 1989; McMillan et al., 2000;
Eaton, 2008; Chapin, 2012). In northwest Colo-
rado the Elkhead Mountains, the Flat Tops Wil-
derness, and a few isolated eruptions apparently
formed during this subsequent Miocene period
of extension, and evidence of this extension was
also recorded in the southern Colorado Plateau
(e.g., Gonzales et al., 2010). Continued migra-
tion of the Rivera triple junction progressively
affected the southern Basin and Range through
the Pliocene and Quaternary, and is expressed
by high-angle normal faults in northern Colo-
rado and southern Wyoming, and coincided
with an overall clockwise rotation in principal
extension directions during the Pliocene from
northeast-southwest to east-west (Prodehl and
Lipman, 1989; Williams and Cole, 2007).

From 12 Ma to the present, bimodal volca-
nism within the Rio Grande rift corridor in
New Mexico and southern Colorado reflects the
ascent of asthenospheric mantle and its inter-
action with a thinning lithosphere (Lipman,
1969; Lipman and Mehnert, 1975). The first
unequivocal asthenospheric magmas within the

<
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Figure 14. Sr and Nd isotope plots of Yampa
lavas compared to locally occurring base-
ment and igneous rocks. (A) g, versus
87Sr/%Sr plot of Yampa lavas (this study;
Leat et al., 1991) plotted together with data
from the Leucite Hills (Mirnejad, and Bell,
2006) and modern values of mafic, interme-
diate, and felsic basement samples of the
Paleoproterozoic Green Mountain arc ter-
rane (Premo and Loucks, 2000). Both the Nd
and Sr isotopic results for the Yampa lavas
plot close to source regions defined by mafic
Proterozoic lithospheric basement underly-
ing much of northern Colorado. MORB—
mid-oceanic ridge basalt; PL—phlogopite
lamproite; ML—madupite lamproite.
(B) €, and Sr isotope plots of the Yampa
lavas together with data from the Elkhead
Mountains (Thompson et al., 1990), Leucite
Hills (Mirnejad and Bell, 2006), and Qua-
ternary basalts of northern Colorado (Leat
et al., 1989). The Nd and Sr isotope data for
all these rocks are consistent with Protero-
zoic or older lithospheric mantle sources.
CHUR—chondritic uniform reservoir.
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Alkaline lavas near Yampa, Colorado: Migration of alkaline volcanism and the northern Rio Grande rift
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Figure 16. Regional age limits and migration of Neogene to Quaternary volcanism within
the northern Rio Grande rift projected onto a digital elevation map with faults (black lines)
indicating Neogene motion. Geochronologic data are from this study, data summarized in
Izett (1975) and Leat et al. (1990), and our “’Ar/*Ar data from New Mexico and Colorado.
Yellow dashed lines are eastern limits of active volcanism since 20 Ma. The present position
of the northernmost Rio Grande rift is limited to the region west of the 6 Ma age limit and
includes the Leucite Hills, Wyoming. Note the continuing westward migration of Pliocene
and younger volcanism since late Miocene time toward the northeast margin of the Colo-

rado Plateau. CB is the approximate position of the Cheyenne belt.

physiographic rift graben appeared ca. 10 Ma in
the southern Rio Grande rift (McMillan et al.,
2000) and ca. 6 Ma in the Rio Grande rift of
southern Colorado (e.g., Lipman and Mehnert,
1975; Johnson and Thompson, 1991; Thompson
et al., 2012). An asthenospheric source region
for these basalts provides a simple distinction
between rift-related magmatism and the earlier
calc-alkaline magmatism and regional extension
~10 m.y. earlier. The Rio Grande rift is there-
fore interpreted as a late Miocene and younger
physiographic feature (e.g., Prodehl and Lip-
man, 1989), distinct from the Oligocene and
early Miocene regional extension and volcanic

activity imprinted over much of western North
America. Although published ' Hf/'""’Hf iso-
tope ratios support subcontinental lithospheric
mantle sources for most lavas of northwest
Colorado (Beard and Johnson, 1993), it seems
likely that the heat necessary to melt the sub-
continental lithosphere is derived from infiltrat-
ing asthenospheric mantle. With the possible
exception of the Yampa lavas, magmas sourced
in the asthenospheric mantle have not yet defini-
tively appeared in the northernmost segment of
the Rio Grande rift in Colorado and Wyoming,
but this system is still evolving, as evidenced
by the Quaternary alkaline lavas distributed
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along a zone northeast of the Colorado Plateau,
including the Leucite Hills (Fig. 16). The lack
of a definitive asthenospheric mantle Hf iso-
topic signal may be due to the dynamic nature
of the entire melting process, as these highly
alkaline lavas represent the first melt fractions
from a previously veined lithospheric mantle
that developed during an earlier period of litho-
spheric deformation and partial melting.

SUMMARY AND IMPLICATIONS FOR
THE NORTHERN RIO GRANDE RIFT

Lithospheric thickness is variable within the
Rio Grande rift corridor but is notably thinner
in the south than in the north (e.g., Prodehl and
Lipman, 1989; Gao et al., 2004; Schmandt and
Humphreys, 2010). Seismic tomography in the
Rio Grande rift of southern New Mexico indi-
cates a lithospheric mantle thickness of 45 km
(e.g.,Gaoetal., 2004) and is thin enough to allow
partial melts from the asthenospheric mantle to
erupt at the surface (e.g., Harry and Leeman,
1995). Passive rifting alone does not account
for thinning this initially thick (>100 km)
lithosphere to 45 km, but more than 50% of the
thinning could have occurred through mechani-
cal abrasion and assimilation by the astheno-
spheric mantle (e.g., Gao et al., 2004; Byerly
and Lassiter, 2012). In the northernmost Rio
Grande rift (north of Leadville), the lithosphere
is thicker than 100 km and present-day seismic
tomography reveals anomalously slow P-wave
traveltimes at a depth of 90 km, roughly coin-
cident with an area approximately beneath the
northern Rio Grande rift and extending from
the northeastern margin of the Colorado Pla-
teau into southern Wyoming (Yuan and Dueker,
2005; Schmandt and Humphreys, 2010). The
seismic tomographic resolution is coarse, but
seismic velocities in this region are indicative
of melt at these depths, and may reflect asthe-
nospheric mantle intrusion into, and current
removal of, the subcontinental lithospheric
mantle (e.g., Karlstrom et al., 2012). Although
the available radiogenic isotope data support
primarily lithospheric mantle sources for lavas
of northwest Colorado (e.g., Beard and John-
son, 1993), there is some Nd and Hf isotopic
evidence of an asthenospheric mantle source in
the Yampa lavas, and continuing thinning of the
subcontinental lithospheric mantle below north-
west Colorado should lead to additional mag-
mas originating in the asthenospheric mantle.

The Pliocene and younger alkalic volcanism
along the northeast margin of the Colorado Pla-
teau defines an overall northwest strike of the
Rio Grande rift west of the Park Range that
includes the Leucite Hills. This incipient north-
ern Rio Grande rift projects broadly toward
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the Snake River Plain hotspot track at Yellow-
stone, where asthenospheric mantle is present
at much shallower depths (Christiansen, 2001).
Although the Wyoming craton, a thick Archean
lithospheric root (e.g., Humphreys and Dueker,
1994), is between Yellowstone and the northern
Rio Grande rift, the southwestward migration
of Pliocene and younger alkalic volcanism indi-
cates that thinning of, and intrusion into, this
lithospheric mantle by asthenospheric magmas
should occur in the geologic future. Large-scale
sutures, such as the southward-dipping Chey-
enne belt separating Archean and Proterozoic
lithosphere near the Wyoming-Colorado border
(e.g., Karlstrom and Houston, 1984; Zurek and
Dueker, 2005), are recognized seismically as
imbrications that have remained intact since the
Proterozoic (e.g., Hansen and Dueker, 2009).
Given that asthenospheric magmas are observed
along Proterozoic sutures of the southern mar-
gin of the Colorado Plateau (e.g., Karlstrom and
Houston, 1984; Magnani et al., 2004; Crow et
al., 2011), such melts will eventually intrude
along the Cheyenne belt.

Magmas unequivocally derived by partial
melting of asthenospheric mantle within the Rio
Grande rift are younger than 10 Ma, cut across
preexisting physical boundaries, and overprint
evidence of earlier regional extension and asso-
ciated calc-alkalic igneous activity (see also
Ingersoll, 1982; Baldridge et al., 1991). The
distribution of Quaternary basalts in the Rio
Grande rift indicates that magmatism is con-
tinuing and migrating toward the eastern margin
of the Colorado Plateau. In part because of its
location along the eastern margin of the Colo-
rado Plateau, the Rio Grande rift has been inter-
preted as an incipient spreading center that will
ultimately lead to plate separation and subse-
quent creation of a Colorado Plateau microplate
(Coney, 1987). The proximity and colinearity
of the alkaline Yampa rocks and neighboring
Pliocene to Quaternary lavas in northwestern
Colorado and Wyoming with the block-faulted
Rio Grande rift farther south supports a hypoth-
esis that asthenospheric upwelling is following
zones of lithospheric weakness developed dur-
ing late Cenozoic extension and this system is
continuing to evolve and propagate along the
northeast Colorado Plateau margin in a north-
westward direction toward Yellowstone.
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